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Program at a Glance
(All conference sessions take place in Lerner Hall)

Monday, June 3rd, 2002
7:30-8:30 am Breakfast & Registration
8:30-9:00am Welcome & Opening Remarks 
9:00-10:00 Keynote Lecture - Earl Dowell (Duke University)
10:00-10:15am Break
10:15-11:45am Technical Sessions
11:45am-1pm Lunch (not provided)
1:00-2:30pm Technical Sessions
2:30-2:45pm Refreshment Break
2:45-4:15pm Technical Sessions
4:15-4:30 Refreshment Break
4:30-6pm Technical Sessions
6:15pm Meet for Icebreaker Reception Cruise (in front of Lerner Hall)

Commentary: Bojidar Yanev - NYCDOT

Tuesday, June 4th, 2002
7:30-8:30 am Breakfast & Registration
8:30-9:30am Keynote Lecture - Charles Peskin, Courant Institute (New York Univ.)
9:30-9:45 Break
9:45-11:15am Technical Sessions
11:15-11:30am Refreshment Break
11:30-1:00pm Technical Sessions
1-2:30pm Lunch (not provided)
2:30-4pm Technical Sessions
4:00-4:15pm Refreshment Break
4:15-5:45pm Technical Sessions
6:30pm Cocktail Hour followed by 

Conference Banquet (Lerner Hall)

Wednesday, June 5th, 2002
7:30-8:30 am Breakfast & Registration
8:30-9:30am Keynote Lecture - Ephrahim Garcia, Vanderbilt University
9:30-9:45 Break
9:45-11:15am Technical Sessions
11:15-11:30am Refreshment Break
11:30-1:00pm Technical Sessions





Monday -  June 3
Monday - June 3rd, 2002
Session Abstracts
Structural Control - I 
June 3, 2002 
10:15 
Chair: Anil Agrawal  City College of New York 
Co-Chair: Genda Chen  University of Missouri-Rolla

ROBUSTNESS DESIGN OF FUZZY CONTROLLERS 
FOR NONLINEAR INTERCONNECTED TMD SYSTEMS 

WITH EXTERNAL FORCES  
Chen Cheng-Wu  National Central University 

chiang@cc.ncu.edu.tw  
Chiang Wei-Ling  National Central University 

Lu Li-Teh  Civil Engineering,National Central University 
Yeh Ken  Department of Civil Engineering, Sez-Hai Institute of 

Technology & Commerce  

This paper investigates the effectiveness of a passive Tuned Mass
Damper (TMD) and active fuzzy controllers in reducing the structur-
al responses under the external force. In general, TMD is good for
linear system. We proposed here a fuzzy controller to deal with the
nonlinear system. A robustness design of fuzzy control via model-
based approach is proposed in this paper to overcome the effect of
modeling error between nonlinear systems and Takagi-Sugeno (T-
S) fuzzy models. A stability criterion in terms of Lyapunov�s direct
method is derived to guarantee the stability of nonlinear intercon-
nected TMD systems. The common P matrix of the criterion is ob-
tained by using linear matrix inequality (LMI) optimization
algorithms to solve the robust fuzzy control problem. Based on the
decentralized control scheme and this criterion, a set of model-
based fuzzy controllers is then synthesized via the technique of
parallel distributed compensation (PDC) to stabilize the nonlinear
interconnected TMD system. Finally, an example is given to illus-
trate the concepts discussed throughout this paper.

APPLICATION OF MAGNETO-RHEOLOGICAL 
DAMPERS FOR MULTI-LEVEL SEISMIC HAZARD 

MITIGATION OF HYSTERETIC STRUCTURES  
Luciana Barroso  Texas A&M University 

lbarroso@tamu.edu  
Stephen Hunt  University of Canterbury 

stevehunt@mail.com  
J Geoffrey Chase  University of Canterbury 

g.chase@mech.canterbury.ac.nz  

A main goal of supplemental control devices is to manage the en-
ergy dissipation in the system. Magneto-rheological (MR) dampers
have emerged as a promising control device for application to civil
structures as they are effective energy dissipators. This paper pre-
sents a bang-bang-like control and investigates its ability to miti-
gate structural response in the presence of hysteretic, geometric

and yielding non-linearities under various intensity level seismic
hazard suites so as to examine control efficacy and seismic hazard
statistics. Results show that MR Dampers limited to realistic peak
force/dissipation levels of ~12% building weight are effective at lim-
iting permanent deflections and indicate the importance of zero
tracking for non-linear systems. However, floor accelerations rise
significantly as displacement is limited and the performance im-
provement is not the same for all ground motions.

HYBRID CONTROL REALIZATION IN BUILDING 
STRUCTURES AND EFFECTIVENESS COMPARISON 

WITH MR CONTROL  
F. Y. Cheng  University of Missouri-Rolla 

xiaozhe@umr.edu  
H.P. Jiang  Associated Building Systems 
G. D. Chen  University of Missouri-Rolla 

M. L. Lou  Tongji University 

Hybrid control and semi-active control systems have been studied
to take advantages and yet avoid some shortcomings of active and
passive controllers. In this paper, the hybrid damper-actuator brac-
ing control system is based on a tube fluid damper (passive device)
with an active controlled piston mounted on structural brace. The
magnetorheological (MR) damper is one of semi-active control sys-
tems, which uses controllable MR fluids as damping device.

An intelligent control strategy is developed for the hybrid system in
which active control begins to operate once structural response ex-
ceeds a threshold value. Active control feedback gain will then be
adjusted for achieving desired response level. Thus control system
is passive for small or moderate earthquakes and the hybrid system
will be utilized for stronger ground motion. At different threshold
stages, the active system is activated with consideration of control
effectiveness and energy consumption. When comparing hybrid
system with MR systems, both are mounted on the same structure
with the same required response subjected to several given earth-
quake excitations. Thus the simulation results can show the maxi-
mum control force, acceleration, and number of control devices for
the individual systems of which the strength and weakness are
qualitatively observed. Among the advantages of the intelligent hy-
brid control strategy, the system can effectively use external energy
for various earthquake magnitudes.
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Monday -  June 3
BENCHMARK PROBLEM FOR CONTROL OF BASE 
ISOLATED BUILDINGS

Sriram Narasimhan  Rice Univ. 
nsriram@rice.edu  

Satish Nagarajaiah  Rice Univ. 
nagaraja@rice.edu  

Henri Gavin  Duke Univ. 
hpgavin@duke.edu  

Erik Johnson  Univ. of Southern California 
johnsonE@usc.edu  

This paper presents the benchmark problem definition for seismi-
cally excited base-isolated buildings. The objective of this bench-
mark study is to provide a well defined base isolated building with
a broad set of carefully chosen parameter sets, performance mea-
sures and guidelines to the participants, so that they can evaluate
their control algorithms. The control algorithms may be passive, ac-
tive or semiactive. The benchmark structure considered is an eight
story base isolated building similar to existing buildings in Los An-
geles, California. The base isolation system includes either linear
or non-linear bearings. The superstructure is considered to be a lin-
ear elastic system with lateral-torsional behavior. The base isola-
tion system includes linear and non-linear bearings and devices. A
new nonlinear dynamic analysis program has been developed and
made available to facilitate direct comparison of results of different
control algorithms.

CLOSE FORM APPROXIMATIONS OF NEAR-FIELD 
GROUND MOTIONS FOR DESIGN OF PROTECTIVE 

SYSTEMS  
Anil Agrawal  City College of New York 

anil@ce.ccny.cuny.edu  
Wanlong He  City College of New York  

Near-fault ground motions are characterized by long-period pulses
with high peak ground velocity. In this paper, a simplified closed-
form approximation using decaying sinusoids is proposed to model
long-period velocity pulses in near-fault ground motions. The objec-
tive of such formulation is to represent dominant kinematic charac-
teristics of ground motions instead of modeling ground motions
accurately since only the most prominent frequency component of
such ground motions can be represented by the closed-form ap-
proximation. The validity and usefulness of the proposed approxi-
mation is demonstrated using near-fault earthquakes measured
during Northridge (1994) and Landers (1992) earthquakes.

Biologically Inspired Materials - I 
June 3, 2002 
10:15 
Chair: Dinesh Katti  North Dakota State University 
Co-Chair: Franz-Josef Ulm  Massachusetts Institute of
Technology

FUNCTIONALLY GRADED CELLULAR METAL 
ALLOYS FOR HUMAN-JOINT IMPLANTS  

Adeeb Rahman  University of Wisconsin-Milwaukee 
adeeb@uwm.edu  

Mustafa Mahamid  University of Wisconsin-Milwaukee 
mmahamid@uwm.edu  

The purpose of this research is to investigate the fundamental sci-
ence and engineering of a porous or functionally graded metal alloy
to be used to improve the material casting of artificial hip or knee
joint prostheses, or as a replacement of segments of human bone.
Currently technology uses Hip and Knee replacement prostheses
that are generally made of Titanium alloys or from Cobalt Chromi-
um alloys. This has the advantage of having biocompatibility with
the human body, but problems arise from the dissimilarity of stiff-
ness between bone and implant due to the high stiffness of the im-
plant material compared to bone causing unnatural levels of
stresses in the adjacent bone leading to bone remodeling and re-
sorption (bone loss) and eventually cause loosening of the implant
and failure of the join function. The reduction of stiffness of the
prosthesis has been documented to reduce the stress levels in the
adjacent bone and produce favorable stress levels.

MORPHOLOGY-BASED MODELS FOR WOOD AND 
WOOD-BASED COMPOSITES  

Perrine Parrod  University of Maine 
landis@maine.edu  

Eric Landis  University of Maine  
William Davids  University of Maine  
Svetlana Vasic  University of Maine  

In this study we are exploring ways to couple experimental mea-
surements with numerical simulations of the mechanical properties
of wood. For our numerical simulations we have adopted a discrete
element approach, where wood fibers are modeled as discrete el-
ements that interact with other similar elements. Wood fiber bun-
dles are modeled as tubular beams having unique strength and
stiffness properties. Bundles are connected by spring elements
with independent strength and stiffness. Effectively the solid piece
of wood becomes a structural system that can be analyzed for de-
formations and damage by conventional methods. The advantage
of this approach over a traditional continuum approach is that the
different physical phenomena that contribute to material behavior
can be isolated and measured. In this preliminary work we seek to
numerically simulate both the microstructural changes and the
gross load deformation response in small wood specimens subject-
ed to longitudinal and transverse uniaxial tension, and shear. The
results show the model to be effective at capturing both microstruc-
tural damage and load-deformation response.
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Monday -  June 3
A UNIFIED APPROACH TO THE ULTRASTRUCTURAL 
ELASTICITY OF MINERALIZED TISSUES  

Christian Hellmich  Massachusetts Institute of Technology 
christian.hellmich@tuwien.ac.at  

Franz-Josef Ulm  Massachusetts Institute of Technology  

We recently found that mineralized tissues (mineralized tendons
and bones), at an observation scale of some microns,are dense
isotropic hydroxyapatite crystalfoams which are reinforced unidi-
rectionally by (organic) collagen molecules. The collagen reinforce-
ment is mechanically activated by crosslinks betweencollagen
assemblies and hydroxyapatite. With this morphology in mind, we
develop a micromechanics model for the ultrastructural stiffness of
mineralized tissues. The homogenization is achieved in two steps:
At a scale of some hundred nanometers, the isotropic crystal foam
is represented as a two-phase polycrystal composed of a hy-
droxyapatite crystal phase and a non-mineralic phase filling the in-
ter-crystalline space. At a scale above of some five to ten
micrometers, the polycrystal plays the role of aconnected matrix, in
which a collagen inclusion phase is embedded. The input for the
model are the mineral volume fraction and the collagen volume
fraction, which are species and tissue-type specific.Then, on the
basis of four intrinsic micromechanical stiffness constants, the
model is able to predict the full ultrastructural stiffness tensor of
mineralized tissues, from low-mineralized turkey leg tendon to
highly anisotropic human bones, and high-mineralized isotropic ear
bones of whales.

BIO-CHEMO-MECHANICS OF BONE REMODELING 
AND FRACTURE  

Emilio Silva  Massachusetts Institute of Technology 
emilio@mit.edu  

Franz-Josef Ulm  Massachusetts Institute of Technology 
ulm@mit.edu  

In this paper, we develop a biochemomechanics theory, which al-
lows the integration of a biological process orchestrated by cells
into a chemomechanics framework. The derivation is based on first
principles of thermodynamics and is developed around the model-
ing of bone resorption. We show that the driving force of the pro-
cess involves three quantities: a biologically generated chemical
potential, developed by the cell on the solid surface; the chemical
potential of the solid mineral; and, finally, the strain energy stored
in the solid phase. Orders of magnitude of these three quantities
are evaluated using existing data. It is shown that the average
strain energy is some orders of magnitude smaller than the BGP.
However, in the immediate surrounding of cracks, the strain energy
increases due to stress concentrations to 10-50% of the BGP. In
the course of remodeling events, we propose that this chemome-
chanical coupling is a nonrandom remodeling stimulus, helping re-
pair damage in bone, which at the same time reduces the risk of
crack propagation.

Dynamics of Structures I 
June 3, 2002 
10:15  
Chair: Lawrence Bergman  University of Illinois

FREE VIBRATION OF NON-PRISMATIC BEAMS  
Reza Attarnejad   University of Tehran 

reatar@yahoo.com  

The analysis of non-prismatic beams by the displacement based
formulations includes some inherent approximations. One of the
most convenient methods for overcoming this problem is to use a
flexibility based formulation . This is an inherently exact formulation
due to the lack of any assumptions on the displacement field. The
main problem in using such methods is the complicated computa-
tions involved, while due to the simplicity of the geometry of one di-
mensional elements they have been widely used. A number of
methods for the calculation of the stiffness and mass matrix have
been presented , but since they have not utilized an exact shape
function for the non-prismatic beams, they all have to make certain
approximations in their methods. Here, a new formulation for the
non-prismatic EulerñBernoulli Beams based on the implicit deriva-
tion of exact shape functions is presented. The stiffness and con-
sistent mass matrices of these beams have been obtained in an
exact fashion, and the vibration properties of the beam have been
studied. The results obtained show the precision of the proposed
formulation.

EXPERIMENTAL DYNAMIC CHARACTERISATION OF 
TWO INCINERATOR CHIMNEYS NEAR VERONA 

(ITALY).  
Paolo Franchetti  Dipartimento di Costruzioni e Trasporti - 

University of Padova 
frank@caronte.dic.unipd.it  

Devis Sonda  University of Padova 
Daniele Facchin   University of Padova 
Claudio Modena   University of Padova  

The dynamic measurement system installed to study the dynamic
behaviour under wind action and dead loads of two chimneys (60m
high) of the incinerator in the Disposal Plant of solid urban refuse
near the city of Verona (Italy), is described. The results of the ex-
perimental campaign are presented: the analysis of the dynamic re-
sponse of the structure under wind action and the experimental
identification of mode frequencies, shapes and damping. The work
is completed with comparisons with numerical results obtained
from a FE model.
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Monday -  June 3
BRIDGE WEIGH-IN-MOTION SYSTEM DEVELOPMENT 
USING STATIC TRUCK/DYNAMIC BRIDGE MODELS  

Sarah Leming  Sandia National Laboratories 
sleming@sandia.gov  

Harold Stalford  Sandia National Laboratories/University of 
Oklahoma 

 

In this paper, we expand upon previous work on the development
of a weigh-in-motion (WIM) system for use on in-service highway
bridges. Using a bridge�s elastic response due to truck traffic, the
inverse problem of covertly estimating the weight of a truck and its
individual axle weights is examined. The extension is focused on in-
cluding a bridge�s dynamics into a previously examined static mod-
el. The model used in this paper is based on data from an actual
interstate bridge. It is constructed using finite element modeling of
an Euler beam and its first and second modes. As in the previous
work of the authors, the truck model is constrained to be a static
model in which two moving point masses are used to describe it.
From the bridge�s elastic response to truck traffic, the deflection of
the beam at the midpoint is measured over time. An optimization
routine is employed to estimate the values of unknown axle weights
of the truck. Two sensor scenarios are considered. First, we con-
sider the scenario in which the weight as well as the speed and axle
spacing are unknown parameters. In the second scenario, the
speed is assumed known, being measured by an independent sen-
sor. The axle spacing is then determined from the known speed.
The only unknowns in the second scenario are the truck axle
weights. Various truck cases were treated in which truck weights
varied between 4.4x104 and 5x105 N with ten ratios of front to rear
axle weights for each gross weight. Without knowledge of truck
speed, the estimated values of the unknown axle weights were ac-
curate to within 35% of their true values. Knowing the truck speed
improved the accuracy of the estimates of the axle weights and to-
tal weight of the truck to within 0.1% of their true values. The sec-
ond scenario produces one order of magnitude improvement in
accuracy over other methods contained in the literature. The re-
sults are obtained using a single sensor measurement of beam dis-
placement. The performance and speed of the algorithm is also
compared to the authors� earlier, less complicated model in which
the dynamics of the beam were neglected.

THE ROCKING SPECTRUM AND THE 
SHORTCOMINGS OF DESIGN PROCEDURES  
Nicos Makris  University of California at Berkeley 

makris@ce.berkeley.edu  
Dimitrios Konstantinidis  University of California at Berke-

ley 
dakon@ce.berkeley.edu  

This paper is concerned with the superficial similarities and funda-
mental differences between the oscillatory response of a single-de-
gree-of-freedom (SDOF) oscillator (regular pendulum) and the
rocking response of a slender rigid block (inverted pendulum). The
study examines the validity of a simple, approximate design meth-
odology, initially proposed in the late 70�s and now recommended
in design guidelines to compute rotations of slender structures by
performing iteration either on the true displacement response spec-
trum or design spectrum. This paper shows that the simple design
approach is inherently flawed and should be abandoned, in partic-
ular for smaller, less-slender blocks.

MEN-INDUCED DYNAMIC EXCITATIONS OF STAND 
STRUCTURES  

Michael Kasperski  Ruhr-University Bochum 
michael.kasperski@aib.ruhr-uni-bochum.de  

Stand structures may be subject to larger excitations induced by an
active audience for any kind of mass event, i.e. for open-air con-
certs and sport events. After the British Code BS 6399, the new
German Code DIN 1055 will be the second national code in Europe
which is addressing this design problem. Both codes, however, fail
in specifying design targets for serviceability criteria in terms of the
comfort and the safety of the audience. Respective limits are dis-
cussed, emphasizing that a �natural� scatter of the individual sensi-
tivity in regard to vibrations should be considered as well. For
existing stand structures, a method of evaluating the serviceability
is presented which is based on observed acceleration amplitudes.
For the design of new stand structures, applying the idealized load-
model of a half-sine-wave in combination with a general coordina-
tion factor seems to lead to over-conservative solutions. Therefore,
a better approach is based on a Monte-Carlo simulation of the ran-
dom load process. Some basic demands for a consistent load mod-
el will be discussed and some first results are presented.
4
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Monday -  June 3
Symposium on Micromechanics of Hetero-
geneous Materials - Session I 
June 3, 2002 
10:15 
Chair: Jiann-Wen Ju  UCLA 
Co-Chair: Lizhi Sun  The University of Iowa

OPTIMAL LOW-WEIGHT MICROSTRUCTURES  
Blaise Bourdin  New York University 

bourdin@cims.nyu.edu  
Robert Kohn  New York University 

kohn@cims.nyu.edu  

We introduce a new class of high-porosity microstructures, called
��single-scale laminates,�� made from arrays of parallel walls. They
are extremal, in the sense that no stiffer structure exists with the
same total mass. They are simple, in the sense of being easy to de-
scribe, and perhaps to manufacture. And they are universal: for any
high-porosity microstructure there is a single-scale laminate using
at most as much material which is at least as stiff. Moreover, any
nondegenerate high-porosity Hooke�s law can be bounded both
above and below by a single-scale laminate of the same weight.

We give a simple formula for the effective Hooke�s law of such a
structure. It reduces the task of minimum-weight design in the high-
porosity regime to a problem of linear programming.

MULTI-SCALE UNIT CELL ANALYSES OF TEXTILE 
REINFORCED COMPOSITES  

Colby Swan  The University of Iowa 
colby-swan@uiowa.edu  

HyungJoo Kim  The University of Iowa 

Unit cell homogenization techniques are applied on multiple length
scales to compute the macroscopic hyperelastic stiffness charac-
teristics of textile-reinforced polymer matrix composites. On the
smallest scale (~50µm) the effective transversely isotropic proper-
ties of tows (or yarns) are computed based on both fiber and matrix
properties. These position-dependent transversely isotropic effec-
tive yarn properties are then incorporated into a full textile unit cell
model and the nonlinear effective stiffness properties of the textile
composite are computed and discussed.

HIERARCHICAL RELATIONS FOR THE APPARENT 
YIELD STRENGTH DOMAINS OF HETEROGENEOUS 

MATERIALS  
HE Qi-Chang  Universite de Marne-la-Vallee, France 

he@univ-mlv.fr  

The purpose of the present work is to propose a novel microme-
chanical approach to material yield strength problems by applying
the kinematic and static variational principles of limit analysis. We
preliminarily present the notion of gauge functions together with
theirs main properties and relationships with closed convex sets. In
light of these results and by recognizing the important (but hidden)
role played by gauge functions in the theory of limit analysis, the
fundamental variational principles of the latter are reformulated in a
novel manner such that they are suited to our purpose. In particular,

the polar duality between them is brought out. Considering uniform
velocity and traction boundary conditions, kinematic and static ap-
parent yield strength domains are defined. Appropriate application
of the aforementioned variational principles allows us to show: (i)
the static apparent yield strength domain of any specimen is includ-
ed in its kinematic one; (ii) the static apparent yield strength domain
of any specimen includes the intersection of the static apparent
yield strength domains of the smaller specimens resulting from the
partition of the initial one; (iii) the kinematic apparent yield strength
domain of any specimen is included in the volume fraction weighted
convex combination of the kinematic apparent yield strength do-
mains of the smaller specimens partitioning the initial one. A syn-
thetic characterization of these effects gives rise to either a
hierarchical chain of yield strength domain inclusions or a hierarchi-
cal chain of inequalities for the relevant dissipation functions or a
chain hierarchical of inverse inequalities for the corresponding
gauge yield functions.

INVERSE PROBLEM IN RECONSTRUCTING 
MICROSTRUCTURE OF UNIDIRECTIONAL COMPOSITE 

MATERIALS  
Ryszard Pyrz  Aalborg University 

rp@ime.auc.dk  
Bogdan Bochenek  Cracow University of Technology  

The physical properties of a material are strongly influenced by the
microstructure which is designed during processing. Amount of
constituents elements forming the material is in many cases known
beforehand as for example the volume fraction of reinforcing phase
in composite materials. However, the final architecture of a micro-
structure is controlled only to a limited extent, and on a microscale
the geometrical arrangement of second-phase inclusions is a result
of complex and interacting processing micromechanisms rather
than a design variable. This seems to create an obstacle in model-
ling the relation between the microstructure and overall material
properties since variability of an arrangement of microstructural
features and their mutual interaction determines physical charac-
teristics of materials. This is particularly true for the description of
strongly nonlinear phenomena such as fracture, where short range
interactions between microstructural entities play a dominant role in
non-homogeneous local variations of field quantities. For not dilute
concentrations the interaction effects between neighbouring inclu-
sions are highly influential on the overall behaviour of the material.
These interaction effects produced by inclusions are sensitive to
their exact positions and sizes. A certain degree of regularity of the
microstructural pattern is usually assumed a priori in modelling the
microstructure-property relations. However, the distribution of sec-
ond-phase inclusions rarely appears to be homogeneous and/or
regular. Furthermore, only a tiny fraction of the original material
specimen can actually be analysed and therefore, it is mandatory
to reconstruct the dispersion pattern that would have similar geo-
metrical charcteristics as the dispersion of inclusions acquired from
the limited experimental observations.

In the present paper the simulated annealing procedure is used to
reconstruct the positions of continuous fibres as observed using X-
ray microtomography on transverse cross sections of a composite.
The modified concept of a pair correlation function is used to define
the objective function which is identified as a sum of squared differ-
ences of nodal points of correlation functions for a reference and
optimized pattern. The optimization process is subject to two con-
straints. The geometrical constraint of topological entropy introduc-
es a measure of arbitrariness of the polygonal tessellation
associated with the point pattern of fibre centres. The second con-
5
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Monday -  June 3
straint is related to maximal radial stresses calculated at the fibres
interfaces. This constraint is expressed in terms of angular posi-
tions and distances from the reference fibre to its nearest neigh-
bours. Thus the screening effect and local interactions are taken
into account. The results show that reconstructed families of the fi-
bres dispersion resemble the reference pattern to the degree that
is bound by the selected pattern descriptors and therefore can be
used for a further analysis to describe overall properties of the un-
derlying composite material.

EFFECTIVE ELASTOPLASTIC DAMAGE MODEL FOR 
FIBER REINFORCED METAL MATRIX COMPOSITES 

WITH EVOLUTIONARY COMPLETE FIBER 
DEBONDING
J.W. Ju  UCLA 

juj@ucla.edu  
H.N. Ruan  UCLA 

 

A micromechanical damage model is proposed to predict the over-
all elastoplastic behavior and interfacial damage evolution of fiber-
reinforced metal matrix composites. Progressive, completely deb-
onded fibers are replaced by voids. The effective elastic moduli of
three-phase composites, composed of a ductile matrix, randomly
located and unidirectionally aligned circular fibers, and voids, are
derived by using a micromechanical formulation. In order to char-
acterize the overall elastoplastic behavior, an effective yield criteri-
on is derived based on the ensemble-area averaging process and
the first-order effects of eigenstrains. The proposed effective yield
criterion, together with the overall associative plastic flow rule and
the hardening law, constitutes the analytical framework for the es-
timation of effective elastoplastic responses of metal matrix com-
posites containing both perfectly bonded and completely debonded
fibers. An evolutionary interfacial fiber debonding process, gov-
erned by the internal stresses of fibers and the interfacial strength,
is incorporated. Further, the Weibull�s statistical function is em-
ployed to describe the varying probability of complete fiber debond-
ing. Finally, comparison between the present predictions and
available experimental data and various numerical simulations are
performed to illustrate the potential of the proposed framework.

Inelastic Behavior - Nonlinear Behavior of 
Structures 
June 3, 2002 
10:15 
Chair: A. (Rajah) Anandarajah  Johns Hopkins
University

NONLINEAR BEHAVIOUR OF YIELDING DAMPED 
BRACING FRAMES  

Ali Roufegarinejad  K.N.Toosi University of Technology 
ali_rfg@yahoo.com  

Saeed Sabouri Qhomi  Supervisor and Professor 
ssabourig@hotmail.com  

Since the nature of earthquakes is the energy which released due
to tectonic events, investigations and improvements of behavior of
structures based on energy concepts have been concerned. Input
energy must be dissipated in order to decrease the damage effects
of earthquake, which is received by structures. For this purpose
YDBF system is presented which acts as a fuse -when earthquake
acts-, and because of high ductility which it has, the damage of fun-
damental elements in structures is prevented. Because of nonlin-
ear behavior of such a system, which is based on yielding of ductile
style, YDBF increases dissipated and hysteresis energy. This class
of dampers often yields in high or intermediate earthquake shakes
and their hysteresis loop is relatively thick and stable. In this re-
search seven YDBF are modeled by EMRC NISA II F.E.Software
and controlled by Ansys program. These models with various per-
centages of openings are tested and the results of structural behav-
ior due to variation of opening percentages are income.

SEISMIC RESPONSE OF REINFORCED CONCRETE 
BEARING WALLS, 2D AND 3D F.E. SIMPLIFIED 

ANALYSIS  
Frederic Ragueneau  LMT-Cachan 

ragueneau@lmt.ens-cachan.fr  
Geraldine Casaux  LMT-Cachan 

Jacky Mazars  LSSS, INPG  

This paper deals with the behavior of reinforced concrete bearing
walls subjected to seismic loading. The presentation focuses on the
numerical tools dedicated to nonlinear transient simplified analysis
allowing parametrical studies. In a first step, the multifibers beam
approach is presented as well as the local nonlinear constitutive
equations. Comparisons between experimental results and numer-
ical computations for 2-D and 3-D case-study are presented.

MODELING THE NON-LINEAR BEHAVIOR OF WOOD 
FRAME SHEAR WALLS  

Monique Hite  University of Delaware 
mchite@ce.udel.edu  

Harry Shenton III  University of Delaware 
shenton@ce.udel.edu  

Wood frame shear walls are an integral component of the lateral
load resisting system of any low-rise structure constructed today.
While seemingly ordinary, a wood frame shear wall is a complex
6
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physical structure that includes various types of structural members
and connections. A study has recently been undertaken to investi-
gate the effect of vertical load on the static and cyclic lateral load
response of wood frame shear walls. A coordinated theoretical and
experimental program is underway; the theoretical program is to in-
volve the development of simple mechanics based models and de-
tailed finite element models of the wall. Presented in the paper are
preliminary results of the detailed finite element modeling effort,
and a comparison to experimental results. The shear wall is mod-
eled using the ANSYS finite element program. The static, non-lin-
ear behavior of the wall is investigated, including the effect of
vertical load. Results are verified against available test data. Pre-
liminary results show good correlation between the finite element
model and the experimental data.

A MODEL FOR ANALYZING INELASTIC SEISMIC 
RESPONSE OF PLAN-IRREGULAR BUILDING 

STRUCTURES  
Mario De Stefano  Department of Constructions, Piazza 

Brunelleschi 6, 50121 Firenze, ITALY 
barbara.pintucchi@unifi.it  

Barbara Pintucchi  Department of Constructions, Piazza 
Brunelleschi 6, 50121 Firenze, ITALY 

Most papers in the field of inelastic seismic response of plan-irreg-
ular building structures have been conducted by using simple sin-
gle storey asymmetric models. Such models have been considered
very suitable because they allow to clarify the influence of the gov-
erning parameters and to derive effective design criteria; further-
more, they are capable to provide results applicable to those
multistorey plan-irregular buildings which are regular in height.
However, simplified models neglect important effects that may in-
fluence inelastic behaviour of resisting elements and, in turn, of the
entire structure. Namely, resisting elements are assumed to resist
uni-directional horizontal forces only; therefore, no allowance for in-
teraction among bi-directional horizontal and vertical forces in re-
sisting elements is usually made. Moreover, vertical earthquake
component cannot be introduced in those analyses. In this paper,
a refined numerical model of one storey asymmetric building struc-
ture is presented, which is able to overcome the above-mentioned
limitations and to fulfill the need for taking into account interaction
phenomena and vertical earthquake component.

Frank L. DiMaggio Symposium on 
Constitutive Modeling of Geomaterials I 
June 3, 2002 
10:15 
Chair: A. (Rajah) Anandarajah  Johns Hopkins
University 
Co-Chair: Hoe Ling  Columbia University

REVIEW OF THE DEVELOPMENT OF CAP MODELS 
FOR GEOMATERIALS  

Ivan Sandler  Weidlinger Associates 
sandler@wai.com  

The history of the development of CAP constitutive models is re-
viewed. These models, which are used to represent the dynamic
behavior of geomaterials, provide a powerful, yet adaptable way of
representing many aspects of the stress-strain behavior of geolog-
ical materials, and they have been extensively used for more than
three decades to characterize soils and rocks as well as concrete.

The modern series of CAP models, introduced in the early 1970ís
as a result of government-sponsored university and corporate R&D
technology, is based on the adaptation of several earlier models.
The basic behavior of these models is briefly discussed and com-
pared here, and the reasons for the introduction of CAP models and
guidelines for their use are outlined.

Many adaptations of the CAP model have been developed and uti-
lized. Several examples of these model extensions and their salient
features are discussed, and some opportunities for future exten-
sion of the models are examined.

Finally, the possibility of transferring the results of CAP model re-
search to application in commercial engineering practice is dis-
cussed.

CONSTITUTIVE MODELING OF POST-LIQUEFACTION 
CYCLIC DEFORMATION OF SANDS  

Zhi-Liang Wang  ASCE 
zlwang@geomatrix.com  

Yannis Dafalias    

Large post-liquefaction deformations, which can be induced in
sandy soils during earthquake shaking, often are responsible for
heavy damage to built structures. Recent laboratory tests demon-
strated that shear deformation develops continuously, following ini-
tial liquefaction, in sands that are subjected to cyclic loading. The
effective stress paths after liquefaction repeat similar dilative and
contractive behaviors in each cycle, but the corresponding shear
strain amplitude increases continuously.

We have limited understanding of why large post-liquefaction de-
formations can occur. Empirical relationships were proposed to
correlate the development of shear deformation to the °ßpreceding
maximum shear strain°® during cyclic loading (Shamoto et al.,
1997). Constitutive modeling also was proposed to capture the de-
velopment of deformation by assigning zero shear modulus where
the effective stress path crosses the phase transformation line
(Para, 1996;Young, 2000).

The present study proposes a strain history dependence of soil
7
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modulus and uses an intrinsic variable to capture the reduction in
the modulus. Thus, the development of post-liquefaction deforma-
tion can be simulated within the framework of a bounding surface
plasticity model (Wang, et al., 1990). The basic differential equa-
tions of the model are integrated to obtain the stress-strain relation-
ships for post-liquefaction response in two phases. The first is the
dilative phase, which is a loading phase along a critical stress path.
The second is the contractive phase, which is an unloading accom-
panied by a rapid drop in effective mean stress. In each phase, the
soil modulus is affected by a softening (or hardening) factor, C(ÉË),
in which the intrinsic variable ÉË is taken as a function of the accu-
mulated plastic strain. The integrated relationships demonstrate
the development of shear strain with the declining modulus, al-
though the effective stress paths in each cycle essentially repeat.

With the selected simple functional form of C(ÉË), three types of
post-liquefaction deformation behavior can be simulated using the
above constitutive equations: (1) rapid increase of shear strain am-
plitude; (2) linear increase of shear strain amplitude; and (3) limited
shear strain amplitude. All of these behaviors can be related to the
initial void ratio of given sand.

Model simulations are compared with recent laboratory test results,
showing reasonable agreement in the deformation developed
throughout the sequence of loading cycles.

The procedure for calibrating model parameters also is reviewed.
The model parameters can still be calibrated as with the original
model using results from pre-liquefaction loading tests assuming
C(ÉË) = 1. The post-liquefaction responses are captured using two
additional model parameters in the functional form of C(ÉË). It is
shown that the predicted pre-liquefaction responses are not affect-
ed significantly by the softening factor (i.e., if C(ÉË) <1). With this
validation, the model°¶s enhanced applicability to a fully coupled
dynamic analysis is demonstrated for simulating both pre- and
post-liquefaction behavior of sands.

References: Para, E,1996, Numerical Modeling of Liquefaction and Lateral
Ground Deformation Including Cyclic Mobility and Dilation Response in Soil
Systems, Ph.D. Thesis, Dept. of Civil Engineering, RPI, Troy, NY. Shamoto,
Y., Zhang, J.-M., and Goto, S., 1997, Mechanism of Large Post-Liquefaction
Deformation in Saturated Sand, Soils and Foundations, 37(2), 71-80. Wang,
Z.L., Dafalias, Y.F. & Shen, C.K.,1990, Bounding Surface Hypoplasticity
Model for Sand. J. Engrg. Mech., ASCE, 116(5), 983-1001. Young, Z., 2000,
Numerical Modeling of Earthquake Site Response Including Dilation and Liq-
uefaction, Ph.D., Dissertation, Dept. of Civil Engineering and Engineering
Mechanics, Columbia University, New York, NY.

ON THE STRUCTURE OF CONSTITUTIVE LAWS FOR 
SANDS  

A. (Rajah) Anandarajah  Johns Hopkins University 
Rajah@jhu.edu  

While a macroscopic approach yields practical models for simulat-
ing constitutive behavior of sands, there is a critical need for phys-
ically meaningful models. Such models can not only shed some
light on the structure of macroscopic laws, but also provide some
physical meaning for constitutive functions and parameters. In this
paper, a microscopic model is developed and some aspects of the
essential structure of the constitutive behavior of sands are exam-
ined. In particular, the flow rule and yielding are examined. The
model is developed by first considering the load-deformation be-
havior of a microelement, and then synthesizing to simulate the be-
havior of a volume of a sand. The model is based on the
assumption that an externally applied load is carried by columns of
particles, or more precisely, columns of microelements. The de-
rived equations show that the constitutive equations are incremen-

tally nonlinear. Also, in some domains, it is seen that plastic
behavior is associated with not only loading, but also stress rever-
sal ñ an attribute needed for modeling liquefaction behavior of
sands realistically.

ELASTO-PLASTIC STRAIN HARDENING-SOFTENING 
SOIL MODEL WITH SHEAR BANDING  
Tadatsugu Tanaka  University of Tokyo 

atanak@mail.ecc.u-tokyo.ac.jp  

The solutions of boundary value problems involving strain-soften-
ing material property are full of serious difficulties from both model-
ing of strain-localization and a viewpoint of numerical and
mathematical procedures. The straightforward use of a strain-soft-
ening model in the framework of classical continuum generally
does not result in a well-posed problem. It is well known in a finite
element procedure that a strain softening material yields mesh-
sensitive solutions. However the physical experimental data show
that a shear-band localization exhibits a strain localized zone with
a finite width and a finite value for the consumption of energy. There
are several techniques, employed to obtain mesh size independent
shear banding. In this Paper they are discussed in the first. A ma-
terial model for a real soil is described with the features of (1) non-
associated flow characteristics, (2) post-peak strain softening, (3)
strain-localization into a shear band with a specific width, (4) aniso-
tropic deformation and strength characteristics, (5) pressure-sensi-
tivity of the deformation and strength characteristics of sand.
Stress-dilatancy relation is considered through non-associated
plastic flow. Mesh size-dependent hardening modulus is consid-
ered to alleviate the mesh size-dependency of the solution. The
elasto-plastic soil model is applied to capture the formation of shear
band in a plane strain compression test on dense sand. Also the di-
rect shear test, the bearing capacity of strip footing and retaining
structure are analyzed. The soil model is based on experimental
findings about inherent and induced anisotropies involved in sand.
The results of simulation are compared with those from the physical
experiments.

ANISOTROPY OF CLAYS BASED ON BOUNDING 
SURFACE MODEL  

Dongyi Yue  Columbia University 
ling@civil.columbia.edu  

Hoe Ling  Columbia University 
ling@civil.columbia.edu  

Victor Kaliakin  University of Delaware 
kaliakin@ce.udel.edu  

Nikolas Themelis  Columbia University  

This paper presents an improved soil model based on anisotropic
critical state theory and bounding surface plasticity. The anisotropic
critical state theory of Dafalias was extended into three-dimension-
al stress space. In additional to the isotropic hardening rule, an
anisotropic (rotational.) and a distortional hardening rule were in-
corporated into the bounding surface formulation. An anisotropic
tensor and its development with the stress system and volumetric
strain rate were introduced to function as the anisotropic rule. The
projection center that is used to map the actual stress point to the
imaginary stress point was specified along an axis that represents
the initial anisotropic state in the stress space. The model requires
11 material parameters and was validated against the isotropic and
anisotropic undrained triaxial test results of Kaolin clay. The effects
of anisotropy in compression and extension modes were well de-
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scribed by proposed model.
Discrete and Continuum Modeling of Gran-
ular Materials I 
June 3, 2002 
10:15 
Chair: Ching Chang  University of Massachusetts 
Co-Chair: Jin Ooi  University of Edinburgh

PARTICLE ROTATIONS IN GRANULAR MATERIALS  
Matthew Kuhn  University of Portland 

kuhn@up.edu  
Katalin Bagi  Technical University of Budapest 

kbagi@mail.bme.hu  

Particle rotations can have a dominant influence on the behavior of
granular materials, particularly in materials with circular or spherical
particles. The paper reviews experimental evidence of the magni-
tude and variability of particle rotations and their effect on a granu-
lar material�s stiffness and strength. Evidence of rotational
patterning is reported from DEM simulations of a large square as-
sembly of multi-sized circular particles. The translational velocities
of the particles were used to compute the rotation and deformation
rates within small polygonal regions of material. The material rota-
tion could then be compared with the rotations of the particles
themselves. Two meso-scale phenomena are described in the pa-
per: rotating clusters and rotation chains. During biaxial tests, the
local deformation rates are highly variable, with banded regions
having deformation rates much greater than the mean rate, and
with clustered regions in which very little deformation occurs. Mate-
rial within a nearly-rigid region usually rotates in either an entirely
clockwise or entirely counter-clockwise manner. The direction of
this material rotation matches the direction of particle rotations in
these regions. In a second rotational pattern, the most rapidly rotat-
ing particles are aligned in chain-like patterns oblique to the princi-
pal stress directions. These rotation chains are usually located
within intensely deforming band-like regions.

MICRO-MECHANICAL DEFINITION OF STRAIN 
TENSOR FOR GRANULAR ASSEMBLIES  
Masao SATAKE  Tohoku Gakuin University 

satake@tjcc.tohoku-gakuin.ac.jp  

In a micro-mechanical study on the behavior of granular materials,
the stress and strain defined from the micro-mechanical viewpoint
may play essentially important roles. However, although some mi-
cro-mechanical definitions for stress and strain have been pro-
posed, the definition of strain tensor seems to be still open to
discussion. This paper proposes a new micro-mechanical definition
by using the Dirichlet tessellation (modified Voronoi tessellation) for
granular assemblies. The notable and advantageous points of the
proposed definition are as follows: 1. The definition of stress and
strain starts from those considered at contact points, 2. Introducing
the so-called dual branch vector and defining the region of contact
(region accompanied by contact), the proposed definition shows
some important properties such as similarity to Cauchy?s theorem
in continuum mechanics, 3. The region of contact defined by the
proposed definition makes a natural and continuous change for a
sudden change of virtual branches during deformation, 4. The over-
all stress and strain discussed here satisfy the Hill?s condition in a
modified form.
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THE INCREMENTAL NONLINEARITY OBSERVED IN 
NUMERICAL TESTS OF GRANULAR MEDIA  
Yuji Kishino  Tohoku University, Sendai, Japan 

kishino@civil.tohoku.ac.jp  

Recently, incrementally nonlinear constitutive models have been
proposed for granular media by several researchers. It seems that
such generalization of constitutive relationship is the key to grasp-
ing true behaviors of granular media. However, it is very difficult to
do rigorous evaluation of the validity of these models, because of
the limitations inherent in available experimental measures. On the
other hand, numerical simulations in terms of suitable discrete ele-
ment methods have a capability to solve this problem. This paper
demonstrates the incremental nonlinearity observed in numerical
tests conducted by a discrete element method proposed by the au-
thor. Through a series of true tri-axial stress-probe tests, it is found
that the direction of plastic strain increment changes with the com-
ponent of stress increment that is orthogonal to the current stress
and the yield surface normal. The result suggests that the plastic
deformation is accompanied by multiple shear mechanisms. The
stability in the incremental relationship between stress and strain is
also discussed based on the calculated results of second-order
work.

Computational Mechanics - Advances in Fi-
nite Element Methods 
June 3, 2002 
10:15 
Chair: Apostolos Fafitis  Arizona State University

NONLINEAR TRUSS ANALYSIS BY ONE MATRIX 
INVERSION  

Apostolos Fafitis   
fafitis@asu.edu  

A new method for nonlinear structural analysis has been devel-
oped. The novelty of the method is that only one Stiffness Matrix in-
version is required without the need for updating and re-inverting
the Matrix at every Load Increment. This Stiffness Matrix is not nec-
essarily the real Stiffness Matrix of the Structure. Instead any Matrix
that would guaranty joint equilibrium can be used. The advantage
of this option is that if the design of some members of the Structure
is revised, the already inverted and stored Matrix is used for the
new analysis. Nonlinearities due to plasticity, strain-hardening,
strain-softening, buckling, breaking, and stifiness-degradation are
handled by iterations involving only multiplications of the banded
matrix with a Transformed Force Vector. The Inversion of the half-
banded original Stiffness Matrix is done using Gauss Elimination
performed on the half-banded matrix without destroying the band-
edness, and the inverted matrix replaces the original without need
of additional storage. The coefficients for the transformation of the
force vector are stored permanently in a new matrix of size equal to
the size of the half-banded original. Thus the total storage needed
is equal to the storage for the banded original Stiffness. Because,
after the Gauss Elimination, only multiplications of a matrix with a
vector are involved the method is computationally efficient. The
method is not a step-by-step procedure. Any load increment can be
applied, therefore, proportional, non-proportional, and cyclic loads
are treated in a unified fashion. The energy-dissipation and the re-
sidual stresses and strains after one or more cycles are readily
available and thus the method can be used in quasi-dynamic anal-
ysis (e.g. push-over) for an evaluation of the dynamic parameters
of the structure.

REFINED BEAM FINITE ELEMENT WITH A NON 
NODAL DEGREE OF FREEDOM  

Bernardo Deschapelles  Civil Engineering Dept. U.P.P.R. 
civiling@caribe.net  

The beam element used in frame analysis has 4 degrees of free-
dom corresponding to the transverse displacement and the rotation
at each end node. This condition allows a cubic variation of the
transverse displacement along the length of the element, which is
the correct one if the bending moment has linear variation, that is,
no transverse load acts between the end nodes. However, this is
not the usual case of beam behavior because distributed loads are
commonly acting. To solve this contradiction the frame analysis is
performed substituting the distributed load by fictitious equivalent
nodal concentrations corresponding to the so-called fixed coordi-
nate state.

We can not get rid of these artificial fixed end moments and shear
unless we establish an appropriate distributed degree of freedom,
that is, the smeared coordinate of displacement along which the
10
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distributed load is acting. The purpose of this paper is to identify
such non-nodal degree of freedom related to a uniform distributed
load.

Accordingly, a refined beam element with five degrees of freedom
(four nodal and one non-nodal) is presented. Corresponding shape
functions are developed and explicit expression of the 5x5 stiffness
matrix is presented. The consistent load vector associated with a
uniform load is discussed to show that no components exist at the
end nodes. Moreover the 5 x 5 geometric stiffness matrix is devel-
oped and successfully applied to solve second order analysis. Fi-
nally, use of non-nodal degrees of freedom in plane elasticity
problems leading to a 34 DOF plane stress element is briefly dis-
cussed.

A NUMERICAL METHOD OF MIXED MODELING ON 
SHEAR DESIGN OF REINFORCED CONCRETE 

MEMBERS STRENGTHENED WITH CFRP 
LAMINATES  

Liu Yu  Tianjin University 
yvliu@163.com  

Tiecheng Wang  Tianjin University 
Lijun Wang  Tianjin University 

This paper presents a general system aimed at dealing with the fail-
ure analysis of reinforced concrete members strengthened with
carbon-fiber-reinforced plastic (CFRP) sheets. It is based on the
yield design theory with a mixed modeling of the structure, accord-
ing to which the concrete material is treated as a classical two-di-
mensional continuum, whereas the longitudinal reinforcing bars are
regarded as one -dimensional rods and in shear reinforced zones
both the shear CFRP sheets and transverse reinforcing bars are in-
corporated in the analysis through a homogenization procedure
and they are only in tension. The static method is then implemented
numerically by means of the finite-element formulation, thus pro-
duces accurate estimates for the loading-carrying capacity of the
shear members taken ad an illustrative application. Numerical pre-
dictions are in good agreement with the experimental results.

MIXED FINITE ELEMENTS WITH VOIDS AND 
INCLUSIONS  

Reinhard Piltner  University of Nebraska-Lincoln 
rpiltner@unlserve.unl.edu  

For stress concentrations around voids and inclusions, one can de-
rive appropriate stress and strain functions, which characterize the
local fields very well, and use them for special problem adapted fi-
nite elements. For linear problems, such stress and strain functions
can be obtained from complex solution representations. The func-
tions can be derived in such a way that the equilibrium equations
and the boundary conditions on the void surface or the continuity
conditions along the matrix/inclusion boundary are satisfied a priori.
For special finite elements with voids and inclusions, piecewise lin-
ear or quadratic boundary displacements have to be assumed for
an appropriate coupling with other finite elements. There has to be
a balance between the number of stress/strain parameters and the
nodal displacements of the special elements with built-in voids or
inclusions. The outer boundary of a special finite element can be a
polygon or a polyhedron. Some early versions of special purpose
finite elements with holes and internal cracks are described in ref-
erence [1]. Special purpose finite elements with voids and inclu-
sions have applications in the analysis of heterogeneous materials.

For an accurate approximation of the stress concentration around
a hole or an inclusion a fine mesh of displacement finite elements
is needed. When considering a domain with a large number of
holes or inclusions, the discretization effort can be substantial. In
order to reduce the number of elements needed in a computational
model, special finite elements with holes or inclusions can be uti-
lized. Although the focus will be on some experiences with two-di-
mensional special finite elements, some aspects of the derivation
of three-dimensional special finite elements will be covered.

[1] R. Piltner, "Special finite elements with holes and internal
cracks", Int. J. Num. Methods Eng., 21, 1471 -1485, (1985).

NONLINEAR FINITE ELEMENT SIMULATION OF 
SUCTION CAISSON BEHAVIOR  

Dilip Maniar  The University of Texas at Austin 
maniard@mail.utexas.edu  

John Tassoulas  The University of Texas at Austin 
yannis@mail.utexas.edu  

Suction caissons are hollow cylinders capped at top and used as
foundations and anchors for offshore structures and mooring lines.
An earlier study, conducted at the Offshore Technology Research
Center of The University of Texas at Austin, was focused on predic-
tion of axial capacity of such caissons considering the effects of in-
stallation. Computational tools were developed assuming axial
symmetry. To capture the installation effects on the axial capacity,
caisson penetration by self-weight was simulated. A frictional con-
tact algorithm based on slide-line formulation was used to analyze
the interaction between the caisson and the surrounding soil during
installation along a preset straight penetration path. In the present
study, computational tools are developed to predict the path of pen-
etration as caisson installation progresses, thereby avoiding the
need for a priori specification of the path. Verification of the numer-
ical results has been accomplished using data from recent experi-
ments conducted at The University of Texas at Austin.
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Acoustical Methods for Civil Structures 
June 3, 2002 
10:15 
Chair: Laurence Jacobs  Georgia Institute of
Technology 
Co-Chair: Jason Weiss  Purdue University

HIGH RESOLUTION SEISMIC TOMOGRAPHY BASED 
ON COHERENT WAVE TECHNOLOGIES 

Hiromichi HIGASHIHARA  University of Tokyo 
higashi@eri.u-tokyo.ac.jp  

Masayuki Saeki  University of Tokyo 
saeki@eri.u-tokyo.ac.jp  

WeiJian Zeng  University of Tokyo 
zwjian@eri.u-tokyo.ac.jp  

A brand-new active high resolution seismic tomography method is
presented. Recent seismological research on heterogeneity of
seismic sources has revealed the concept of asperities, while many
reports exist about significant drop of P wave velocity or other in-
elastic deformation in the seismogenic zone; i.e., if one can detect
the asperities and monitor their properties, short term prediction of
earthquakes is possible. But conventional seismic tomography has
not sufficient resolution. Therefore we have initiated a new ap-
proach. In EM2000, we discussed the possibility of the phased ar-
ray. Unfortunately, this approach could not be compatible with the
conventional tomography method and the question was left open.
Since then, we have constructed a direct tomography strategy on
the general theory of inversion. Another important result discussed
in EM2000 was a remarkable effect of embedment. Accordingly,
we deployed the instruments in a deep enormous tunnel network
that had been located in a high seismicity region. We will show the
geophysical environment and will report how the equipments were
installed and the system established.

NON-CONTACT LASER VIBROMETER WAVE SENSING 
ON CONCRETE  

John Popovics  University of Illinois at Urbana - Champaign 
johnpop@uiuc.edu  

Herbert Wiggenhauser  Federal Institute for Materials Re-
search and Testing (BAM) 

herbert.wiggenhauser@bam.de  

Non-destructive evaluation techniques are needed to assess the
in-place condition of concrete structures. However the time and ef-
fort required to perform NDE tests using conventional surface-
mounted contact sensors hinder rapid evaluation of structures. The
authors are cooperating in research to develop rapid and robust
methods that collect mechanical wave signals from concrete struc-
tures and to characterize defects using that signal data. The suit-
ability of surface waves and laser-based, non-contact wave
detection techniques for this purpose are examined here. After an
introduction to non-contact sensing, an experimental set-up is de-
scribed and results from experimental tests are presented. Surface
waves in a concrete slab specimen are generated with several dif-
ferent conventional sources. The ability of a laser vibrometer to de-
tect wave propagation from concrete that does not have any
reflective treatment is demonstrated, allowing the generation of ul-

trasonic images. Results from a concrete specimen containing a
subsurface defect are then presented. The obtained ultrasonic im-
ages illustrate some limitations of using surface waves to detect
subsurface defects in concrete, although approaches to improve
the results are proposed.

MICROWAVE SUB-SURFACE IMAGING TECHNOLOGY 
FOR DAMAGE DETECTION OF CONCRETE 

STRUCTURES  
Yoo Jin Kim  University of California, Irvine 

yook@uci.edu  
Luis Jofre  Technical University of Catalonia 

Franco De Flaviis  University of California, Irvine  
Maria Feng  University of California, Irvine  

Invisible damage such as voids and cracks inside concrete and
debonding between rebars and concrete caused by corrosions and
earthquakes are of significant concerns. In this study, a microwave
sub-surface imaging technology using a bi-focusing operator has
been developed in order to detect such internal voids/objects and
to quantitatively assess their dimensions. The proposed imaging
system consists of several cylindrical- or planar-arrayed antennas
for transmitting and receiving signals, and a numerical focusing op-
erator is applied to the external signals both in the transmitting and
receiving fields. An imaging algorithm using a numerical focusing
operator was developed, which allows the recovery of a 2-dimen-
sional object from its scattered field. For the experimental verifica-
tion, a prototype planar antenna array consisting of 64 transmitting
and 64 receiving antennas was fabricated and tested on a concrete
block. Internal and invisible voids in the block were successfully de-
tected. The sub-surface imaging technology developed in this re-
search for quantitative condition assessment of concrete structures
will lead to improvement of the effectiveness and efficiency of the
current visual-inspection-based maintenance.

USE OF PASSIVE ACOUSTIC ENERGY 
MEASUREMENTS TO QUANTIFY MICRO-CRACK AND 

CRACK DEVELOPMENT IN VOLUMETRICALLY 
RESTRAINED CEMENTITOUS SYSTEMS  

Todd Chariton  Purdue University 
wjweiss@ecn.purdue.edu  

Byoggeon Kim  Purdue University 
Weiss  Purdue University 
wjweiss@ecn.purdue.edu  

Experiments were conducted using restrained and unrestrained lin-
ear �bar-type� specimens. Acoustic sensors placed on the re-
strained specimens show a high degree of activity during the first
several days due to the development of distributed damage. This
can be attributed to surface cracking that occurs as a result of mois-
ture gradients that cause the surface concrete to shrink much more
rapidly than the core concrete. After the first few days however a
discrete increase in acoustic activity is typically observed in the re-
strained specimens that was followed by the development of a vis-
ible crack. As the concrete nears the age of visible cracking the
acoustic waves generated in the restrained specimen increase in
duration and amplitude. The rate of energy dissipated in the unre-
strained and restrained specimens is typically observed to deviate
prior to the development of visible surface cracking signifying the
onset of crack initiation and growth. Current research is aimed at
relating the acoustic energies of different specimens with mechan-
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ical properties such as fracture energy or stiffness reduction.

CHARACTERIZATION OF BOND PROPERTIES IN 
REPAIRED CONCRETE USING GUIDED LAMB 

WAVES 
Kritsakorn Luangvilai  Georgia Institute of Technology 

laurence.jacobs@ce.gatech.edu  
Laurence Jacobs  Georgia Institute of Technology  

A popular repair method for reinforced concrete involves externally
bonding fiber reinforced plastic (FRP) patches on to the tension
face of a beam, thus increasing the beam�s flexural stiffness and
loading capacity. The usage of FRP patches in these applications
has created the requirement for reliable nondestructive evaluation
(NDE) techniques capable of characterizing these bonded patches;
this research proposes using guided Lamb waves for this purpose.
The primary advantage of using guided Lamb waves in this appli-
cation is that they are capable of interrogating large, inaccessible
components in a time-efficient manner. This research combines la-
ser ultrasonic techniques with time-frequency representations
(TFRs) to characterize the material properties of this adhesive lay-
er. The current study examines the viscoelastic effect of the adhe-
sive bond, specifically measuring attenuation. This experimentally
measured attenuation is then related to changes in the bond�s ma-
terial properties. The experimental results are interpreted in terms
of an analytical guided wave model that considers a two-layered
system (the FRP patch and the bond) attached to a half-space (the
repaired concrete).

Structural Control - II 
June 3, 2002 
13:00 
Chair: Genda Chen  University of Missouri-Rolla 
Co-Chair: Anil Agrawal  City College of New York

TLCD SEMI-ACTIVE SEISMIC CONTROL OF 
IRREGULAR STRUCTURES USING ARTIFICIAL 

NEURAL NETWORK  
Hong-Nan Li  Dalian University of Technology 

hongnanl@yahoo.com  
Lin-Sheng Huo  Shenyang Architectural and Civil Engineer-

ing Institute 
Huo_linsheng@sina.com  

Shi Yan  Shenyang Architectural and Civil Engineering Insti-
tute 

yanshi@mail.sy.ln.cn  

In this paper, the control approach to irregular strucyures excited by
multi-dimensional ground motions is presented by using semi-ac-
tive tuned liquid column damper (TLCD). A back propagation Artifi-
cial Neural Network (ANN) is used to predict the responses of
structure due to two-dimensional seismic inputs. The semi-active
control strategy is established and implemented based on ANN.
The numerical examples have shown that it is an effective method
presented for controlling the translational and rotational responses
of irregular structures.

VIBRATION CONTROL OF STIFFENED COMPOSITE 
PANELS WITH SMART MATERIALS  

Kevin Poulin  The Office of James Ruderman LLP 
kcpoulin@juno.com  

Rimas Vaicaitis  Columbia University 
 rimas@civil.columbia.edu  

Piezoelectric devices (PZT) and electrorheological (ER) fluids, inte-
grated as active components in stiffened composite panel systems,
could be used effectively to control vibration response to random
excitation. These panel systems are essential for structures such
as aircraft, spacecraft, submarines, and high-speed trains, which
are prone to random vibration from boundary-layer turbulence or
power plant noise. Intelligent materials could be utilized to control
these vibrations, reduce transmitted or radiated noise, and in-
crease the fatigue life of the structure.

The adaptive panel structure is comprised of self-sensing piezo-
electric actuators and active sandwich-beam stiffeners that contain
a core filled with ER fluid. The piezoelectric sensor/actuators are
bonded to the panel as discrete segments. An analytical model is
developed in which the PZT devices sense the strain rate at the ex-
treme fiber of the panel and then actuate to produce a localized mo-
ment. An active damping mechanism based on collocated velocity
feedback control is thus obtained. The ER fluid changes its stiffness
and damping properties with applied voltage. These active fluid
properties are incorporated in the derivation of the governing equa-
tions of motion for the sandwich beams, which are attached to the
panel at discrete intervals. It is demonstrated that applying voltage
to the ER fluid alters the mode shapes and frequencies of the dis-
cretely stiffened panel system. Thus, positive gains might be
13
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achieved for vibration reduction and control of noise transmission/
radiation.

The mode shapes, modal frequencies and deflection response are
determined by transfer matrix methods. The root-mean-square
(RMS) and spectral density of the response to a truncated Gauss-
ian white noise excitation are calculated for a fiber reinforced lami-
nated composite panel stiffened with two active stiffeners. The
effect of the intelligent materials on vibration response is deter-
mined by varying the controller voltage gains of PZT actuators and
ER fluid.

A direct application of the transfer matrix procedure for optimal ac-
tive control of discretely stiffened panels, which incorporates intel-
ligent materials, presents significant numerical difficulties. Thus, an
alternative simplified solution based on a modal, Galerkin-like ap-
proach, in which the required modes and modal frequencies of the
stiffened panels are first calculated by transfer matrix methods, has
been developed. The resulting modal differential equations are
transferred into the state-space domain to utilize the advantages of
linear stochastic control theory. To be compatible with digital pro-
cessing, the system is converted from a continuous to a discrete-
time system using a ��zero-order hold�� controller and a sampling ob-
server. A performance index is established consistent with the sto-
chastic linear quadratic regulator problem and the state is
reconstructed using a Kalman-Bucy filter. The algebraic Riccati
equations are solved for the optimal observer and controller gains.
Numerical results are presented to demonstrate the effectiveness
of optimal control of stiffened-panel vibrations.

OPTIMAL CONTROL OF FRAMED STRUCTURES 
INCLUDING SEISMIC SOIL-STRUCTURE 

INTERACTION EFFECTS  
Siyuan Shen  The George Washington University 

syshen@seas.gwu.edu  
Majid Manzari  The George Washington University 

manzari@seas.gwu.edu  
James Lee  The George Washington University 

lee@seas.gwu.edu  

In this work, a linear quadratic Gaussian (LQG) controller is con-
structed to optimally control seismic response of framed structures
founded on soils. An approximate frequency-independent lumped-
parameter model is used to represent the response of the founda-
tion. This allows a full representation of the system equations, in-
cluding the interaction between soil and the structure (SSI effects),
in the time domain. The optimal control gain is interrelated to the
SSI factors. To demonstrate the significance of the detailed model-
ing of the framed structure, a simplified one-column model includ-
ing SSI effects is set up for comparison with the response of the full
planar frame founded on soil. Simulation results show that, at least
in some circumstances, simplification of the structure into a 1D
model by neglecting its 2D nature may lead to missing important
characteristics of the structure. While the soil foundation is very
soft, the controller incorporated the SSI effects shows a better per-
formance. For much stiffer soil conditions, the LQG controller works
very effectively, designed either with the fixed-base model or the
SSI model.

SEMI-ACTIVE VIBRATION CONTROL FOR THE 3RD 
GENERATION BENCHMARK PROBLEM INCLUDING 

MODAL SPILLOVER SUPPRESSION  
Timothy Whalen  Purdue University 

whalen@purdue.edu  
Graham Archer  Purdue University 

archer@purdue.edu  
Kishor Bhatia  Lin Engineering, Chatham, IL 

kishorbhatia@hotmail.com  

New control algorithms that combine spillover suppression with
semi-active modal vibration control via the use of magnetorheolog-
ical (MR) dampers are studied. The advantages of this approach in-
clude the traditional positive attributes of MR dampers as well as
more efficient use of the dampers obtained by targeting control ef-
fort at high energy modes and preventing spillover. Strategies for
this combined approach are compared to existing algorithms that
concentrate solely upon vibration control. Performance measure
improvements have been found and are discussed. In the context
of the benchmark problem, one structure is shown to possess vi-
bration modes that involve primarily vertical motion with virtually no
horizontal displacements. Some of these vertical vibration modes
occur at relatively low frequencies, and their presence can produce
unexpected behaviors. The impact of including these modes in the
new control/spillover algorithms has been quantified and found to
be significant. The modeling of this structure has been investigated
to determine the relevance of these modes to the actual behavior
of the structure. The consequences of this for all structural control
algorithms are discussed.

EFFICIENCY OF PIEZOELECTRIC WEDGE 
ACTUATORS FOR THE FINE TUNING OF MASS 

DAMPERS IN STRUCTURAL APPLICATIONS  
Genda Chen  University of Missouri-Rolla 

gchen@umr.edu  
Derek Smith  Black & Veatch 

derekjsmith@prodigy.net  

A piezoelectric wedge actuator (PWA) is proposed in this paper to
improve the seismic effectiveness of a passive tuned mass damper
(TMD). A PWA is composed of a thin aluminum plate and two pi-
ezoelectric sheets bonded on the aluminum plate. The actuator is
connected in series with a TMD and will be used either as a variable
stiffness device or a damping unit regulated with applied voltage.
Several control algorithms including displacement proportional, ve-
locity proportional, and Bang-Bang strategies are considered. Nu-
merical results indicate that a PWA is effective for a light mass
damper and rapidly become ineffective as the weight of the damper
increases. A change of 1% in natural frequency of a TMD experi-
encing a peak displacement of 0.25 in. can be achieved with the
displacement proportional control when 750 Volts are applied on
the piezoelectric actuator. Similarly, an increase of 33% in damping
ratio can be achieved with the velocity proportional control and an
equivalent damping ratio of 0.054 is obtained with the Bang-Bang
control for a TMD of 0.024 original damping ratio.
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Biologically Inspired Materials - II 
June 3, 2002 
13:00 
Chair: Dinesh Katti  North Dakota State University 
Co-Chair: Eric Landis  University of Maine

AN ORTHOTROPIC HYPERELASTIC MODEL OF 
CYLINDRICAL THICK SHELLS UNDER PRESSURE : 
APPLICATION TO THE MODELING OF ANEURYSM  

Bernard Haussy  ESEO, Angers, France 
jfgangho@ensem.inpl-nancy.fr  

Jean-francois Ganghoffer  LEMTA, ENSEM, Nancy, France 

The mechanical behavior of blood vessels has been analyzed con-
sidering a thick-walled multilayer cylindrical orthotropic model ma-
terial undergoing large deformation. We analyze herewith the
behavior of thick non-linear shells submitted to a pressure on both
their internal and external faces, up to the bifurcation regime. We
aim thereby at modeling some pathologies encountered in vessels,
like aneurysm development, when an instability inherent to the ves-
sel is triggered by external factors, leading to a bifurcated shape. In
order to model in a as realistic manner as possible the vessel, the
material of the shell is assumed to obey an orthotropic hyperelastic
behavior, and a single layer model is envisaged first. The response
is assumed to be instantaneous, so that time-dependent effects
shall not be considered in the present contribution. The cases of
Saint-Venant Kirchhoff, Mooney-Rivlin materials, and a classical
four parameters form of the constitutive law are considered with
special emphasis. The stability conditions of the shell are being
studied, and bifurcation conditions are formulated, in terms of the
applied pressure, and the geometrical and mechanical parameters
that characterize the shell. Bifurcation points are evidenced and
calculated. In a second step, the multilayer structure of the blood
vessel is considered : an approach using a gradient of mechanical
properties is employed, as well as a model considering several con-
centric layers endowed with homogeneous specific properties. The
numerical study of some bifurcation�s from one branch of solutions
to another branch is envisaged as a perspective of development.

NANOSTRUCTURE-NANOMECHANICAL PROPERTY 
CORRELATIONS IN BIOLOGICAL HARD TISSUES: 

TOWARDS BIOMIMETIC MATERIALS DESIGN 
Mehmet Sarikaya  University of Washington 

sarikaya@u.washington.edu  

Biological hard tissues (bones, teeth, spicules, particles, thin film,
spines, and shells) are composites of biological minerals and mac-
romolecules (proteins and polysaccharides) that form complex hi-
erarchical structures. These biocomposites have unprecedented
mechanical and other physical properties that are not seen in hu-
man-made materials. Both the ordered structures and, therefore,
the multifunctional properties of biological materials are a result of
control imposed by proteins over the collection of ionic precursors
and their mineralization, development of mineral type, morphology
and crystallography resulting in an overall structural hierarchy
through self-assembly processes. Unlike common engineering ma-
terials, biological hard tissues are synthesized under ambient con-
ditions in water, the inorganic components are common materials,
and the biocomposites are formed via self-assembly. It is desirable

to use the principles of biomaterials and mimic them in real (bio,
physical, chemical, and civil) engineering applications. Such a task
requires a thorough understanding of the bases for fabrication,
structural formation, and mechanics of these biological systems.

Although structure-function relationships of some hard tissues
have been studied at the macro and bulk scales, this has not been
so common at the nano- and sub-micrometer scales. The individual
components of the biological hard tissues, i.e., the mineral and the
organic phases, often found at dimensions of smaller than a mi-
crometer. This is the scale, therefore, at which organic and inorgan-
ic components form ordered aggregates and constitute the lowest
scale of the structural hierarchy, dictating overall property of the
biocomposite. Here we present three examples of biological hard
tissues and illustrate detailed correlations of structure-function re-
lations at the nano- and submicro-meter scales. These are: 1.
Tooth enamel in mice and humans; a hard, wear resistant nano-
composite (Fig. A) on the outer section of tooth covering softer and
tougher dentine that form functionally-gradient composite; 2.
Sponge spicule, a concentrically layered composite of silica and
proteins that form a tough optical fiber (Fig. B); 3. Nacre, mother-of-
pearl, of mollusk shells, a segmented, laminated, tough and strong
composite (Fig. B) with impact-resistant properties. We used trans-
mission and scanning electron microscopy and scanning probe mi-
croscopy techniques to analyze nano- and micro-scale
substructures of the inorganic components (hydroxyapatite, silica,
and calcium carbonate, respectively) and correlated these with
nano- and micro-mechanical properties, performed via atomic force
microscopy to establish structure-property correlations at the low-
est dimensional (nm/sub-m) and loading (nN and mN) scales.

CONTROL OF MECHANICAL RESPONSES IN INSITU 
POLYMER-HYDROXYAPATITE COMPOSITES FOR 

BONE REPLACEMENT  
Kalpana Katti  North Dakota State University 

KALPANA.KATTI@Ndsu.Nodak.Edu  
Praveen Gujjula  North Dakota State University 

 

Polymer-hydroxyapatite (HAP) composites are extensively studied
for their potential use as bone replacement materials. In situ miner-
alization of HAP and the role of organics in initial nucleation and
growth of HAP is critical for the resulting nano and microstructure
of HAP. It is becoming increasing known that materials based on or
mimicking biological structures exhibit far superior properties. In or-
der to mimic biological processes, HAP is synthesized in the pres-
ence of polymeric additives. A molecular control of the
crystallization of HAP to obtain desirable response of composite to
loading is attempted. This work presents fundamental studies on
the role of initial mineralization of HAP on bulk mechanical respons-
es of composite. Fourier transform infrared attenuated total reflec-
tance (FTIR ATR) spectroscopic experiments are undertaken to
evaluate the association of polymeric chains with HAP during min-
eralization processes. Small changes are seen in the absorbance
spectra of in situ HAP that relate to large differences in mechanical
response of the composite to loading. Changes in mechanical re-
sponse in the in situ composites include improved strain to failure
and improved compressive strength under aqueous environment.
In addition, smaller plastic strains are observed for in situ samples
when subjected to cyclic loading. Our results may have significant
implications in the design of biomaterials for biomedical applica-
tions.
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EFFECT OF NANOSTRUCTURE IN NACRE: A 
MULTISCALE MODELING APPROACH  
Dinesh Katti  North Dakota State University 

Dinesh.Katti@Ndsu.Nodak.Edu  
Kalpana Katti  North Dakota State University 

 

A shift from a test-based to simulation-based methodology is de-
sired for new naonostructured engineered systems. Also, for com-
plex bio-nanocomposite systems, the modeling methodology must
cover length scale from molecular (nanometer) to meso and mac-
roscale. In this work, we model and simulate mechanical responses
of nacre, a biomimetic layered nanocomposite of an organic (poly-
mer - protein) and an inorganic (ceramic - calcium carbonate) com-
ponents. Nacre (mother-of-pearl) is a common mollusk shell hard
tissue with a successful ìstructural engineering designî that has
survived five hundred million years of evolution. As a nanotechno-
logical model system, nacre represents several unique opportuni-
ties; it has a relatively simple layered architecture. It is a self-
assembled system with hybrid components (organic/inorganic) that
are highly organized hierarchically at the molecular, nanometer, mi-
crometer and macro scales. Numerical models using three-dimen-
sional finite element analysis are developed for predicting nonlinear
response of the nanocomposite. These three dimensional models
represent the true pseudo-hexagonal symmetry of the nacre and
also include such details of the nanostructure as mineral contacts
through the organic phases. Material properties obtained at na-
nometer scale using nanoindentation experiments are incorporated
into the 3D FE models. Our linear and nonlinear response simula-
tions indicate that the organic phase is a material of exceptional
yield strength and elastic modulus. Our simulations indicate miner-
al contacts through the organic phase are not significant for me-
chanical response in the elastic region. Identical elastic modulus of
nacre is obtained for models with and without contacts. In addition,
effective normal stress in the contact regions is much higher than
that applied. Thus, contacts break long before (~10 MPa) yield be-
gins in nacre (~30 MPa) implying that they are not of much conse-
quence for yield behavior of nacre. Our results identify the
quantitative influence of details of the nanoarchitecture on bulk lin-
ear and non-linear response. These results have important ramifi-
cations on the design of novel nanocomposite systems mimicking
those found in nature.

Analysis of Materials with Random Micro-
structures 
June 3, 2002 
13:00  
Chair: Lori Graham  Johns Hopkins University

A PATH-FOLLOWING CONSTRAINT WITH 
APPLICATION TO MONTE CARLO SIMULATIONS OF 

FAILURE IN SOFTENING SOLIDS  
Miguel Gutierrez  Delft University of Technology 

m.gutierrez@lr.tudelft.nl  

A fundamental issue in computational solid mechanics is the devel-
opment of robust algorithms to trace the equilibrium path. The es-
sence of these algorithms consists of coupling the load increment
to the increment of selected degrees-of-freedom through a con-
straint function.

When solids are studied that exhibit material instabilities it is often
necessary to select the path-following constraint such that only the
degrees-of freedom involved in the failure process are coupled to
the load increment. While this kind of constraint is robust, its appli-
cability is limited when the location of the failure process zone is not
known a priori. In this contribution a path-following constraint is de-
veloped which is based on the energy release rate. The constraint
is derived from the first principle of thermodynamics for a finite ele-
ment discretisation of a solid with a continuum damage model.

The constraint is especially applicable to Monte Carlo analyses of
random quasi-brittle solids. Indeed, the position of the failure pro-
cess zone is then often determined by the weak spots in the mate-
rial and cannot be predicted beforehand.

MODELING THE IMPACT OF LOCALIZED 
DEFORMATION ON THE BULK RESPONSE OF 
HETEROGENEOUS ENERGETIC MATERIALS

Todd Williams  Los Alamos National Lab 
oakhill@lanl.gov  

Irene Beyerlein  Los Alamos National Laboratory 

A multiscale homogenization approach, based on the generalized
method of cells (GMC) is proposed for examining the influence of
local variations in microstructure on the bulk response of heteroge-
neous high explosive (HE) composite materials. On average, the
material consists of 93% brittle crystal particles ranging from 1 mm
to 450 mm in size, bound by a plastic polymer material. Using
GMC, we analyze the HE elastic response considering several rep-
resentative volume elements with the same crystal volume fraction
but with different particle/binder arrangements. Based on strain
rate sensitivity of the composite elastic moduli, we find that these
microstructures can be classified as either binder bridging or parti-
cle bridging. The microstructures with particle bridging exhibit sig-
nificantly higher moduli (by an order of magnitude) and lower strain
rate sensitivity than do microstructures with binder bridging. Such a
classification can be used to reduce the number of configurations
that need to be considered in mechanical simulations of HE.
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EFFECTIVE CONDUCTIVITY FOR RANDOM 
HETEROGENEOUS MATERIALS
Mircea Grigoriu  Cornell University 

mdg12@cornell.edu  

A method is developed for estimating the effective conductivity of
random heterogeneous materials. The methods can be applied to
both multi-phase materials with inclusions of arbitrary geometry
and spatial distribution as well as materials with smoothly varying
properties. Since conductivity is assumed to vary randomly in
space and its range is bounded, it is represented by a non-Gauss-
ian random field. The analysis is based on Ito calculus and Monte
Carlo simulation. The Ito calculus is used to find the local solution
of heat equations corresponding to samples of the conductivity field
generated by Monte Carlo simulation. The proposed method is ap-
plied to find the effective conductivity of a two-phase materials and
materials with smoothly varying conductivity.

MICROMECHANICAL ANALYSIS OF CONCRETE WITH 
RANDOM MICROSTRUCTURE  

David Corr  Johns Hopkins University 
corr@jhu.edu  

Lori Graham  Johns Hopkins University 

A model based on the moving window generalized method of cells
is presented for the mechanical analysis of concrete microstruc-
ture. This model includes debonding between unlike phases to cap-
ture aggregate-cement paste interfacial cracking, a phenomenon
that is accepted as a major source of nonlinearity in the stress-
strain behavior of concrete. The model results in stress-strain re-
sponses that are highly dependent on the orientation of aggregate
particles within the cement paste matrix. The model is calibrated to
a typical concrete stress-strain curve, and used to generate equiv-
alent material property fields for an actual concrete microstructure.
Statistical analysis of the resulting data underscores a number of
features of the model. The initial elastic modulus is highly depen-
dent on the volume fraction of aggregate in concrete. The post-deb-
onding elastic modulus is dependent on the presence of aggregate-
cement paste interfaces in the direction of the applied strain. The
model shows significant promise for evaluating the material proper-
ties of concrete specimens based on their individual microstructural
characteristics.

Symposium on Micromechanics of Hetero-
geneous Materials - Session II 
June 3, 2002 
13:00 
Chair: Colby Swan  Center for Computer-Aided Design 
Co-Chair: Lizhi Sun  The University of Iowa

A DIFFERENTIAL SCHEME FOR ELASTIC 
PROPERTIES OF ROCKS WITH DRY OR SATURATED 

CRACKS  
James Berryman  Lawrence LIvermore National Lab 

berryman1@llnl.gov  
Steven Pride  Universite de Rennes, France 

spride@univ-rennes2.fr  
Herbert Wang  University of Wisconsin 

wang@geology.wisc.edu  

Differential effective medium (DEM) theory is applied to the prob-
lem of estimating physical properties of elastic media with penny-
shaped cracks, filled either with gas or liquid. These cracks are as-
sumed to be randomly oriented. It is known that such a model cap-
tures many of the essential physical features of fluid-saturated or
partially saturated rocks. By making an assumption that the chang-
es in certain factors depending only on Poisson�s ratio do not
strongly affect the results, it is possible to decouple the equations
for bulk (K) and shear (G) moduli, and then integrate them analyti-
cally. The validity of this assumption is then tested by integrating
the full DEM equations numerically. The analytical and numerical
curves for both K and G are in very good agreement over the whole
porosity range. Justification of the Poisson�s ratio approximation is
also provided directly by the theory, which shows that, as porosity
tends to unity, Poisson�s ratio tends towards small positive values
saturated samples. A rigorous stable fixed-point is obtained for
Poisson�s ratio of dry porous media, where the location of this fixed-
point depends only on the shape of the voids being added. These
theoretical results for the elastic constants are then compared and
contrasted with results predicted by Gassmann�s equations and
with results of Mavko and Jizba, for both granite-like and sand-
stone-like examples. Gassmann�s equations do not predict the ob-
served liquid dependence of the shear modulus at all. Mavko and
Jizba predict the observed dependence of shear modulus on liquid
bulk modulus for small crack porosity, but fail to predict the ob-
served behavior at higher porosities. In contrast, the analytical ap-
proximations derived here give very satisfactory agreement in all
cases for both K and G.

INFLUENCE OF GEOMETRICAL FEATURES OF 
UNIDIRECTIONAL FIBROUS LAMINA ON ITS 

TRANSVERSE RESPONSE  
X. Allan Zhong  The Goodyear Tire & Rubber Company 

azhong@goodyear.com  
Joe Padovan  The Goodyear Tire & Rubber Company 

Dimensional analysis is used in this study to establish general rela-
tions between geometric features of unidirectional fibrous lamina
and the corresponding transverse responses, including transverse
modulus and stress distribution in matrix. Prediction of transverse
response of unidirectional fibrous lamina was made long ago, e.g.
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Halpin-Tsai equations. However, specific geometrical features of
such composites are typically lumped into the volume fraction of fi-
bers. Using micromechanics via explicit representation of fibers, it
is demonstrated explicitly in this paper that the transverse response
is dependent on two geometrical parameters, one is the usual fiber
volume fraction, and the other is the ratio of fiber diameter to fiber
spacing. A new formula for prediction of transverse response of the
composite is established based on linear elastic finite element anal-
ysis. The new formula is validated via lab test data. The formula is
extended to nonlinear analysis by integrating nonlinear matrix be-
havior in a separable way under certain restrictions. It is also dem-
onstrated that stress distribution in the matrix and location of peak
stress changes with the aforementioned ratio when fiber diameter
and thickness are fixed. The effect of random fiber spacing is also
investigated.

MICROMECHANICS OF ANISOTROPIC DAMAGE IN 
ROCKS AND CONCRETE : UNILATERAL EFFECTS 

MODELING AND COUPLING WITH FRICTION
Pensee Vincent  University Lille I 

kondo@univ-lille1.fr  
Kondo Djimedo  University Lille 1  
Dormieux Luc  CERMMO - ENPC 

Anisotropic damage of quasi brittle geomaterials such us concrete
or certain rocks is investigated within a general three-dimensional
micromechanical approach. Firstly, we establish general expres-
sions of the macroscopic potentials (free energy and free enthalpy)
which incorporates microstructural quantities of this class of mate-
rials (mesocracks density parameter and orientation, crack opening
displacements). Assuming that damage by mesocracks growth is
the main dissipative mechanism of the considered materials, we
derive then expressions of the damage-dependent potentials which
takes into account the opening/closure status of mesocracks. The
mesocracks closure criterion as well as the elastic moduli recovery
conditions are carefully addressed and discussed. A suitable dam-
age potential based on the use of the damage-energy release rate
is also proposed and illustrated in various stress subspaces. The
local integration of the rate formulation of the model (derived with
normality assumption) is done using a classical strain discretization
of the considered loading paths and a particularly simple elastic
predictor - damage corrector scheme. Numerical simulations per-
formed on the basis of the developed model are consistent with ex-
perimental data on a French (Vosges) sandstone. In order to show
the main capabilities and some advantages of the micromechanical
approach, we detail various numerical results where material evolv-
ing microstructure and damage-induced overall anisotropy are
clearly correlated.

The last part of the study is devoted to the coupling between dam-
age and sliding by friction phenomena. Such coupling, which oc-
curs on closed mesocracks, provides an unified treatment of
damage, permanent strains and hysteretic effects generally ob-
served at macroscopic scale for most cohesive and frictional geo-
materials. A classical Coulomb law is adopted. Then the general
computational issues associated to the stress-based and strain-
based formulations of the coupled model are presented and dis-
cussed. Finally, the two formulations are compared in details
through the responses predicted under particular stress paths.

MICROSTRUCTURAL SIMULATION OF ASPHALT 
MATERIALS: MODELING AND EXPERIMENTAL 

VERIFICATION  
Martin Sadd  Univ. of Rhode Island 

sadd@egr.uri.edu  
Qingli Dai  Univ. of Rhode Island  

Venkit Parameswaran  Univ. of Rhode Island  
Arun Shukla  Univ. of Rhode Island 

 

Results will be presented of a research project dealing with simula-
tion of the mechanical behavior of asphalt concrete using a micro-
structural finite element approach. Asphalt is a heterogeneous
material composed of aggregates, binder cement and air voids,
and may be thought of as a cemented particulate system. Load car-
rying behaviors are strongly related to the local load transfer be-
tween aggregate particles, and this is taken as the microstructural
response. Numerical simulation was developed using the finite el-
ement method, whereby the microstructural asphalt/binder system
is replaced by an equivalent finite element network. Based on a me-
chanics solution for the load transfer between cemented particles,
special elements in the network have been developed to predict the
load carrying behavior between neighboring aggregates. Simula-
tions of standard laboratory compression and indirect tension tests
have been conducted, and the results have compared favorably
with experimental data. Modeling simulations have been developed
for a variety of material microstructures including aggregate grada-
tion and distribution, binder volume and distribution and porosity.
Further experimental verification has included tests on specially
prepared cemented particulate systems, which have allowed de-
tailed measurement of aggregate displacements and rotations us-
ing video imaging and computer analysis. Model predictions have
compared well with this verification data.

THE EFFECT OF DAMAGE ON DIFFUSIVITY OF 
COMPOSITE MATERIALS  

Yunping Xi  University of Colorado at Boulder 
yunping.xi@colorado.edu  

This paper describes a new method using composite theories to
evaluate the effect of damage on diffusivity of distressed materials.
Distressed materials can be considered as a two-phase composite
material with the distressed elements as one phase and the original
material as the other phase. Then, composite models developed
for effective properties of two-phase composites can be used to
evaluate the effect of damage on distressed material. The progres-
sive damage can be characterized by the change in volume fraction
of the distressed phase. As an example, the diffusivity of distressed
materials is evaluated by a two-phase composite model based on
generalized self-consistent theory. The methods for determining
the model parameters are introduced, and the prediction of the two-
phase composite model is compared with the test data. The con-
cept of the two-phase composite theory can be further extended
into a general multiphase composite theory to evaluate the effect of
multilevel damage on effective stiffness and transport properties of
materials.
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Inelastic Behavior of Materials 
June 3, 2002 
13:00 
Chair: A. (Rajah) Anandarajah  Johns Hopkins
University

AN ANALYTICAL INVESTIGATION OF NECKING IN 
THE TENSILE TEST  

Kerry Havner  NC State University 
havner@eos.ncsu.edu  

A very small inhomogeneity in macroscopic material properties is
considered for the investigation of necking of a (polycrystalline) bar
in the tensile test. A simple, one-dimensional model is adopted (i.e.
spatial variation only along the barís length), corresponding to
which the evolving nonuniformity of cross-sectional area with in-
creasing load, up to the maximum, also is small. The inhomogene-
ity is represented by a single modulus varying slightly with position,
but with the same dimensionless form of the stress-strain curve
throughout. A transcendental equation is derived that relates the
strains at the weakest and strongest sections to their respective
material strengths. It is shown that, at the well known ConsidËre
strain (corresponding to the maximum load), the decrease in area
at the minimum section is only a little greater than at the strongest,
but its rate of change with the latter strain is infinite. The analysis
thus gives an idealized representation of the rapid increase in neck-
ing that typically ensues from the maximum load in experiments.

NONLINEAR ANALYSIS USING REGULAR YIELD 
SURFACE  

Panagiotis Asteris  Technological Educational Insitution of 
Athens 

asteris@teiath.gr  

In this paper, a new methodology is presented to non-linear analy-
sis of masonry shear wall under biaxial stress state using the finite
element method. The methodology focuses on the definition / spec-
ification of the yield surface for the case of anisotropic masonry un-
der biaxial stress state, as well as on the numerical solution of this
non-linear finite elements problem. Specifically, in order to define
the yield surface we use a cubic tensor polynomial, whereas we
use the initial stress method in order to solve the elasto-plastic
problem. In addition, novel computer code of finite elements has
been developed in order to apply the method of elasto-plastic anal-
ysis of plane masonry wall. The main advantages of the method
can be summarized as follows: a) The plasticity equations through
a regular surface leads to the elimination of the problem that occurs
by the use of singular surface, and b) It is clearly shown that the
non-linear behavior of masonry is strongly affected by the yield cri-
terion.

A NON-LOCAL APPROACH WITH EVOLUTIONARY 
INTERNAL LENGTH FOR THE ANALYSIS OF MODE I 

FRACTURE PROCESSES IN CONCRETE
Liberato Ferrara  Politecnico di Milano - Italy 

liberato.ferrara@polimi.it  
Marco di Prisco  Politecnico di Milano - Italy 

marco.diprisco@polimi.it  

A non-local approach with an �evolutionary internal length� is here
proposed and implemented in the formulation of the �Crush-Crack�
non-local damage model. The internal length is actually made
evolving with the damage from its initial value, which is correlated
to the material characteristic length. The evolution laws of the inter-
nal length with damage have been calibrated, mainly with reference
to the value that such a length has to assume at complete breakage
of the material (damage equal to one), in order to not retrieve the
drawbacks of a local analysis. The calibration of such a law and of
the whole set of model parameters is performed on both 1D and 2D
benchmarks in uniaxial tension, taking a Normal Strength Concrete
as a reference. The reliability of the proposed approach is finally
checked with reference to experimental results from direct tension
tests.

A CONTINUOUS DISLOCATION MODEL OF MODE I 
CRACK  

K.-L. Du  Concordia University, Montreal, Canada 
kldu@ece.concordia.ca  

Jia-Bin Lu   Guangdong University of Technology, Guang-
zhou, China 

Ren-Wang Li  Zhejiang Institute of Engineering, Hangzhou, 
China 

A dislocation-free zone model for centrally symmetrical mode I
crack of finite length is presented on the basis of continuous dislo-
cation distribution model. The crack and the plastic zones at the
crack tip are simulated by continuous distribution of dislocations. A
simultaneous set of singular integral equations has been derived
for the configuration of a crack and two pairs of symmetrical slip
bands. This equation set reduces to the case of Chang & Ohr
(1981) when the sliding plane is in the prolongation of the crack
plane. Numerical results demonstrate that an increase in stress can
give rise to dislocation density increment, and thus excite disloca-
tion activities. When the ratio between the lengths of the crack and
the dislocation-free zone is 100, the distribution of dislocations is in
proximity to that of the case for the infinite-length crack. The de-
rived dislocation-free zone condition simplifies the measurement of
experimental parameters.

SCALING OF FAILURE OF FLOATING SEA ICE 
PLATES  

Zdenek Bazant  Northwestern University 
z-bazant@northwestern.edu  

Zaoyang Guo  Northwestern University 

Because laboratory tests showed sea ice to be notch-insensitive,
the failure of floating sea ice in the Arctic has until recently been an-
alyzed according to either elasticity with a strength limit or plasticity,
which both exhibit no size effect. Fracture mechanics was consid-
ered to be inapplicable to sea ice, and if a size effect was suspect-
ed, it was regarded as strictly statistical. This state of affairs was
radically changed by the epoch-making size effect tests of Demp-
19

mailto:havner@eos.ncsu.edu
mailto:asteris@teiath.gr
mailto:liberato.ferrara@polimi.it
mailto:marco.diprisco@polimi.it
mailto:kldu@ece.concordia.ca
mailto:
mailto:
mailto:z-bazant@northwestern.edu
mailto:


Monday -  June 3
sey�s team in the Arctic, in which fracture specimens up to 80 m in
size were broken. The tests confirmed a strong deterministic size
effect and applicability of fracture mechanics on the large scale.
Building on this fact, now almost generally accepted, the present
paper presents fracture mechanics solutions for several important
problems: Fracture caused by a vertical concentrated load or by a
vertical line load, and fracture in moving ice pressing against a sta-
tionary object such as an oil platform. Various approximations are
introduced and the cohesive nature of fracture is taken into ac-
count. The buoyancy of water, which acts as an elastic foundation,
is found to have a major effect on the response. The solutions ex-
hibit a strong deterministic size effect, but different size effect laws
are found for the aforementioned different modes of loading. Com-
parisons with previous numerical simulations and some limited test
results indicate good agreement.

Frank L. DiMaggio Symposium on 
Constitutive Modeling of Geomaterials II 
June 3, 2002 
13:00 
Chair: Hoe Ling  Columbia University 
Co-Chair: A. (Rajah) Anandarajah  Johns Hopkins Uni-
versity

FATIGUE TESTS ON BITUMINOUS COMPOSITES: 
BALANCE BETWEEN DAMAGE AND RECOVERING  

Breysse Denys  Univ. Bordeaux I 
denys.breysse@cdga.u-bordeaux.fr  

De la Roche Chantal  LCPC Nantes  
Chauvin Jean-Jacques  LRPC Bordeaux 

Domec Vincent  Univ. Bordeaux I  

Estimating the lifetime of a bituminous mix under traffic loading is a
hard step in the pavement design process, since the model loading
used in laboratory tests can only be regarded as highly simplified
when compared to real loadings. On site, the losses of stiffness can
be more or less deleted when rest periods are managed between
two following loading cycles. Therefore the on-site relation between
stiffness and number of cycles cannot be directly derived from that
obtained in the laboratory. Predicting this evolution is even more
difficult when sampling processes on an existing road can induce
some biases in the evaluation of material properties.

Generally speaking, when one performs tests with mixed loading
sequences and rest sequences, it is shown that the stiffness (or
loss of stiffness) is only a poor indicator of the remaining lifetime.

A specific experimental process has been developed such as to
distinguish the effects of various factors influencing the loss of stiff-
ness during fatigue bending tests: magnitude of imposed displace-
ments, number of cycles, number of sequencesÖ The main results
are the following ones: - The recovering kinetics follows an hyper-
bolic law, the asymptotic recover (limit when rest time tends to in-
finity) is roughly complete, in a wide range of loadings. When
considering initial stiffness (just after loading sequences), the vis-
coelasticity makes the material can �forget� a significant part of the
effects of past loadings. - The loss of stiffness rate (decrease with
number of cycles of the stiffness during any loading sequence) pro-
gressively and softly increases when the number of repetitions
(loading sequence + rest sequence) increases. The kinetics of the
loss of stiffness seems to be a relevant indicator of the damage lev-
el the material has yet reached: even if it has apparently totally re-
covered, a highly damaged material will loss its stiffness more
quickly when it will be re-loaded. Therefore, it seems reasonable to
develop a model in which the damage level is linked, for a given
magnitude of loading, with the loss of stiffness rate. Additionnal
tests are being performed such as to validate this concept and iden-
tify the relations between : - past loadings (number and magnitude)
and the loss of stiffness rate, - loss of stiffness rate and remaining
lifetime, for a given magnitude of incoming cycles, - remaining life-
time and magnitude of cycles, for a given initial damage level. This
last point should allow to generalize the concept of e6 strain to any
pre-damaged composite mix and to better predict the residual life-
time of existing pavements.
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MODELLING THE UNBOUND GRANULAR MATERIAL 
LONG TERM BEHAVIOR

Gidel Gunther  Univ. Bordeaux I + LRPC Bordeaux 
denys.breysse@cdga.u-bordeaux.fr  

Breysse Denys  Univ. Bordeaux I 
Denis Alain  Univ. Bordeaux I  

The paper deals with the long term behavior of unbound granular
materials (UGM) used in lower layers of flexible pavements since
the permanent deformation of the unbound layers is the first cause
of rutting, the visible deterioration mechanism of such structures.

Predicting long term deformations of these materials under repeat-
ed traffic loads and with real environmental conditions requires one
is able to : - identify the main factors which contribute to the material
evolution, - reproduce such evolution of deformations under a large
number of loading cycles, - quantify and model the final properties
(stiffness, non reversible strains) of the material as a function of the
initial values of the relevant properties of the material, - evaluate the
real values of these properties in the �initial state� in the real struc-
ture.

Each of these steps introduces some approximations and uncer-
tainties, whose the quality of the final predictions depends on.

The study has been focussed on the response of limestone UGM
and it has followed three directions : - laboratory tests, including a
large number of repeated triaxial tests on 16x32 cm cylinders. The
number and analysis of test results has been optimized referring to
the experimental design theory which allowed us to reduce the du-
ration of the program. Two series of tests have been performed, the
first one being focussed on the material fabric (initial state as a
function of the works process and of the material physical parame-
ters : kind of limestone, smaller particles content, water content and
intensity of compaction), the second one being devoted to the long
term response (relations between initial state and final state, for
various magnitudes of stresses) ; - on-site measurements, allowing
to obtain informations at the different steps : material fabric and ini-
tial state (including its -very important- spatial variability), environ-
mental conditions and physical evolution during the life of the road,
final state (strains, stiffnessÖ including an �autopsy� of the road
which has been demolished) ; - the two studies have been coupled
through numerical simulations and a model has been established
to predict the long term evolution of strains in the road. The limits of
the model have been highlighted. They are linked with: (a) the
range of variation of the influent factors during the program, (b) the
high level of uncertainties in some field measurements, (c) the sta-
tistical quality of the models, itself being linked with the repetability
of laboratory tests.

INTERPRETATION OF COMBINED AXIAL-TORSIONAL 
TEST FOR 3D CONSTITUTIVE BEHAVIOR OF GEO-

MATERIALS 
Han Lin  University of Tennessee 

hlin@utk.edu  
Dayakar Penumadu  University of Tennessee 

dpenumad@utk.edu  

Laboratory experiments on long and thin hollow cylinder soil spec-
imens subjected to a combination of normal and shear stresses un-
der confined conditions is valuable for evaluating their three
dimensional constitutive behavior. The present paper discusses a
new approach for interpreting the complete state of stress and

strain during isotropic consolidation and subsequent phase of ap-
plying shear stress. A clear rationale for assumptions involved in
updating the specimen geometry, correcting for latex membrane ef-
fects while undergoing axial and/or torsional deformations, appro-
priate expressions for evaluating the current state of stress and
strain are presented. The interpretation of measured data (initial
specimen geometry, axial load, axial deformation, torque, rotation,
pore pressure, volume change, and cell pressure) as proposed is
based on minimum number of assumptions, and are justified by the
theory of elasticity. The proposed method was applied to interpret
the results of a combined axial-torsional test data on Kaolin clay
performed at a constant inclination of major principal stress of 60
degrees with the axis of rotational symmetry.

AN ENERGY-BASED MODELING OF SAND 
AND ITS FEM APPLICATION  
Fang-Le Peng  Shiraishi Corporation 

peng@shiraishi.com  
Fumio Tatsuoka  The University of Tokyo 

tatsuok@geot.t.u-tokyo.ac.jp  
M.S.A. Siddiquee  Bangladesh University of Engineering 

and Technology 
msa_sid@bangla.net  

The paper describes a non-linear three-component model (an elas-
to-viscoplastic model) consisting of a hypo-elastic component con-
nected in series to a combination of non-linear inviscid and viscous
components connected in parallel. The hardening function for the
inviscid component is an anisotropic relationship between a stress
parameter and the modified irreversible strain energy, which is in-
dependent of stress path. The viscous component exhibits a non-
linear viscous property. Inherent and stress system-induced cross-
anisotropic elasticity and strain localization into a shear band(s)
having a thickness that is a function of particle size are considered.
The FEM code incorporating the above-proposed model is validat-
ed by a direct comparison between the results from the FEM anal-
ysis and corresponding plane strain compression tests and model
footing bearing capacity tests of unreinforced and reinforced Toy-
oura sand.

OPTIMIZATION AND SENSITIVITY ANALYSIS IN 
CALIBRATION OF LIQUEFACTION CONSTITUTIVE 

MODEL  
Zhaohui Yang  U.C. San Diego 

zhyang@ucsd.edu  
Ahmed Elgamal  U.C. San Diego 

Large sets of soil experimental data (field and laboratory) are be-
coming increasingly available for calibration of soil constitutive
models. A challenging task is to calibrate a potentially large number
of model parameters to satisfactorily match many data sets simul-
taneously. This calibration effort can be facilitated by optimization
techniques. In this paper, an existing numerical optimization com-
puter code is employed in calibrating a plasticity model developed
for liquefaction simulation. Calibration is based on experimental
data from a dynamic mild-slope liquefaction centrifuge experiment.
The objective function is chosen to minimize the difference be-
tween computed and observed liquefaction-induced lateral spread-
ing. The optimized computational results show a reasonable
agreement with the experimental counterparts. In addition, a para-
metric study is conducted to demonstrate the effectiveness of, and
certain subtleties associated with numerical optimization tech-
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niques.

A SAND MODEL BASED ON GENERALIZED 
PLASTICITY  

Huabei Liu  Columbia University 
hbliu@civil.columbia.edu  

Hoe Ling  Columbia University 
Ling@civil.columbia.edu  

The behavior of sand and performance of earth structures are
strongly affected by the confining stress. Many existing models for
sand are not capable of describing the behavior ranging from very
low to very high confining stresses. In this study, a generalized
plasticity model is extended to capture the dilatancy and strength
properties of sand under a wide range of stress levels. The model
is validated with the experimental results of several different types
of sand under drained conditions.

Discrete and Continuum Modeling of Gran-
ular Materials II 
June 3, 2002 
13:00 
Chair: Ching Chang  University of Massachusetts 
Co-Chair: Jin Ooi  University of Edinburgh

ON THE ERROR CONTROL BY DAMPING IN CLUSTER 
IMPACT PROBLEMS IN GRANULAR MECHANICS  

Oleg Vinogradov  University of Calgary 
vinograd@enme.ucalgary.ca  

The two properties of the colliding balls: their stiffness and damping
are important in predicting the outcome of dynamic simulations in
granular mechanics, especially when in dense systems clusters of
balls are formed. A ball is usually modeled as a soft sphere with its
stiffness properties described either by a linear or a nonlinear
(Hertz model) spring. As it was shown previously by the author the
above two models lead to qualitatively different patterns of break up
of a linear chain of balls struck by a cue ball. The less clear question
is the modeling of damping (or loss of energy) during the collision
since there are different physical mechanisms responsible for such
losses. For the case of binary collisions a conventional approach is
to assume some coefficient of restitution, which is based on a linear
damping model. However, even in this case the linear damping
model may lead in a long run to distortion of the simulation out-
come. Such a model may produce even more erroneous results in
the case of multi ball collisions. The present paper is focused on an-
alyzing the effect of damping models on the behavior of a chain of
balls struck by a cue ball. The collisions are central in this case and
the nonlinear Hertz stiffness and a nonlinear damping model for a
ball are considered. The numerical investigation is focused on es-
tablishing the relationships between the size of the system, the ac-
cumulated error for a given coefficient of damping, and the time
step of simulation. A concept of error-controlled damping is intro-
duced which allows a time-step increase without loss of accuracy
of results.

MODELLING OF INJECTION OF FINE CEMENT 
GROUT : DISCRETE APPROACH

Sonia Bortal-Nafaa  PhD. Student, ECP 
bortal@mss.ecp.fr  

Daniel Gouvenot  Technical manager, Solètanche-Bachy 

Injection aims to improve the soil characteristics through consolida-
tion and/or sealing. This paper presents a new groutability criterion
dedicated to select the adequate size of cement to be injected in a
given sand sample. It also deals with a numerical modeling of the
injection by the Distinct Element Method, which represents an inno-
vation in the matter. In fact, most of the numerical grouting models
consider soil and grout as continuum media. However, as most of
the grouts are of suspension type, the continuous approach gener-
ally presents difficulties by taking into account the particle retention
witch presents the main reason of an injection failure. The new nu-
merical model represents each soil and cement grain separately so
that the void matrix of the sample as well as cement grains blocking
in front of small passages are well taken into account. The injection
process is expressed through drag forces applied by the suspen-
sion fluid on cement particles. The comparison of numerical results
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with experimental ones showed that the numerical discreet ap-
proach of grouting is quiet interesting.

DISCRETE ELEMENT SIMULATION OF FLOW 
THROUGH POROUS MEDIA  

Usama El Shamy  Rensselaer Polytechnique Institute 
elshau@rpi.edu  

Mourad Zeghal  Rensselaer Polytechnique Institute 
zeghal@rpi.edu  

Mark Shephard  Rensselaer Polytechnique Institute 
shephard@scorec.rpi.edu  

Ricardo Dobry  Rensselaer Polytechnique Institute 
dobryr@rpi.edu  

The dynamic flow of water and other viscous fluids through granular
soils is commonly modeled using Darcy�s law with time-indepen-
dent permeability coefficients. Experimental studies show that this
law is not valid for large nonlaminar fluid velocities which may de-
velop under high hydraulic gradients. Furthermore, particle rear-
rangements leading to substantial variations in porosity are
prevalent during soil liquefaction and other extreme flow driven
phenomena, such as piping. These variations in porosity affect sig-
nificantly the soil hydraulic conductivity and stiffness characteris-
tics. This paper presents a coupled micro-mechanical technique to
model pore water flow and solid phase deformation of granular
soils. The fluid motion is idealized using averaged Navier-Stokes
equations, and the discrete element method (DEM) is employed to
model the assemblage of granular particles. The fluid-particle inter-
actions are provided by established semi-empirical relationships.
The developed model is used to simulate a range of seepage con-
ditions through idealized granular samples. The conducted simula-
tions are validated using published experimental results.

THE ARCTIC SEA ICE PACK: A LARGE FRACTURE 
MECHANICS PROBLEM  

Mark Hopkins  US Army Engineering Research and Develop-
ment Center - Cold Regions Research and Engineering Labo-

ratory 
hopkins@crrel.usace.army.mil  

Alan Thorndike  University of Puget Sound 

The Arctic ice pack is composed of parcels of first-year and multi-
year ice interlaced with leads (areas of open water) and pressure
ridges (piles of broken ice) covering about 10 million square km. In
the past, with interest focused on Arctic basin-scale processes, sea
ice models have used continuum rheologies. With the current focus
on resolution approaching the scale of individual leads, it makes
sense to develop a model that incorporates this level of detail. We
have constructed a granular sea ice model that consists of hun-
dreds of thousands of discrete polygonal floes 5-10 km in width. At
the beginning of a simulation the ice floes completely fill the Arctic
basin and are frozen together. Wind driven deformation of the pack
creates relative motion between adjacent floes that stretches the
viscous-elastic joints between floes. The stress at each point along
thefrozen joints is defined by a constitutive model that follows linear
loading and unloading paths. After unloading the joint is broken at
that point. Fractures propagate along joints forming fracture pat-
terns in the model ice pack. The fracture patterns define large ag-
gregate floes 10-100 km in width that are aggregates of many
individual floes. Subsequent deformation occurs along slip lines de-
fined by the aggregate fracture patterns. Since the usual state of
the ice pack is a state of failure, an interesting situation is created

in which the initial wind-driven deformation defines the conditions
under which subsequent wind-driven deformation occurs. We study
the formation of the aggregate under various deformation states
and the dependence of the averagearea of the aggregate floes on
tensile strength, wind stress gradient, and the size of the individual
floes.
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Computational Characterization of Materi-
als and Structures 
June 3, 2002 
13:00 
Chair: Harry Shenton III  University of Delaware

COMPUTATIONAL MODELING OF SYNTHETIC-FIBER 
ROPES  

Jaroon Rungamornrat  The University of Texas at Austin 
ewilliamson@mail.utexas.edu  

Eric Williamson  The University of Texas at Austin 

Within the last few years, the demand for exploration and produc-
tion of petroleum in deeper and deeper waters has been on the in-
crease. At very large water depths, the use of steel mooring
systems in a catenary configuration becomes very expensive and,
because of the need to support its large self-weight, operationally
impractical. As a result of these limitations, the oil industry has be-
come supportive of using synthetic-fiber ropes in a taut mooring
configuration for positioning floating structures in very deep water.

Because of the recognized need to better understand the behavior
of synthetic-fiber ropes before they can be put into widespread use,
there has been an increasing amount of research in recent years to
study the response of these mooring systems in the marine envi-
ronment. Tests performed on a variety of different rope segments
have indicated several possible failure mechanisms. These mech-
anisms depend upon the nature of the applied loads as well as the
characteristics of the test specimen. In addition, deformation char-
acteristics have been shown to be complex functions of the load,
load rate, and load history. Because testing large-scale ropes is
costly, the current study focuses on the development of a compu-
tational tool to provide engineers with a means for developing pre-
liminary designs and performing parameter studies without
extensive experimental testing.

In this research, simulation software to represent the response of
synthetic-fiber ropes under both monotonic and cyclic loading has
been developed. A hierarchical analysis methodology has been
employed to allow for flexibility in representing the various rope
configurations currently in use. Assumptions related to the kinemat-
ics of deformation and nonlinear constitutive behavior lead to a
computationally efficient model that is able to capture the essential
features controlling rope behavior. The entire rope response is
evaluated using a classical equilibrium approach, which is found to
be convenient when calculating the contribution of frictional forces.
A four-parameter damage model has been included in the constitu-
tive relation to allow for the degradation of rope properties under cy-
clic loads. Preliminary results have shown good agreement with
test data.

DETERMINATION OF SIZE AND STRANDING PITCH OF 
LOOSE TUBE IN FIBER OPTIC RIBBON CABLES  

Sang Lee  Samsung Electronics 
spacey@samsung.com  

Joong Hwang  Samsung Electronics 
hjj65@samsung.co.kr  

Shin Lee  Samsung Electronics 
lsy0108@samsung.co.kr  

Eun Kang  Samsung Electronics 
kangeun@samsung.co.kr  

For loose tube cables, shorter stranding pitch gives better durability
that ensure optical performance for bending. However, the fiber
strains increase as the pitch decreases, and this becomes one of
the dominant reasons for attenuation increase. Furthermore high fi-
ber strains reduce the fiber lifetime and the reliability of the system.
The strain distributions in optic fibers caused by stranding and
twisting are investigated using finite element analysis with the as-
sumption of large deformation to determine the shortest stranding
pitch that gives the maximum fiber strains below lifetime limit. Also,
it is necessary that the tubes have sufficient size to endure some
compressive load and keep the optical performance. The deforma-
tion of loose tube cable under compression is calculated using finite
element analysis. The sensitivities of tube size on cable deforma-
tion are analyzed from this study.

STRUCTURAL DAMAGE IDENTIFICATION USING 
STATIC DEAD LOAD STRAIN MEASUREMENTS  

Xiaofeng Hu  Univ. of Delaware 
huxt@ce.udel.edu  

Harry Shenton III  University of Delaware 
shenton@ce.udel.edu  

A method has recently been developed for identifying damage in a
structure that is based on the redistribution of dead load in the sys-
tem. The static-based procedure uses only strain measurements at
a few degrees of freedom (DOFs) and no additional external force
is required. These features make the method ideally suited for long-
term monitoring of large civil structures. Damage in the structure is
represented by a section of reduced flexural rigidity. The identifica-
tion problem is formulated as an optimization problem, which is
solved using a float-representation genetic algorithm (FGA). The
static flexibility-based error function is defined as the difference be-
tween the measured strains and the analytically predicted strains
obtained from a finite element model. By minimizing the error func-
tion, the damage location and damage severity can be successfully
identified. The method is demonstrated using on two structures, a
fixed-fixed beam and a simple frame. Results show that the proce-
dure can correctly identify the damage with good accuracy, even in
the presence of measurement noise.

A NONLINEAR VISCOELASTIC MODEL FOR 
CONCRETE�S CREEP AND CREEP FAILURE  
Dinesh Panneerselvam  Case Western Reserve University 

dinesh@nestor.cwru.edu  
Dr. Vassilis Panoskaltsis  Case Western Reserve University

Concrete is a complex and very widely used engineering material
with different time and length scales. The constitutive behavior of
this material has always been a prime area of research for many
years. In this work a new nonlinear viscoelastic model for the be-
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havior of concrete is presented. The model has the ability to de-
scribe concrete�s creep and also creep failure and therefore its
failure envelope, as it was obtained by the pioneering experiments
of Rusch (1) The proposed model is an important modification and
extension of the �The Modified Kuhn Model of Linear Viscoelastici-
ty�, developed by J. Lubliner and Panoskaltsis (2). The modified
Kuhn Model has both a rheological description, as a series of Kelvin
type model as well as an internal variable description and has the
unique property that no matter how many Kuhn (Kelvin) elements
are used the number of parameters remain the same.

In the present work a non-linear creep function is introduced and
equivalently a non-linear evolution equation for its internal vari-
ables. The non-linear creep behavior of concrete is described in
this way. The creep function is then appropriately modified to obtain
the failure curve of concrete also. An efficient algorithm is intro-
duced for the numerical implementation of the model The develop-
ment here is benefited from some of the ideas of the work by I.Carol
and J. Murcia (3) and Bazant Z.P. and Chern J.C (4). An extensive
fitting in a nonlinear least squares algorithm is presented. The im-
portant concepts of instantaneous and equilibrium curves are also
carefully examined and discussed.

Reference: 1.H. Rusch, J. ACI, Proc., Vol. 57, No. 1,1960

2. J.Lubliner and V.P. Panoskaltsis, The Modified Kuhn Model of Linear Vis-
coelasticity, Int. J. Solids structures Vol. 29, No. 24. pp. 3099-3112,1992

3.I. Carol and J. Murcia, A Model for the Non-Linear Time Dependent Behav-
ior of Concrete in Compression Based on a Maxwel Chain with Exponential
Algorithm, Materials and Structures, 22, 176-184, 1989.

4.Bazant, Z. P. and Chern, J.C.,Strain Softening With Creep and Exponential
Algorithm, J. Eng. Mech. Div. ASCE III (3) 391-415,1985.

Turbulence Modeling 
June 3, 2002 
13:00 
Chair: Hamn-Ching Chen  Texas A&M University

DESIGN AND ANALYSIS OF A POLYSILICON 
SURFACE MICROMACHINED VISCOUS DRAG SPIRAL 

PUMP 
Mohammad Kilani  Florida State University 

kilani@eng.fsu.edu  
Yousef Haik  Florida State University 

haik@eng.fsu.edu  
Paul Galambos  Sandia National Lab 

pcgalam@sandia.gov  
Ching-Jen Chen  FAMU-FSU College of Engineering 

cjchen@eng.fsu.edu  

This paper introduces a new viscous micropump that targets the
surface micromachining technology. The pump consists of a disk
with a spiral protrusion that rotates at a close proximity over a sta-
tionary plate. The paper describes the implementation of this con-
cept in five levels of polysilicon using the standard surface
micromachining technology SUMMiT, illustrating the mask layouts
used in producing the rotating spiral channel. For the purpose of
flow field analysis an approximate is used, which replaces the spiral
channel with an equivelant straight channel. The geometric condi-
tions under which this approximation is justifiable are discussed
and the formulas mapping a spiral channel flow into the straight
channel representations are developed. Lubrication solution of the
flow field in the plane of symmetry of the straight channel relates
the flow rate, torque and power consumption to rotational speed
and imposed pressure through simple formulas.

ACTIVE CONTROL OF VORTEX SHEDDING IN THE 
FAR WAKE OF A CYLINDER  

Resat Keles  Columbia University in the City of New York 
rsk26@columbia.edu  

In this paper, some preliminary results reported from experimental
observations of two-dimensional air flows with a Reynolds number
of 170 passing a stationary circular cylinder and its active control
achieved in the far wake. The free stream velocity of the wind tun-
nel maintained uniformly at U=80.4 cm/sec during the experiment.
The amplitude of velocity fluctuations measured vertically above
the cylinder centerline with a hot vire probe positioned at a stream-
wise station of x/d=7 (far wake) on center under natural and control
conditions of the transitional flow in the wake of the cylinder. The
feedback hot-wire sensor was located in the upper shear layer of
the cylinder at about 0.9d streamwise and about 0.8d above the cyl-
inder axis. After the phase of the feedback signal shifted 180 ±2 de-
gree and the amplifier gain adjusted, perturbations imposed at
vortex-shedding frequency on the wake of the cylinder on both
sides of the wind tunnel. The induced perturbations were significant
and the Karman vortex street responded vigorously to the feedback
of the signal from the hot-wire sensor in the wake of the cylinder at
vortex-shedding frequency. The power spectrum of turbulence ve-
locity fluctuations significantly reduced at Strouhal frequency. This
is interpreted as the control of vortex shedding achieved in the far
wake of a cylinder. Thereafter, the amplitudes of velocity fluctua-
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tions were significantly reduced in the Karman vortex street. In this
experiment, we have been able to demonstrate the suppression of
vortex shedding in the far wake of the cylinder at Strouhal vortex
shedding frequency of the cylinder wake at transitional Reynolds
number 170.

RANS SIMULATION OF VISCOUS NONLINEAR 
WAVES AROUND COASTAL STRUCTURES  

Tsung-Lung Liu  Texas A&M University 
hcchen@civilmail.tamu.edu  

Hamn-Ching Chen  Texas A&M University 
hcchen@civilmail.tamu.edu  

Erick Huang  Naval Facilities Engineering Service Center 

A Reynolds-Averaged Navier-Stokes (RANS) numerical method
was employed for time-domain simulation of fully nonlinear wave
reflection, diffraction, and refractions over submerged coastal
structures. Computations were performed first for fully nonlinear
waves in a two-dimensional wave tank to illustrate the capability of
the RANS method for the generation and propagation of viscous
nonlinear waves. Time-domain simulations were then performed
for the propagation and transformation of fully nonlinear waves
over a submerged trapezoidal shelf. The computed wave profiles
were compared with the experimental data to demonstrate the ac-
curacy of the present simulation results. Finally, the chimera RANS
method was employed for time-domain simulations of nonlinear
wave refraction and diffraction over an elliptic shoal.

TURBULENT FLOW INDUCED BY MULTIPLE-SHIP 
OPERATIONS IN CONFINED WATER  

Hamn-Ching Chen  Texas A&M University 
hcchen@civilmail.tamu.edu  

Woei-Min Lin  Science Applications International Corpora-
tion 

lin@ship.saic.com  
Wei-Yuan Hwang  US Merchant Marine Academy 

hwangw@usmma.edu  

The ship maneuvering and ship-ship interaction in confined water
have been important problems in channel design and ship opera-
tion in harbors. The problems are very complicated because the
shallow water effects as well as ships are operating near other
ships or piers. Traditionally, these types of interaction effects are
studied using experimental means. However, the presence of pier,
bottom topography, and other ships require information more so-
phisticated than the generic modeling of ship-ship interactions used
in open shallow water. In the present study, a Reynolds-Averaged
Navier-Stokes (RANS) numerical method has been employed in
conjunction with a chimera domain decomposition approach to
compute the effects of moving ships on a ship moored next to a pier
in a navigation channel. Calculations were performed for two- and
three-ship interactions under both the deep and shallow water con-
ditions. The forces and moments acting on the moored vessel were
systematically analyzed to investigate the ship sheltering effect
while there are more than two ships in the channel.

Structural Control - III 
June 3, 2002 
14:45 
Chair: Satish Nagarajaiah  Rice University 
Co-Chair: Genda Chen  University of Missouri-Rolla

TORSIONAL RESPONSE CONTROL OF ASYMMETRIC 
BUILDINGS USING SMART DAMPERS
Osamu Yoshida  Washington University 

yosam@cive.wustl.edu  
Shirley Dyke  Washington University 

sdyke@seas.wustl.edu  
Luca Giacosa  Washington University 

luca_mass@ciaoweb.it  
Kevin Truman  Washington University 

KTrum@seas.wustl.edu  

This paper considers the control of coupled torsional-lateral re-
sponses in irregular buildings under lateral seismic excitations. A
semiactive control design is developed in which magnetorheologi-
cal (MR) dampers are applied to reduce the responses of an asym-
metric test structure. The MR damper is chosen for this study
because it has attractive characteristics for civil applications. Spe-
cifically, devices based on MR fluid technology are reliable, inex-
pensive, relatively insensitive to temperature fluctuations, and
require minimal power. Control input determination is based on a
clipped-optimal control algorithm which uses absolute acceleration
feedback. The performance of this method is studied experimental-
ly using a 2-story building model with an asymmetric stiffness dis-
tribution and compared to results of passive control cases where a
constant voltage is applied to MR damper.

VIBRATION CONTROL OF A ROOF PANEL USING 
MR DAMPERS  

Wei Liu   
hou@wpi.edu  
Zhikun Hou   

Roof lifting often occurs for structures in windy environment, which
may be either caused by the severe wind sucking force during
storms or by deteriorating fasteners due to fatigue damages accu-
mulated through relatively small vibration of roof panels during their
service life. This paper presents a case study on control of vibration
of a roof panel subjected to wind loading by using Magnetorheolog-
ical(MR) dampers. . In this study, the roof panel is modeled as a
simply supported plate subjected to a simulated distributed wind
loading. MR dampers are placed at selected locations. As a semi-
active device, a MR damper may produce a controllable damping
with a very low power requirement to effectively suppress the roof
panel�s vibration. Control force of the MR dampers is determined by
an optimal feedback control regulator. Dynamic response of the
roof panel is simulated using finite element codes in conjunction
with the Newmark integration scheme. Results show that MR
damper can be used to significantly suppress vibration of the roof
panel, which will in turn reduce the fatigue damage of fasteners, im-
prove the roof performance in windy conditions, and increase its
service life. Compared with other control devices, the MR damper
has high efficiency and reliability, easy design and implementation,
and less power consumption. In the case of the control hardware or
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power malfunction, MR dampers can still work in its passive mode
to provide extra damping. Optimal placement with limited number
of MR dampers is also investigated. Application of the MR damper
to a real roof structure is under investigating.

STRUCTURAL VIBRATION MITIGATION USING 
DISSIPATIVE SMART DAMPING DEVICES  

Erik Johnson  University of Southern California 
JohnsonE@usc.edu  

Baris Erkus  University of Southern California 
erkus@usc.edu  

An important problem in semiactive control of structures using
smart damping devices for vibration mitigation is the development
of an efficient control algorithm which accounts for the dissipative
characteristics of the device. For smart dampers, the dissipative
nature is represented as a nonlinear inequality constraint, which
cannot be directly imposed on available control strategies using
standard techniques. In this paper, linear matrix inequality (LMI)
based methods are investigated to include the nonlinear dissipativ-
ity constraint in the linear quadratic regulator (LQR) problem to be
used in the semiactive control of structures. First, the LQR problem
is defined as an eigenvalue problem (EVP) in terms of LMIs. Then,
the dissipativity constraint is appended to the EVP in its weak ex-
pected value form. The final control algorithm and the effects of the
dissipativity constraint are investigated analyzing a 2DOF structure
using an ideal semiactive damper. It is found that, the proposed
method increases the dissipative nature of the forces considerably
compared to conventional LQR approach.

MODELING AND SIMULATION OF A SEMI-ACTIVE 
BASE ISOLATION SYSTEM FOR EARTHQUAKE 

HAZARD MITIGATION  
Nat Wongprasert  Colin Gordon & Associates 

nat.wongprasert@colingordon.com  
Michael Symans  Rensselaer Polytechnic Institute 

symans@rpi.edu  

An analytical and numerical study of a base-isolated steel frame
building subjected to earthquake excitation is presented in this pa-
per. The isolation system consists of elastomeric bearings com-
bined with semi-active dampers. Mathematical models of the
isolation system components are developed using data from exper-
imental system identification testing. The mechanical properties of
the dampers are modulated based on an optimal control algorithm
which was developed to effectively suppress vibrations of the struc-
tural system when subjected to various earthquake ground excita-
tions. Numerical simulations are performed using historical
earthquake records to evaluate the dynamic response of the struc-
ture and the isolation system when different damping mechanisms
(passive, semi-active, and active) are incorporated within the isola-
tion system. The numerical simulations demonstrate that semi-ac-
tive damping is effective in simultaneously controlling the response
of the structure and the isolation system. Such control appears to
be particularly applicable to structures subjected to disparate
ground motions such as frequent, weak earthquakes versus infre-
quent, strong earthquakes or far-field versus near-field earth-
quakes.

A COMPARATIVE INVESTIGATION OF SEMI-ACTIVE 
FRICTION CONTROLLERS FOR STRUCTURES 

SUBJECT TO NEAR-FIELD EARTHQUAKES  
Wanlong He  City College of New York 

anil@ce.ccny.cuny.edu  
Anil Agrawal  City College of New York 

In this paper, performance of passive viscous and friction dampers
subject to near-fault ground motion velocity pulses for elastic and
inelastic structures has been investigated through numerical simu-
lations. The objective of the investigation is to determine the guide-
lines for types of structures where a passive damper may be
effective in reducing damages during a near-fault ground motion.
Simulation results show that viscous dampers are most effective
around T/Tg for elastic structures, whereas they are most effective
for inelastic structures in range of natural periods T/Tg < 1.0 when
both the input energy and hysteretic energy (damage) decrease
and dissipated viscous energy increases. Passive friction dampers
have good performance for elastic structures around T/Tg , where
input energy decreases and energy dissipated by the damper in-
creases. For inelastic structures with m=4, friction dampers have
good performance in the range of for 0.3 <T/Tg <2.
27

mailto:JohnsonE@usc.edu
mailto:erkus@usc.edu
mailto:nat.wongprasert@colingordon.com
mailto:symans@rpi.edu
mailto:anil@ce.ccny.cuny.edu
mailto:


Monday -  June 3
Dynamics - Soil Structure Interaction 
June 3, 2002 
14:45 
Chair: Nicos Makris  U.C. Berkeley

PASSIVE EARTH PRESSURE DISTRIBUTION UNDER 
SEISMIC CONDITION  

Deepankar Choudhury  Indian Institute of Science, Banga-
lore, India. 

deep@civil.iisc.ernet.in  
K. S. Subba Rao  Indian Institute of Science, Bangalore, In-

dia. 
kss@civil.iisc.ernet.in  

Sanghamitro Ghosh  Indian Institute of Science, Bangalore, 
India. 

 

Knowledge of passive resistance and its distribution behind the rig-
id retaining walls under both static and dynamic conditions are im-
portant for designing retaining walls, anchors, foundations etc. In
this paper, a method of horizontal slices has been suggested for
obtaining seismic passive earth pressure distribution by consider-
ing seismic forces in a pseudo-static manner. Only planar rupture
surfaces have been considered and hence wall friction angle has
been restricted upto one-third the soil friction angle. This approach
results in the same seismic passive earth pressure coefficients as
that obtained by Mononobe-Okabe approach, besides giving addi-
tional information about the distribution of earth pressures. The pa-
per presents the results for various wall batter angles, soil friction
angles, wall friction angles and the horizontal and vertical seismic
acceleration coefficients. It has been found that in the seismic case,
passive resistance acts at a point other than at 1/3rd from the base
of the wall. Under seismic conditions, the extension of failure zone
is more than that under static conditions.

BEHAVIOR OF PLATE ON VISCOELASTIC 
FOUNDATION UNDER MOVING HARMONIC LOADS  

Seong-Min Kim  The University of Texas at Austin 
seong-min@mail.utexas.edu  

Moon Won  Texas Department of Transportation 
mwon@dot.state.tx.us  

B. McCullough  The University of Texas at Austin 
bfmccullough@mail.utexas.edu  

The dynamic stress and displacement responses of a plate of infi-
nite extent on a viscoelastic foundation subjected to moving multi-
ple harmonic loads with a constant advance velocity have been
investigated. Formulations have been developed in the trans-
formed field domain using a double Fourier transform in space and
moving space. For a numerical example, a concrete pavement sys-
tem has been selected as a model of the plate on viscoelastic foun-
dation. The loads applied by moving vehicles have been modeled
using moving dual-wheel tandem-axle loads. The effects of viscous
damping, load velocity, load frequency, and phase between front-
and rear-axle loads on the maximum deflection and stress have
been investigated for three different cases of: (1) when the load fre-
quency is zero; (2) when the phase between the loads is zero; and
(3) when there are load frequency and phase in the moving multiple

harmonic loads.

NONLINEAR DYNAMIC ANALYSIS OF SOIL AND 
STRUCTURE BY DISCRETE PARTICLE MODEL  

Nagayuki Yoshida  Hosei University 
nyoshida@k.hosei.ac.jp  

Raimondo Betti  Columbia University 
betti@civil.columbia.edu  

When we deal with non-linearity in the soil-structure interaction
problem, the finite element method is generally used. The FEM is
inherently based on not discrete particles but continuity of a solid.
On the other hand, although the soil shows an elastic property in
the small displacement, the phenomena of the discrete particle sys-
tem including liquefaction dominates the almost domain of the larg-
er displacement. The FEM also decreases its validity for the drastic
change of displacement to which the Mohr-Coulombís rule could be
applied. Therefore we take a new approach on the whole domain
of deformation from an elastic continuity to discrete particles. It con-
sists of a spring for representing an effect of the Poissonís ratio,
normal and shear springs which are connected to concentrated
masses. Each constant of the initial state is designed to be able to
exactly evaluate the linear relations between stress and strain in
the small displacement. Since this system is a visible physical mod-
el, we can easily reduce a rigidity of springs and cut them corre-
sponding to the stress level in the larger displacement. However in
this model we have to deal with a large amount of particles. There-
fore we adopt the average acceleration method iteratively applied
to each particle even in case of static loading problem as well as
dynamic one. This makes it possible to implement a parallel com-
puting for a huge amount of particles.

DIFFERENTIAL EQUATION CELL METHOD FOR 
DYNAMIC RESPONSE ANALYSIS OF FOUNDATIONS 

IN LAYERED MEDIA
Toyoaki Nogami  National University of Singapore 

cvetn@nus.edu.sg  
Harn Chen  National University of Singapore 

 

A differential equation cell method is presented for a layered medi-
um. The method is applied to a simplified soil model to formulate
the dynamic responses of foundations partially embedded in lay-
ered soils. The finally developed formulations are in simple semi-
closed form and found to be capable of predicting the dynamic re-
sponses of foundations well.
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Probabilistic Methods - I 
June 3, 2002 
14:45  
Chair: Siu Kui Au  Nanyang Technological University 
Co-Chair: Kurtis Gurley  University of Florida

EFFICIENT WAVELET TRANSFORM OF COVARIANCE 
FUNCTIONS USING MALLAT�S TREE ALGORITHM 

FOR K-L SIMULATION
Kok-Kwang Phoon  National University of Singapore 

cvepkk@nus.edu.sg  
Ser-Tong Quek  National University of Singapore 

cveqst@nus.edu.sg  
Shuping Huang  Vanderbilt University 

shuping.huang@vanderbilt.edu  

The feasibility of implementing K-L expansion as a practical simu-
lation tool hinges crucially on the ability to compute a large number
of eigensolutions accurately and cheaply. Conventional Galerkin
methods employing polynomial or trigonometric bases lead to
dense matrices that are very costly to compute and invert. Repre-
sentation of integral operators using conventional bases also re-
quires approximate integration quadratures that are tedious to
evaluate. The difficulty of solving the Fredholm integral equation
accurately for higher order eigenvalues and eigenfunctions is quite
well known. For processes with non-smooth covariance functions
and long weakly correlated processes, high order eigenvalues can-
not be neglected without having a very serious impact on the accu-
racy of the simulation. This paper demonstrates that a discrete
wavelet transform scheme based on the Mallatís tree algorithm can
be exploited to solve the Fredholm integral equation efficiently for
practical K-L simulation. The rate of convergence and CPU time
needed to obtain eigensolutions for the exponential and squared
exponential covariance functions using Harr wavelets, trigonomet-
rics and Legendre polynomials are discussed.

STOCHASTIC SIMULATION OF CORRELATED WIND 
PRESSURE FIELDS ON LOW-RISE GABLE ROOF 

STRUCTURES  
Massimiliano Gioffre  University of Perugia 

mami@unipg.it  
Kurtis Gurley  University of Florida  
Anne Cope  University of Florida  

This paper presents the results of a study to quantify wind loads on
the roof of a low-rise building. Wind tunnel data is used to establish
a statistical characterization of the pressure coefficients sampled at
14 points in a region of separated flow over a single sheathing pan-
el. The overall fluctuating uplift on the sheathing panel is a function
of the probability density function at each tap as well as the degree
of correlation between taps. A simulation methodology is applied to
generate realizations of wind loads that duplicate the measured
characteristics over the sheathing panel. Both the cross-spectral
and highly non-Gaussian characteristics of the data at 14 pressure
taps are maintained through the use of a multi-variate non-Gauss-
ian simulation algorithm. The level of correlation between taps is
varied in the simulations to investigate the effects of assuming cas-
es from no correlation to full correlation. The ASCE 7-98 wind loads

are calculated for comparison with these generated aggregate
loads. Experimentally determined maximum uplift capacities of
sheathing panels are also compared with the simulated loads.

IDENTIFICATION OF DAMPING RATIO USING MONTE 
CARLO FILTER BASED ON EXCLUSIVE NON-

GAUSSIAN PROCESS NOISE  
Ikumasa Yoshida  Tokyo Electric Power Services Co.,Ltd 

dyoshida@tepsco.co.jp  
Tadanobu Sato  Kyoto University  

The Basic study on the application of Monte Carlo filter (MCF) to
structural damage detection is discussed in this paper. In this meth-
od, each probability distribution is expressed by many of its realiza-
tion, which are called particles or samples. The advantage of the
MCF technique is that it can deal with non-linear and non-Gaussian
problems. From the standpoint of damage detection, non-Gaussian
non-white noises might be preferable, because the damage tends
to be concentrated on a specific part of a structure. From this con-
sideration, we propose the exclusive noise. Based on hypothetical
data, the numerical simulations of damage detection with the pro-
posed non-Gaussian exclusive process noise are performed and
discussed. The simulation result shows that not only stiffness but
also damping ratio of damaged element might be detected from lim-
ited number of observation points

APPLICATION OF SUBSET SIMULATION TO SEISMIC 
RISK ANALYSIS  

Siu Kui Au  Nanyang Technological University 
cskau@ntu.edu.sg  

James Beck  California Institute of Technology 
jimbeck@caltech.edu  

This paper presents the application of a new reliability method
called Subset Simulation to seismic risk analysis of a structure,
where the exceedance of some performance quantity, such as the
peak interstory drift, above a specified threshold level is considered
for the case of uncertain seismic excitation. This involves analyzing
the well-known but difficult first-passage failure problem. Failure
analysis is also carried out using results from Subset Simulation
which yields information about the probable scenarios that may oc-
cur in case of failure. The results show that for given magnitude and
epicentral distance (which are related to the �intensity� of shaking),
the probable mode of failure is due to a �resonance effect.� On the
other hand, when the magnitude and epicentral distance are con-
sidered to be uncertain, the probable failure mode corresponds to
the occurrence of �large-magnitude, small epicentral distance�
earthquakes.

STOCHASTIC SIMULATION OF NON-GAUSSIAN 
MATERIAL PROPERTY FIELDS IN RANDOM 

COMPOSITE MATERIALS  
Lori Graham  Johns Hopkins University 

lori@jhu.edu  
Kurtis Gurley  University of Florida 

kgurl@ce.ufl.edu  
Forrest Masters  University of Florida  

The effect of microstructural randomness on the local behavior of
composite materials is addressed in this work through the applica-
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tion of stochastic simulation techniques. In traditional analysis of
composite materials with a random microstructure the assumption
is often made that the material behavior may be represented by ho-
mogenized, or effective composite properties. While this assump-
tion yields accurate results for the bulk behavior of composite
materials, it ignores the effects of a random microstructure on local
behavior. For example, failure mechanisms such as cracking or lo-
cal yielding may be predicted by locally high stresses but not by the
average stresses developed from models based on effective mate-
rial properties. In order to perform simulations of a material micro-
structure directly, very basic assumptions must be made on the
size, shape, and spatial distribution of the inclusions in the compos-
ite material. These assumptions may lead to a model that does not
realistically reflect the random microstructure. Recently, moving-
window techniques have emerged as a useful technique for char-
acterizing a random composite microstructure, based purely on a
digitized microstructural image. These methods offer the major ad-
vantage that no assumptions need to be made as to the shapes,
sizes or placement of inclusions. The only constraints in such mov-
ing-window analyses are that multiple phases of the composite are
visually differentiable and that their individual constitutive behaviors
are known.

A moving window micromechanics technique based on the Gener-
alized Method of Cells (GMC) has been applied successfully to
generate material property fields for the elastic properties of fiber-
reinforced composites. Stochastic simulations of the material prop-
erty fields, based on the samples obtained from moving-window
GMC and assuming that the material properties are defined as
Gaussian processes, have been generated. This work demon-
strates that the statistics on critical local material behavior, such as
mean and variance of the maximum stress, are easily obtained for
a given composite material. The quality of these statistical esti-
mates, however, is clearly dependent on the quality of the underly-
ing local material property fields obtained from the given sample
and the quality of the assumption that these property fields are
Gaussian. In fact, the material property fields have been demon-
strated to be clearly non-Gaussian. In the present work, the local
material property fields are improved by generating tensor fields of
the fully anisotropic constitutive matrix for given composite material
samples, using a brute-force moving-window analysis of a finite el-
ement model based on the full microstructure. Further, iterative
Fourier-based multi-dimensional non-Gaussian simulation tech-
niques are applied in order to eliminate the assumption of Gaussian
material property fields while maintaining the proper spatial corre-
lation structure. Based on the simulated samples, statistics on the
local stresses are estimated, which will provide the basis for estab-
lishing a measure of the material reliability under given loading con-
ditions.

Symposium on Micromechanics of Hetero-
geneous Materials - Session III 
June 3, 2002 
14:45 
Chair: Jiun-Shyan Chen  University of California, Los
Angeles

ACCURATE MICRO/MACRO FIELD SIMULATION FOR 
COMPOSITES SUBJECT TO FIBER-MATRIX 

DEBONDING USING HIGH FIDELITY GENERALIZED 
METHOD OF CELLS  

Brett Bednarcyk  Ohio Aerospace Institute 
bednarcyk@grc.nasa.gov  

Steven Arnold  NASA Glenn Research Center 
Jacob Aboudi  University of Virginia 

ja2m@virginia.edu  
Marek-Jerzy Pindera  University of Virginia 

mp3g@virginia.edu  

This paper addresses fiber-matrix debonding in composites using
a recently developed micromechanics model known as the high-fi-
delity generalized method of cells (HFGMC). By employing a high-
er-order displacement field, this model supercedes it predecessor,
the generalized method of cells (GMC), in terms of micro-scale field
accuracy. Via inclusion of appropriate constitutive relations for in-
elastic deformation and fiber-matrix debonding, both HFGMC and
GMC have been applied to model the transverse deformation of ti-
tanium matrix composites, which exhibit obvious effects of interfa-
cial debonding. Results indicate that HFGMC is considerably more
accurate than GMC for analysis of composites with debonding, en-
abling realistic predictions of composites� transverse response.

INFLUENCE OF PARTICLE CRACKING ON PLASTIC 
BEHAVIOR OF DISCONTINUOUSLY REINFORCED 

COMPOSITES USING MICROMECHANICS APPROACH  
Lizhi Sun  The University of Iowa 

lizhi-sun@uiowa.edu  
H. Liu  The University of Iowa 

J. Ju  University of California -- Los Angeles 
juj@ucla.edu  

A micromechanics-based elastoplastic and damage constitutive
model is proposed to predict the overall mechanical behavior of
particle-reinforced metal matrix composites. Unidirectionally
aligned spheroidal elastic particles, some of which contains penny-
shaped cracks, are randomly distributed in the elastoplastic metal
matrix. These imperfect particles are modeled using double-inclu-
sion concept. An ensemble-volume averaged homogenization pro-
cedure is employed to estimate the effective yield function of the
composites. The associative plastic flow rule and the hardening law
are postulated based on the continuum plasticity theory. The dam-
age evolution of particles is considered in accordance with
Weibull�s statistical function to characterize the varying probability
of reinforcement cracking. The elastoplastic mechanical behavior
of particle composites under uniaxial loading condition is simulated
and compared with experimental results.
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MESOSCALE MODELING OF GRAIN BOUNDARY 
MIGRATION USING COUPLED FINITE ELEMENT AND 

MESHFREE METHODS  
Jiun-Shyan Chen  Univ. of California, Los Angeles. 

jschen@seas.ucla.edu  
Hongsheng Lu  Univ. of California, Los Angeles.  

hslu@seas.ucla.edu  
Dorel Moldovan  Argonne National Laboratory 

dorelm@anl.gov  
Dieter Wolf  Argonne National Laboratory 

wolf@anl.gov  

The process of grain boundary migration involves moving interfac-
es and topological changes of grain boundary geometry. This can
not be effectively modeled by Lagrangian, Eulerian, or arbitrary
Lagrangian Eulerian finite element formulation when stress effect is
considered. A coupled finite element and meshfree approach is
proposed for modeling of grain boundary migration under stress. In
this formulation, the material grid carries material kinematic and ki-
netic variables, whereas the grain boundary grid carries grain
boundary kinematic variables. The material domain is discretized
by a reproducing kernel partition of unity with built-in strain discon-
tinuity across the grain boundaries. The grain boundaries, on the
other hand, are discretized by the standard finite elements. This ap-
proach allows an arbitrary evolution of grain boundaries without
continuous remeshing.

Interface Behavior ñ Theory and Engineer-
ing Application 
June 3, 2002 
14:45 
Chair: Franz-Josef Ulm  Massachusetts Institute of
Technology

EXPLORATORY EVALUATION OF MODE-I 
FRACTURE TOUGHNESS OF CONCRETE-

COMPOSITE BONDED INTERFACES
Yingwu Xu  The University of Akron 

Pizhong Qiao  The University of Akron 
qiao@uakron.edu  

Julio Davalos  West Virginia University 
 

Current research on rehabilitation and strengthening of concrete
structures has focused on the external bonding of FRP plates or
fabrics to concrete, and significant increases in stiffness, strength
and seismic response have been achieved by this technique that
offers great potential for enhanced durability and service-life. How-
ever, there is a concern with the long-term reliable performance of
the interface bond, which is critical in the application of this technol-
ogy. The delamination of the interface can lead to premature failure
of reinforced members, and therefore, there is a need to develop
proven methods to characterize the performance of concrete-FRP
interface bonds under static and cyclic loading combined with bond
degradation effects due to environmental exposure.

In this study, a conventional test method - a three-point bending
beam (3PBB) specimen, used commonly for determining Mode-I
fracture properties of concrete and rock - is adapted to characterize
Mode-I fracture of concrete-FRP bonded interfaces. Two types of
fiber fabrics: E-glass and Carbon fibers are used, and the epoxy
resins are applied to bond the concrete-concrete and concrete-
composite interfaces. Mode-I fracture tests are performed using the
3PBB specimens for concrete-concrete, concrete-E-glass/epoxy
composite, and concrete-Carbon/epoxy composite bonded inter-
faces to determine the critical loads and crack tip open displace-
ments, from which the critical strain energy release rates are
obtained. The Jacobian Derivative Method (JDM), a finite element
post-processing algorithm, is used to predict the strain energy re-
lease rate of the TPBB test specimens, and the predictions are
compared with experimental results.

Since there are no methods available to rigorously evaluate the in-
terface bond fracture and integrity for concrete structures externally
reinforced with FRP, the proposed experimental and analytical
methods can be efficiently used to evaluate interfaces for combina-
tions of concrete-FRP hybrid products and to obtain the fracture
toughness data for potential delamination under various environ-
mental exposures and static/cyclic loading.
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FREE VIBRATIONS OF THROUGH-THICKNESS 
REINFORCED DELAMINATED BEAMS  

Luigi Brandinelli  University of Genoa (Italy) 
brandi@diseg.unige.it  

Roberta MassabÚ  Northwestern University 

The dynamic behavior of laminated beam-type structures present-
ing delaminations is characterized by stiffness degradation, natural
frequency shifts and opening modes during vibration. This paper in-
vestigates the influence of a through-thickness reinforcement on
the natural frequencies of through-width delaminated beam. A
model based on the theory of bending of beams is formulated
where the reinforcements are modeled as a uniform distribution of
linear springs able to react to longitudinal and transversal relative
displacements between the surfaces of the delamination. The nat-
ural frequencies of a delaminated cantilever beam are predicted for
different lengths of the delamination. The effectiveness of the
through thickness reinforcement on the natural frequencies is dem-
onstrated through the transition from damaged (unbridged) to intact
beam values upon increasing the stiffness of the springs. An appli-
cation of the model to a typical stitched carbon-epoxy laminate for
aeronautical applications shows that low percentages of through-
thickness reinforcements can substantially improve the dynamic re-
sponse of delaminated beams.

FACTORS AFFECTING THE MECHANISM OF 
MOBILIZED SHEAR AT CRACK OR JOINT INTERFACE

Mohamed Abdel-Maksoud   
mgamal@ara.com  

Data from 43 tests were used to study the factors affecting the
mechanism of shear resistance at joints and cracks. Unlike former
studies, the shear resistance is explained in terms of three major
components; 1) friction component, 2) shear through component,
and 3) dilation component. The friction component is commonly
quantified using the material friction angle, while the shearing
trough component is quantified using a cohesion intercept that rep-
resents the phenomenon of shearing off intact material. The last
component is described as the dilation component which repre-
sents the tendency of opposing roughness features to override one
another and can be quantified as dilation angle. The contribution of
each component is found to be dependent on seven major factors;
joint opening, aggregate size, age of concrete at time of cracking,
the concrete strength at the joint/crack interface, aggregate quality,
and overall roughness at the crack interface which are discussed in
the paper.

The study showed that at smaller crack widths the shear resistance
is mobilized mainly by friction and the shearing through of the as-
perities. As crack width increases, there is a greater tendency for
dilation and when that dilation is restrained higher normal stresses
are mobilized at the joint interface as measured during the course
of the experimental program. It was found that all specimens that
showed dilation tendency were the one that showed the poorest
performance. This is mainly due to the fact that as the roughness
features over ride one another a significant grinding accompanied
with aggregate and matrix breakage took place. It was also found
that specimens made with limestone aggregate performed poorly
at an aperture ratio, defined as the ratio of crack width to maximum
aggregate size, of 10% and they showed a significant performance
improvement at an aperture ratio of 5%. For gravel, the correspond-
ing critical values of aperture ratio were on average 13 % and 6%.
For trap rock the, poor performance value corresponded to an ap-

erture ratio larger than 15%. These aperture ratio values were
found to reflect the contribution of different shear components to
the overall shear strength at the joint interface.

CHARACTERIZATION OF STRESS SEPARATION 
RELATION IN CEMENTITIOUS MATERIALS

Mohammad Mihdi  Polytechnic University 
flin@poly.edu  

Feng-Bao Lin  Polytechnic University  
Young Cho  Hanyang University 

A new approach integrating numerical modeling and experimental
work was developed to characterize the stress separation relation
in cementitious materials. In this paper, we present the formulation
and the algorithm of the numerical modeling. Two weight matrixes,
one relates the stresses along the potential crack line to the exter-
nal loads and the other relates the stresses along the potential
crack line to the crack openings, are formed first. The modeling can
then be achieved by implementing the stress separation as a
boundary condition on the kinetic relation of the stresses, crack
opening, and the applied loads. Through a step-by-step iterative
process, the relationship between the stresses in the member,
load-crack mouth displacement curves, and stress-separation
curves can be obtained. Parameter study in exploring the relation-
ship by varying each parameter separately is presented.
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Frank L. DiMaggio Symposium on 
Constitutive Modeling of Geomaterials III 
June 3, 2002 
14:45 
Chair: Victor Kaliakin  University of Delaware 
Co-Chair: Stein Sture  University of Colorado, Boulder

VISCOUS EFFECTS ON THE SHEAR YIELDING 
CHARACTERISTICS OF SAND 

Hasbullah Nawir  Bandung Inst. of Technology, Indonesia 
hasbi@geot.t.u-tokyo.ac.jp  

Fumio Tatsuoka  University of Tokyo, Japan 
Reiko Kuwano  University of Tokyo, Japan 

The viscous aspects of the strength and deformation characteris-
tics of sand (e.g., loading rate effects, creep and stress relaxation)
are very important in many full-scale field geotechnical problems.
Such important aspects of time effects as above on stress-strain
behaviour of geomaterials cannot be simulated and predicted by
the classical elasto-plastic theory that is not considering the vis-
cous aspects. Recently a new promising three-component model
has been developed, and when limiting to the shear deformation
along a fixed stress path (only stress paths at a constant confining
pressure), the time-dependent behavior can be simulated very suc-
cessfully. As a part of a longñterm study into the time-dependent
properties (ageing and viscous effects) of geomaterials, several
viscous aspects of sand behaviour under more general stress con-
ditions were investigated by performing special triaxial compres-
sion tests on Toyoura sand. Using each single specimen, a series
of cyclic loading tests were performed at a fixed confining pressure,
or at different confining pressures increasing step by step or repeat-
edly the confining pressure, between two successive shear loading
schemes. The following was found: 1. Viscous effects on the yield
stress in the one-dimensional stress space: The maximum shear
stress (qm) from which the shear unloading was made and the yield
shear stress (qy) are not necessarily the same to each other as the
classical elasto-plastic theory predicts, but their relative magnitude
is affected by viscous effects as a function of strain history. 2. Vis-
cous effects on the yield locus in the two-dimensional stress space:
By changing the stress path during a sequence of loading, unload-
ing and reloading with and without a creep stage at the previous
maximum shear stress, the uniqueness of yield locus is lost for dif-
ferent strain history (i.e., the history of strain rate), but the yield lo-
cus is largely affected by the viscous property as a function of strain
history.

In addition, one form of irreversible energy parameter was found to
be stress path-independent, while the contours of this strain param-
eter become the shear yield loci on the stress plane. The relation-
ship between this energy parameter and a certain type of stress
parameter was found relevant as the stress path-independent
hardening function for shear yielding. The compression yielding
characteristics are also discussed in relation to the shear yielding
characteristics (i.e., the double yielding concept). Based on the
above facts, an existing one-dimensional three-component model
for sand (called the TESRA model) was modified and extended to
be applied to more general stress condition. The results of simula-
tion of the test results by the model will be presented. It will be
shown that the viscous aspects observed under general triaxial
compression stress conditions can be successfully simulated by

the modified TESRA model.

A MODEL FOR SOIL STRUCTURE MOBILITY AND 
COLLAPSE  

Wei Hua Gu  GEO-SLOPE International Ltd., Canada 
edg@geo-slope.com  

John Krahn  GEO-SLOPE International Ltd., Canada 
JohnK@geo-slope.com  

This paper presents a plastic constitutive model based on the criti-
cal state boundary surface theory. The formulation of the yield sur-
face in the Cam Clay model is used as an inner feature cap or small
cap to describe the soil structure mobility and collapse. Unlike a tra-
ditional yield surface, a stress path can move below, outside or on
the small cap to produce plastic strains. The small cap when related
to the steady state strength can be used to predict soil structure col-
lapse under both drained and undrained conditions. Excellent
agreement between numerical simulations based on this small cap
model and actual laboratory measurements verifies that the model
can be used to completely describe the complex behavior of sand
which includes contraction, dilation, phase change and ultimate
failure at the steady state.

MIDDLE SURFACE CONCEPT AND ITS APPLICATION 
IN GEOMATERIALS  

Yunming Yang  University of Oklahoma 
yunming.yang-1@ou.edu  

Kanthasamy Muraleetharan  University of Oklahoma 
muralee@ou.edu  

A new constitutive modeling concept named the �Middle Surface
Concept (MSC)� is presented. In contrast to a single yield surface
used in the traditional elastoplasticity theory, in the MSC multiple
yield surfaces are used. Among them, one is the�true yield surface�
and the rest are �pseudo yield surfaces�. The stress point lies on
the true yield surface during plastic deformations and the true yield
surface is constructed using the pseudo yield surfaces. Different
pseudo yield surfaces can represent different features of the me-
chanical behavior that are difficult to be represented in a combined
fashion using a single yield surface. The true yield surface and the
pseudo yield surfaces are linked through common quantities and
relationships between certain quantities. The application of the
MSC to modeling the behavior of sands is first presented. The state
parameter concept and stress-induced anisotropy in sands are
considered within the critical state soil mechanics for both mono-
tonic and cyclic loading. The use of the MSC to modeling the be-
havior of clays is then discussed.

CENTRIFUGE AND NUMERICAL MODELING OF SOIL 
LIQUEFACTION AT VERY LARGE DEPTHS  

Farshad Amini  Jackson State University 
famini@jsums.edu  

Zhenyang Duan  Jackson State University 

The soil liquefaction behavior at very large depth is presently poorly
understood, yet this situation commonly occurs at foundations of
large earth dams. This paper describes a numerical model, which
is used to study the soil liquefaction resistance at high confining
pressure. In this research, a two-dimensional numerical model was
set up. Base acceleration with different magnitude and frequency
were applied to the model. The pore water pressure and effective
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stress at different depth in the model were monitored during shak-
ing. It was found that soil liquefaction resistance increases with the
increasing of confining pressure at large depths. At a large acceler-
ation magnitude, the liquefaction can occur at virtually any depth.

CYCLIC CONSTITUTIVE MODEL BASED ON FUZZY 
SET CONCEPTS  

Louis Ge  University of Colorado, Boulder 
gey@colorado.edu  

Stein Sture  University of Colorado, Boulder 

A cyclic constitutive model based on fuzzy set plasticity, which was
first introduced by Klisinski (1988) and used as the basis for devel-
opments, is presented in this paper. The fuzzy set plasticity model
is physically intuitive and easy to visualize, which provides analyti-
cal and simple geometrical interpretation to formulate hardening,
deviatoric and volumetric hysteresis features, material memory,
and kinematic mechanisms without resorting to a complex analyti-
cal formulations. Two numerical examples involving granular mate-
rials subjected to drained conditions are demonstrated in this
paper.

Studies of Bulk Solids and Containment 
Structures 
June 3, 2002 
14:45 
Chair: Juan Martinez  INSA Rennes 
Co-Chair: Jin Ooi  University of Edinburgh

THE GRANULAR FLOW IN A TWO-DIMENSIONAL 
FLAT-BOTTOMED HOPPER WITH ECCENTRIC 

DISCHARGE 
Chuen Chou  Associate Professor 

cschou@mail.npust.edu.tw  
Chang Hsu  Graduate Student 

Abstract Employing the kinematic model of Nedderman and Tuzun
[1] and the boundary conditions for granular media in a two-dimen-
sional flat-bottomed hopper with eccentric discharge, a boundary-
value problem was constructed. The heights of stagnant zone for
two kinds of granular materials after hopper discharge were exper-
imentally measured. We postulate that the kinematic constant is
proportional to the height of stagnant zone. Employing experimen-
tal results and Newton-Raphson method, kinematic constants un-
der eccentric discharge were obtained. The profiles of horizontal
and vertical components of velocity were then calculated. The re-
search work reported here provides additional theoretical knowl-
edge about granular flows in the hopper to workers in this field, and
also enhances the application of kinematic model to granular flows.

Reference [1]. R.M. Nedderman and U.Tuzun , Powder Tech. 22
(1979) 243.

EFFECTS OF THERMAL LOADS ON AGRICULTURAL 
SILOS 

Julia Moran  Universidad De Leon 
diajmp@unileon.es  

Pedro Aguado  Universidad De Leon  
Francisco Ayuga  Universidad Politecnica De Madrid 

Manuel Guaita Andres Juan  U. Santiago Compostela and 
U. de Leon 

The objective of this work is to perform an analysis of pressure dis-
tributions in grain silos subjected to thermal effects. To this end, the
commercial ANSYS program, based on the finite-element method
is employed. Changes in the temperature along the silo walls pro-
duce dilatations and contractions, which cause variations both in
the wall stresses and in the grain pressures. These dilatations and
contractions increase the Young¥s modulus of the grain, causing
the stresses on the silo walls during the contractions to rise with
each new cycle. In this paper, results are presented for a 3D model
simulating a steel silo with a height of 9 m, a diameter of 6 m and a
wall thickness of 2 mm. The SOLID45 element from the ANSYS
program is used for the 3D modeling of solid structures, the
SHELL63 element for the steel wall and the CONTACT 173 ele-
ment to represent contact and sliding between 3D target surfaces
(TARGE170) and a deformable surface. Elastic and Drucker- Prag-
er behavior patterns were selected for the material. The latter is an
elastic-perfectly plastic behavior pattern, thus dilatancy effects
could be considered. In previous works developed by the authors
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the wall was considered rigid, therefore contact between the grain
and the wall was rigid-flexible. However, in this work, due to the wall
having to be able to move, in order to simulate its contractions and
dilatations, a flexible-flexible contact was chosen. An elastic behav-
ior pattern with steel properties was chosen for the wall. Based
upon the results, this paper proposes new methods of analyzing
thermal effects in silos. These models combine both the effects on
the wall and on the granular material. The results are compared
with previous research data and with standard design guidelines.
The influence of the different properties of the silaged material, and
those of silo shapes on the grain pressures and on wall stresses,
are also analyzed.

NUMERICAL INVESTIGATION OF FLOW PATTERNS IN 
A CYLINDRICAL SILO USING AN ALE APPROACH 

Dominique Guines  Laboratoire de Mècanique Appliquèe, 
Automatique & Gèomècanique, INSA de Rennes, France 

Dominique.Guines@insa-rennes.fr  
Lionel Lèotoing  Laboratoire de Mècanique Appliquèe, Au-

tomatique & Gèomècanique, INSA de Rennes, France 
Eric Ragneau   

Great effort have been made in the last decades for a better under-
standing of silo pressures and flow phenomena. Whilst finite ele-
ment predictions of silo wall pressures, at the end of the filling
stage, are in good agreement with experimental observations, the
finite element modelling of the wall pressures during discharge are
relatively rare and requires more fundamental research. Using a
dynamic finite element formulation, Rombach and Eibl [1] have
shown time and space variations of wall pressures just at the be-
ginning of the discharging stage. Others works [2] have treated dis-
charge problems using the updated Lagrangian formulation and
mesh re-zoning technics to describe large strains and displace-
ments occuring during the discharging stage. In Rennes, flow pat-
terns and wall pressures in silos during emptying have been
studied first with quasi-static approaches based on the permanent
flow assumption. In such developments [3], a slip line between the
flowing material and the static material inside the silo is defined at
the end of the transient stage and used for permanent flow stage.
The slope of this line, defined as a straight line, is usually related to
the internal friction angle of the bulk material whereas recent works
have shown it could be more related to the friction angle along the
silo wall. The aim of this paper is to present the results of another
approach using an ale (arbitrary Lagrangian Eulerian) finite ele-
ment program. The model takes into account the elastoplastic con-
stitutive law of the ensiled material, the friction law along the silo
wall and the modification of the boundary conditions when the out-
let of the silo is opening. A comparative analysis of displacements,
strain and stress distributions in the silo is performed on a full scale
experimental silo, storing wheat. Transient stage results of the dis-
charge are compared with those obtained for an assumed perma-
nent flow. The paper also discusses how the different features of
these two approaches, used to simulate the discharge of the en-
siled material, affect the flowing zone and wall pressure predic-
tions.

[1] G. ROMBACH and J. EIBL, A Dynamic Finite Element Model for Silo
Pressures and Solids Flow, Silos, Fundamentals of theory behaviour and de-
sign Edited by C.J. Brown and J. Nielsen, E & FN SPON, pp. 481-494.

[2] Z. WIECKOWSKI, Finite Deformation Analysis of Motion of Bulk Material
in Silo, Research Report, TULEA 1994:26, Lulea University of Technology,
Sweden, July 1994.

[3] E. RAGNEAU, D. GUINES, B. KEROUR, Investigation on the Boundary

of the Flow Area in a Silo during Discharge, Mechanics and Materials Con-
ference, San Diego, USA, June 27-29, 2001.

FINITE ELEMENT PREDICTIONS OF PROGRESSIVE 
FILLING PRESSURES IN A RING STIFFENED 

IMPERFECT FULL-SCALE SILO  
Shenkai Yu  Wolverhampton Univ. 

jianfei.chen@nottingham.ac.uk  
Jianfei Chen  Nottingham Univ. 

Paul Olomolaiye  Wolverhampton Univ. 
JY Ooi & JM Rotter  Edinburgh University 

Numerical prediction of wall pressures in silos has been a major
topic of research in the last in few decades in the international silos
research community. Numerous finite element studies have been
carried out on filling pressures in silos. Most of these studies were
carried out by treating the self-weight of the ensiled solid as a
�switch-on� gravity. However, this approach does not simulate the
feature that most silos are filled progressively in practice. Although
it is widely perceived that the progressive filling pressure may sig-
nificantly differ from that simulated by using a switch-on gravity, lit-
tle information is available in the open literature.

This study conducts a detailed finite element analysis on the wall
pressures exerted by the stored iron ore pellets in a full-scale silo,
which was purposely designed and built for experimental investiga-
tion into solids flow patterns and silo wall pressures by the Silos Re-
search Group at Edinburgh University. Following an early
investigation into the effects of ring stiffeners, axisymmetric imper-
fections and material constitutive models, this paper presents some
initial numerical predictions of progressive filling pressures. The re-
sults are compared with those predicted using a �switch� loading
process and the differences are highlighted.

EFFECT OF SILO GEOMETRY AND BULK PROPERTIES 
ON INTERNAL STRESSES AND WALL PRESSURES 

PRE-DICTED BY DISCRETE SIMULATIONS OF 
GRANULAR MATERIALS.  

Samuel Masson  INSA Rennes 
masson@insa-rennes.fr  

Juan Martinez  INSA Rennes 

Force transmission within granular materials remains a scientific
challenge related to different practical problems dealing with bulk
solids handling and storage. Internal stresses as well as wall pres-
sures and tractions developed in silos during filling and discharge
are here analyzed in function of the silo geometry and of the me-
chanical proprerties of the ensiled granular material, using the Dis-
tinct Element Method. Different geometrical shapes were con-
sidered, including inserts, and numerous simulations were devoted
to the analysis of the effect of particle properties (stiffness and fric-
tion) on the stress transmission modes. The method is first validat-
ed by finding a good agreement between the wall pressures
obtained from discrete simulations and those derived from macro-
scopic models at the end of filling of a flat-bottomed silo. The influ-
ence of the silo geometry was analyzed by comparing the stresses
obtained in a flat-bottomed silo and in a silo with a hopper. The ef-
fect of a circu-lar insert placed on the silo vertical axis was also con-
sidered. For analyzing the hopper influ-ence, the same granular
material composed of 10,000 particles was used for filling and dis-
charging both a flat-bottomed silo and a cylinder-hopper silo. The
latter possesses a conical shape with an inclination angle of 32 de-
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grees relative to the vertical. During the filling stage, the results ver-
ify that pressures on the hopper walls are higher than those
obtained at the same height in the flat-bottomed silo. During dis-
charge, the arching effect induced by flow pro-duces the so-called
switch of the wall pressure at the transition between the cylinder
and the hopper. Moreover, the presence of a circular insert chang-
es drastically the stress field : an arch is formed above the insert,
producing an increase of the wall pressure at the elevation of the
insert top and a decrease below. The effect of the particle proper-
ties was analyzed using a flat-bottomed silo filled with 8,000 parti-
cles. The values of the friction coefficient at the particle/particle and
at the parti-cle/wall contacts cover a large range from perfectly
smooth to very rough interfaces. The contact stiffness, common
along normal and shear directions, takes values from 0.5 to 50 MN/
m. Results at the end-of-filling and during discharge clearly show
the influence of the particle stiffness and friction on the stress trans-
mission within the silo. Considering soft parti-cles, the particle/par-
ticle friction plays a major role on the horizontal-to-vertical stress
ratio both at the end of filling and during the discharge. A high par-
ticle/particle friction leads to a high anisotropy of the contact forces
that concentrate along the principal direction of com-pression, ver-
tical at the end of filling and horizontal during the discharge. With
stiffer parti-cles, the particle/particle friction effect is less pro-
nounced and a more isotropic contact force distribution is ob-
served.

Computational Mechanics - Novel Numeri-
cal Methods
June 3, 2002 
14:45  
Chair: Elisa Sotelino  Purdue University

APPLICATION OF MODIFIED ART2 ARTIFICIAL 
NEURAL NETWORK IN CLASSIFICATION OF 

STRUCTURAL MEMBERS  
Ardavan Avazdavani  Kerman University, Kerman, Iran 

ardavanad@yahoo.com  
seyed saeed mortazavi  Kerman University, Kerman, Iran 

s_mortazavi@emamreza.net  
koorosh zare  Kerman University, Kerman, Iran 

kavoos0@yahoo.com  
ali jahangiri toiserkani  Kerman University, Kerman, Iran 

a_jahangiri2000@yahoo.com  

In this research the basic algorithm of ART2 artificial Neural Net-
works has been modified for proper and efficient classification of
vectors. In the basic architecture of ART2 , the length of vectors is
neglected. This causes error in sorting; parallel vectors with diffrent
length are classifiedin the same category. to overcome this defi-
ciency , a virtual input neuron is added to consider vector length.
the modified architecture not only consider the similarity of vectors
direction but also considers the magnitude of vectors in sorting.
ART neural networks are classified as unsupervised nets, a meth-
od is presented for supervised learning of ART2 without general
changes in the basic algorithm. Then this method is used for clas-
sification of structural analysis result for design of members.

HIGH ORDER HERMITIAN ALGORITHM FOR 
INTEGRATION IN TIME  

Josè Laier  University of S�o Paulo 
jelaier@sc.usp.br  

This paper presents a step-by-step direct integration algorithm de-
rived in terms of higher order hermitian finite difference operators.
This is a fourth-order algorithm, unconditionally stable, presenting
no numerical damping ratio. In addition the computational effort is
similar to the Newmark method. Particular attention is devoted to
the order of accuracy, which is considered in terms of local trunca-
tion error, period dispersion and the corresponding exponential
truncation error.

IMPLEMENTATION OF THE DISCRETE ELEMENT 
METHOD USING RECONFIGURABLE COMPUTING 

(FPGAS)  
Benjamin Carriòn Schäfer  University of Birmingham 

schaferb@ieee.org  
Steven Quigley  University of Birmingham 

s.f.quigley@bham.ac.uk  
Andrew Chan  University of Birmingham 

a.h.chan@bham.ac.uk  

The Discrete Element Method (DEM) is a numerical method for the
simulation of the behaviour of media consisting of discrete parti-
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cles. They can be bonded together to represent rock or remained
unbonded to represent soil.

It is suggested that the DEM can replace the continuum methods
e.g. Finite-element or finite-difference in the future, as these have
two main drawbacks. Firstly a suitable stress-strain law may not ex-
ist and secondly, localised features (e.g. cracks) are difficult to
model with the continuum approaches. However in order to simu-
late entire engineering structures, which may involve millions of
particles, the computer power has to increase as the DEM is very
computationally expensive.

The DEM can be run on a parallel computer by farming out different
cells onto different processors. However, particles transiting from
one cell to another create communication and synchronisation
overheads which limit the speed-up achieved by parallel process-
ing. Also, if some cells become much more heavily populated than
others, then there will be inefficiencies due to load imbalance be-
tween the processors. Communication overhead causes these
multiprocessor systems not be able to reach the theoretical speed
up. The efficiency in this kind of systems is far less than linear.

The DEM uses simple arithmetic operations in a massively parallel
way on a large data set. It is therefore tempting to examine how well
it can be accelerated using reconfigurable computing.

Reconfigurable computing is based around the use of field pro-
grammable gate arrays (FPGAs) to form coprocessors that can be
configured to provide custom hardware accelerators. The types of
problem that can benefit from reconfigurable computing are estab-
lished by the properties of the FPGA. In general, FPGAs are good
at tasks that exhibit a high degree of parallelism.

This paper presents the design of a dedicated chip architecture for
the DEM implemented on an FPGA. Its performance is compared
with an optimised Software version running on a state of the art PC
and a significant speed up, of up to 60, was observed.

MECHML A DRAFT XML FOR MECHANICS  
Roger Ghanem  Johns Hopkins University 
Marc Khoury  Johns Hopkins University 

marckhoury@jhu.edu

Recent advances in information technology have extended the role
of the Internet from a publishing medium to an environment for me-
diating applications and data exchange. The lack of compatibility
and interoperability in most of the scientific oriented software re-
sults in a significant loss of opportunity for cooperation between sci-
entists and engineers. In this paper the case for creating a standard
markup language for mechanics (MechML) derived from the XML
(eXtensible Markup Language) will be presented. A proposed
framework for the structure of such a standard will then be de-
scribed. This framework presents an initial effort at developing an
IT syntax for mechanics aimed at sparking further interest from the
mechanics community. MechML builds on recent related develop-
ments in mathematics and materials science. It will enable the
seamless exchange of information between analysis tools located
across the Internet. An example is presented demonstrating the
significance of this effort to the modeling, characterization and
analysis of an engineering system in the context of stochastic me-
chanics.

AN ALGORITHM FOR THE NONLINEAR DYNAMIC 
ANALYSIS OF STRUCTURES IN A DISTRIBUTED 

COMPUTING ENVIRONMENT  
Yunus Dere  Purdue University 

ydere@purdue.edu  
Elisa Sotelino  Purdue University 

sotelino@purdue.edu  

Several concurrent algorithms have been developed for transient
analysis of structures in the past fifteen years. In this work, the
Modified Iterative Group Implicit Algorithm (MIGI), a domain-by-do-
main parallel solution method is extended for nonlinear applica-
tions. For the nonlinear case, while MIGI iterates to find compatible
and equilibrating interface forces between the subdomains, a glo-
bal nonlinear iteration is also performed. The integration of these
two iterations is investigated. More specifically, the two iterations
may be combined and performed in a single process loop or they
may be isolated. It is found that the efficiency of the procedure re-
sulting from the isolation of the iterations is superior than the alter-
native. The developed procedure has been tested via numerical
examples. A 20-story model building considering material and geo-
metric nonlinearities under earthquake loading has been simulated.
Excellent accuracy in the solution and significant speedup values
have been obtained from the simulations, which were performed on
an IBM-SP parallel machine.
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Mechanical Properties of Selected Materi-
als 
June 3, 2002 
14:45 
Chair: Franz-Josef Ulm  Massachusetts Institute of
Technology

SMART BEHAVIOR OF CARBON FIBER CEMENT 
COMPOSITES IN COMPRESSION  

Farhad Reza  Ohio Northern University 
f-reza@onu.edu  

Jerry Yamamuro  University of Delaware 
yamamuro@ce.udel.edu  

Gordon Batson  Clarkson University 
gordon@clarkson.edu  

This paper presents results which indicate that carbon fiber-rein-
forced concrete has the ability to serve as a smart structural mate-
rial capable of providing some information as to the conditions of
internal stress, strain and cracking in the absence of any visible ex-
terior signs of damage. Simple electrical resistance measurements
can be utilized to extract this information about physical integrity
from the material. Smart behavior was evaluated by performing un-
confined compression tests on cylindrical carbon fiber-reinforced
mortar specimens. The signal that was manifested was a reversible
change in resistance when cracking was not significant (for exam-
ple, when stress-strain response was still elastic), and an irrevers-
ible increase in resistance when cracking took place. Smart
material capability existed even at low fiber volume contents (0.2%
to 1.0%).

COMPLETE STRESS-STRAIN BEHAVIOR OF HIGH 
PERFORMANCE FLY ASH CONCRETE AND ITS 

APPLICATION TO RC BEAMS  
Insang Lee  New Jersey Institute of Technology 

isl5249@njit.edu  
Wonsiri Punurai  Georgia Inst. Of Tech 

Cheng-Tzu Hsu  New Jersey Institute of Technology 

High performance concrete (HPC) has recently been a widely used
concrete construction material for modern buildings, bridges, and
pavements, etc. To produce such a better quality of concrete,
chemical and mineral admixtures such as fly ash, slag cement, and
silica fume, as well as air-entraining agents are commonly used in
the field construction. It has been found that fly ash can be used for
partial replacement of cement. The percentage of replacement
ranges from about 20%(low volume of fly ash) to more than
50%(high volume of fly ash). It has been found that high perfor-
mance fly ash concrete improve the workability, ultimate strength
and durability of the concrete. However the enhancement of ductil-
ity in concrete, and concrete structures as a whole is still inconclu-
sive and needs to be studied more. This paper presents a complete
stress-strain behavior and its empirical equation of high perfor-
mance fly ash concrete with and without steel fibers, and with and
without steel confinements. The complete stress-strain equation
has only two material constants to define a stress-strain behavior
and has not been available in the literature. The proposed stress-
strain equation has been incorporated into a reinforced concrete

(RC) beam analysis computer program to study complete load-de-
flection behavior of the RC beams. Based on present beam tests,
one can conclude that the RC beams with fly ash replacement do
affect the flexural behavior of beams and they suffer a loss in duc-
tility as compared to the control beams, although their ultimate load
capacities remain almost the same.

Keywords: High performance concrete, fly ash, stress, strain, duc-
tility, beam tests

IDENTIFICATION OF A FORGING STEEL BEHAVIOR 
FROM DYNAMIC COMPRESSION TESTS  

Stèphanie DIOT  Laboratoire de Mècanique Appliquèe, Au-
tomatique & gèomècanique 

sdiot@insa-rennes.fr  
Adinel GAVRUS  Laboratoire de Mècanique Appliquèe, Au-

tomatique & gèomècanique 
Dominique GUINES  Laboratoire de Mècanique Appliquèe, 

Automatique & gèomècanique 
Eric RAGNEAU  Laboratoire de Mècanique Appliquèe, Au-

tomatique & gèomècanique 

This paper deals with compression tests carried out on a 50CD4
steel (norm EN 10 083) to characterize its behavior at strains (up to
2), strain rates (up to 50 /s) and temperatures (200 to 400×C) cor-
responding to extrusion application. A specific experimental set-up
making it possible to realize tests at velocities up to 9 m/s was used
and specific specimens were designed to ensure security during
impact. The choice of the specimen shape is discussed and the in-
dependence of the results to friction is highlighted. An inverse anal-
ysis of a finite element model is used to identify the parameters of
a rheological law chosen to well-describe steel behavior at interme-
diate strain rates.

EXPERIMENTAL AND COMPUTATIONAL METHODS 
FOR SHAPE MEMORY ALLOYS  

Guruprasad Ramanathan  Hibbit, Karlsson & Sorenson Inc. 
vpp@nestor.cwru.edu  

Vassilis Panoskaltsis  Case Western Reserve University 
Robert Mullen  Case Western Reserve University 

Gerhard Welsch  Case Western Reserve University 

The unique properties of Shape Memory Alloys (SMA) have drawn
the interest and attention of both engineers and scientists alike. The
mechanisms that govern these behaviors are still a subject of re-
search and there is a need for the development of reliable constitu-
tive relationships. This work focuses its attention on one such
interesting material viz. NiTi that is enjoying the widest application
due to its superior memory and structural properties. The first step
in developing a constitutive model is to understand the behavior of
these materials under combined thermal & mechanical loading cy-
cles. A series of both macro and microscale tests were designed
and conducted. The testing methodology and specimen prepara-
tion for High Resolution Electron Microscopy is discussed. Finally
we present comparisons between our experimental results and
those conducted independently by other research groups. A gener-
al inelastic framework for the derivation of general three-dimen-
sional thermomechanical constitutive laws for materials undergoing
phase transformation is used. The framework is the result of com-
bination of elements from generalized plasticity theory and the the-
ory of continuum damage mechanics. This formulation is capable
of accommodating the multiple and interacting loading mecha-
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nisms, which is an integral part of the modeling of materials with
phase transformations like SMA. This is then used to develop an in-
ternal variable thermomechanical constitutive model for SMA ma-
terials. The model�s predictive capabilities in describing important
material charateristics, associated with internal phase transforma-
tions are assessed. These include shape memory effect, stress-
strain-temperature relations for pseudoelasticity under monotonic
and cyclic loading, and energy dissipation of the material that gov-
erns its damping behavior.

Dynamics, Identification and Control of Ca-
ble Systems 
June 3, 2002 
16:30
Chair: Vincenzo Gattulli  Universitá di L Aquila

ANALYTICAL METHOD FOR THE DYNAMIC ANALYSIS 
OF COMPLEX CABLE STRUCTURES  

Luca Caracoglia  The Johns Hopkins University 
nick@jhu.edu  

Nicholas Jones  The Johns Hopkins University 

The problem of vibration mitigation of stay cables in cable-stayed
bridges becomes challenging when the solution that is chosen in-
terconnects the stays by means of transverse cross-ties. The mod-
al analysis problem of the individual cable is therefore transformed
into that of a more complex �grid structure�, in which the behavior
is influenced both by global and local characteristics. A generalized
analytical technique, founded on taut-string theory, is first present-
ed; the original theory is extended and applied to the case of cable
networks, in which the force-deformation characteristics of the
transverse connectors are initially simulated by means of linear
models (springs, rigid elements). Subsequently, a modification to
the original approach considers the addition of dampers in specific
locations of the structure. The use of complex-domain analysis is
therefore introduced; in this way a generalized tool for the analysis
of a wide class of problems is developed. The procedure is applied
to simplified cases, in which the results are compared to closed-
form solutions, and subsequently extended to multi-degree-of-free-
dom systems and large existing structures (e.g., Fred Hartman
Bridge).

DYNAMICS OF A STRETCHED STRING WITH A 
MOVING END  

Jacqueline Bridge  The University of the West Indies 
jbridge@eng.uwi.tt  

The response of a string with an axially oscillating end support was
investigated analytically. The assumed modes method was used to
convert the original continuous system into a series of Hill�s equa-
tions. First order approximate solutions were obtained using the
method of averaging. The impact of the natural frequencies of vi-
bration of the unperturbed system being commensurate was also
examined. The transition curves, separating regions of stability and
instability, were determined for even and odd combination reso-
nances of the frequency of the axially oscillating end. The influence
of the amplitude and frequency of the oscillation of the moving sup-
port was discussed.
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ANALYTICAL INVESTIGATION OF THE 
PERFORMANCE OF A DAMPER WITH A FRICTION 

THRESHOLD FOR STAY-CABLE VIBRATION 
SUPPRESSION  

Joseph Main  Johns Hopkins University 
jmain@jhu.edu  

Nicholas Jones  Johns Hopkins University 
nick@jhu.edu  

Because of the problematic large-amplitude vibrations that have
been observed on the cables of the Fred Hartman cable-stayed
bridge in Houston, Texas, a vibration suppression system is being
designed, which will supplement the current cross-tie restraining
system with fluid dampers, to be attached to the cables transverse-
ly near the anchorages. In the preparation of the damper design, in-
quiry revealed that fluid dampers typically may have a significant
inherent friction threshold even when specified to have a linear
force-velocity relationship. When the forces in the damper are be-
low this friction threshold, the damper is completely locked, and no
energy is dissipated. Motivated by the potentially large magnitude
of the damper friction threshold and the apparent significance of its
effect in the measured data, this paper presents an analytical inves-
tigation of the influence of a friction threshold on damper perfor-
mance and summarizes a proposed design procedure that
accounts for the friction threshold. This procedure determines the
maximum allowable friction threshold, the viscous damper coeffi-
cient, and the power dissipation and maximum force capacities.

NEW CONTROL MECHANISM OF TUNED MASS 
DAMPER FOR STRONG WIND-INDUCED COUPLED 

VIBRATION OF LONG-SPAN BRIDGES IN 
HURRICANE PRONE AREA  

Suren Chen  Louisiana State University 
schen3@lsu.edu  

Chunsheng Cai  Louisiana State University 
cscai@lsu.edu  

In the past decades, the control mechanism of Tuned Mass Damp-
er (TMD) has been well studied for bridges with weak modal cou-
pling. With the increase of bridge span lengths and the tendency of
the bridge cross-section being more slender and streamlined, the
vibration modes of the bridge are more prone to couple together
due to the interaction between the bridge and the strong wind. How-
ever,the mechanism of TMD in the control of coupled vibration is
still not clear. The objective of this study is to develop a control
mechanism that will be efficient not only for the control of resonant
vibration, but also for controlling the response component due to
modal coupling. For this purpose, a theoretical derivation of cou-
pled buffeting response of the bridge-TMD system is made. With
the derived analytical formulation, control theory of TMD on cou-
pled vibration is analytically and numerically investigated. It is
found that the TMD can suppress the coupled response through
demolishing the modal coupling effects originally existed among
modes, in addition to traditionally suppressing the resonant re-
sponse.

NONLINEAR QUADRATIC INTERACTIONS IN CABLE-
STAYED BEAMS  

Vincenzo Gattulli  Universitá di L Aquila, Italy 
gattulli@ing.univaq.it  

Achille Paolone  Universitá di Roma, "La Sapienza" 
Giulio D Amore  Universitá di L Aquila, Italy 

 

An analytical model is proposed to study the nonlinear interactions
between deck and cable motions in cable-stayed bridges. The inte-
gro-differential problem, describing the in-plane motion of a simple
cable-stayed beam, presents quadratic and cubic nonlinearities in
the cable equation and at the boundary cable-beam connection.
System modal properties analytically derived evidence the occur-
rence of 1:2 and 1:3 internal resonances in the parameter range of
technical interest. Quadratic interactions appearing at lower oscil-
lation amplitude than cubic are the primary object of the study. Two
cases of 1:2 resonance, namely, global-local and local-global inter-
actions are analyzed by a 2dof analytical model. In the first case,
the cable undergoes large oscillations due to an energy-transfer
from lower-frequency (global mode) to higher-frequency (local
mode) which are amplified for cable of light weight. In the second
case, cable oscillations are induced by global motion at a double
frequency of the first local mode through the well-known parametric
excitation phenomenon.
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Dynamics of Structures II 
June 3, 2002 
16:30 
Chair: Rene Testa  Columbia University

DYNAMIC PROGRESSIVE COLLAPSE OF FRAME 
STRUCTURES  

Griengsak Kaewkulchai  The University of Texas at Austin 
ewilliamson@mail.utexas.edu  

Eric Williamson  The University of Texas at Austin 
 

Current research on the dynamic progressive collapse of frame
structures is presented in this paper. Unlike previous studies that
have approached the problem without consideration of inertial ef-
fects, our research addresses the importance of dynamic load re-
distribution. For the present study, a computer program has been
developed for analyzing dynamic progressive collapse of 2-D frame
structures. Newmark�s method, in conjunction with Newton-Raph-
son iterations, is used for computing system response as a function
of time. Both geometric and material nonlinearities are considered.
A damage index is also computed to account for the effects of
strength and stiffness degradation, and it is used to determine the
onset of member failure. Following member failure, the analysis
continues through the use of a modified member stiffness proce-
dure with releases of end forces. The paper concludes with a dis-
cussion of other important factors related to progressive collapse
including the prediction of impact forces that may result after a
member has failed and strikes a portion of the remaining structure.

RELATION BETWEEN FAILURE STATE OF 
REINFORCED CONCRETE COLUMNS AND INPUT 

ENERGY IN LARGE SCALE SHAKING TABLE TEST  
Atsushi Kato  National Research Institute for Earth Science 

and Disaster Prevention (NIED), Japan 
kato@bosai.go.jp  

Keiichi Ohtani  National Research Institute for Earth Science 
and Disaster Prevention (NIED), Japan 

Ichiro Nagashima  Taisei Corporation Technology Center, 
Japan 

Shunji Fujii  Taisei Corporation Technology Center, Japan 

It is widely recognized that the energy values of a seismic wave,
such as total input energy and momentary input energy, are gener-
al destructive-power indexes of the earthquake, which is indepen-
dent of structure types. However, adaptability of these indexes to
the structures at non-linear state, where the strength of the struc-
ture decreases and residual deformation occurs, have not been ful-
ly examined. One of the reasons is that time history analysis
methods of structures at a strength degradation state is still under
development. In this study, large scale shaking table tests of rein-
forced concrete columns were performed, and the relationship be-
tween the failure state of the columns and the input energy was
examined. From these test results, the adaptability of the energy in-
put value as a destructive-power index at a strength degradation
state was confirmed

EFFECT OF SURFACE IRREGULARITIES ON THE 
DYNAMIC RESPONSE OF BRIDGE-VEHICLE 

SYSTEMS  
Yaxin Song  University of Illinois 

ysong5@uiuc.edu  
Fabio Biondini  Polytechnic University of Milan 

biondini@stru.polimit.it  
Lawrence Bergman  University of Illinois 

lbergman@uiuc.edu  

In a careful investigation of the effects of bridge surface roughness
on the dynamical response of bridge-vehicle systems, three impor-
tant aspects should be addressed. First, the interactions between
bridge and vehicles should be accounted for; second, a good rep-
resentation of bridge surface roughness is necessary; and, finally,
the model of the bridge should be as realistic as possible. However,
in most of the available literature on the subject, one or more of
these elements is downplayed. In this paper, a Monte Carlo simu-
lation technique is employed to study the related random vibration
problem. The irregularities in the bridge surface are modeled as a
stationary, zero mean Gaussian process with a specified power
spectral density (PSD), from which sample functions are generated
by Shinozukaís method. To model a slab-girder bridge, a finite ele-
ment formulation is used. ìMoving massî and ìmoving oscillatorî so-
lutions are obtained. It is found that the ìmoving massî simulation
does not give reasonable results and that the distribution of Dynam-
ic Amplification Factors (DAF) can be described well by a double
log-normal probability distribution.

MODELING CRACK CLOSURE EFFECTS ON 
FREQUENCY AND DAMPING  

Rene Testa  Columbia University 
testa@civil.columbia.edu  

Wuzhen Zhang  Amman & Whitney 

Because vibration signatures can be used to identify the presence
of fatigue cracks and assist in locating damage, it is important to un-
derstand how cracks affect modal frequencies and damping. Ex-
perimental results are presented here to show how the effect of a
crack depends on the crack history and the degree of crack closure.
Nonlinear effects are demonstrated. Modeling of the mechanism by
which the crack interfaces affect frequency and damping is out-
lined.
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Probabilistic Methods - II 
June 3, 2002 
16:30 
Chair: George Deodatis  Columbia University

OPTIMAL EARTHQUAKE INSURANCE IN RISK 
MANAGEMENT  

Masaru Hoshiya  Musashi Institute of Technology 
mhoshiya@eng.musashi-tech.ac.jp  

Takaaki Nakamura  Shinozuka Research Institute 
Tomoya Mochizuki  Shinozuka Research Institute 

Seismic risk of a building may be represented by an index R de-
fined by the product of loss L and its probability of occurrence P. In
order to reduce the potential risk, there can be various measures
considered. If the risk R is large and is plotted in a zone of large L
with relatively small P, it can be considered to transfer a part of the
potential risk to insurance. This study investigates role of insurance
as a supplemental measure for disaster prevention and will pro-
pose a methodology on how to determine optimal premium for the
owner of a building associated with earthquake disaster prevention.
First, the role of insurance in risk management is discussed and a
condition required for admissible premium for the owner is derived
in terms of expected utility function Eo[U(L(x,T))],the expected loss
of owner and Ei[L(x,T)],the premium which is the part of the expect-
ed loss transfered to insurance company, plus kEi[L(x,T)], the load-
ing which is the commission of the company, where x is a control
parameter vector, T is the period in years, and the cofficient k is the
ratio of the commisssion to the premium. Then, a methodology is
proposed to find the optimal life cycle cost LCC(x,T), incorporated
with a method to find the optimal premium such that the expected
annual loss of owner becomes minimum. Finally, a numerical ex-
ample for an office building is carried out to demonstrate the meth-
odology. It is noted that the LCC is given by LCC(x,T) = C(x) +
Eo[U(L(x,T))] + (1 + k)Ei[L(x,T)], where C(x) is the initial cost. Ordi-
nary maintenance costs are excluded in this study. In the optimiza-
tion of insurance, it is sought to find the optimal maximum payment
limit of premium such that the difference between LCCs with and
without insurance becomes maximum, while the deduction limit of
premium and the ratio k are fixed. Optimization of LCC is made to
find x such that LCC becomes minimum.

SIMPLE ESTIMATION METHOD OF EXTREME 
RESPONSE TO NON-STATIONARY EXCITATION  

Yasuki Ohtori  Central Research Institute of Electric Power 
Industry 

ootori@criepi.denken.or.jp  

This paper presents simple but accurate expressions to estimate
the characteristics of extreme responses subjected to non-station-
ary excitations. The expressions are empirically determined based
on extensive numerical simulations, which are carried out for linear
SDOF(Single Degree of Freedom) systems subjected to white
noise excitations. A new parameter representing the "strength of
non-stationarity" of the response is proposed for organizing the
characteristics of extreme responses. The expressions for the peak
factor and the coefficient of variation of extreme values are empiri-
cally determined as a function of the proposed parameter. The re-
sponse spectra subjected to filtered white noise excitations are

evaluated for verifying the accuracy of the expression of the peak
factor. The comparisons with MCS(Monte Carlo Simulation) show
that the expression of the peak factor is not only simple but also ac-
curate for non-stationary response.

CORRELATION EFFECTS ON RELIABILITY 
ASSESSMENT OF STRUCTURAL SYSTEMS  

Hasan Kamal  Kuwait Institute for Scientific Research 
hkamal@safat.kisr.edu.kw  

Bilal Ayyub  University of Maryland at College Park 

Reliability of a structural system is assessed for both noncorrelated
and correlated structural components. The existence of correla-
tions among components of structural systems is examined in this
paper. Simulation methods are used to model correlations among
structural components and to assess the components and system
probabilities of failure. Fault tree analysis is used as a method for
assessing the reliability of systems. The direct Monte Carlo method
is used as a simulation method. The antithetic variate technique is
selected as a variance reduction technique and used in the simula-
tion method to improve the simulation efficiency and accuracy. The
results showed that correlation among structural components af-
fected the reliability of structural systems. Correlations also affect-
ed the sequence of combined failures of components in the system.
The use of variance reduction technique improved the simulation
efficiency and accuracy.

FORM ANALYSIS USING CONSISTENT 
APPROXIMATIONS  

Johannes Royset  University of California, Berkeley 
joroyset@ce.berkeley.edu  

Elijah Polak  University of California, Berkeley 
polak@eecs.berkeley.edu  

Armen Der Kiureghian  University of California, Berkeley 
adk@ce.berkeley.edu  

Using the theory of consistent approximations, we construct an al-
gorithm model for the solution of the optimization problem required
in first-order reliability analyses. The algorithm model accounts for
approximations in the evaluations of the limit-state function, and
uses a test to gradually increase the accuracy of the limit-state
function evaluations. The algorithm model leads to a significant re-
duction in the computational time compared to constantly high-ac-
curacy evaluations of the limit-state function.

ASSESSMENT OF SAMPLING ERRORS IN PEAK 
WIND-INDUCED INTERNAL FORCES  

Fahim Sadek  NIST 
fahim.sadek@nist.gov  

Sofia Diniz  Federal University of Minas Gerais, Belo Horizon-
te, Brazil 

sofia.diniz@nist.gov  
Emil Simiu  NIST 
emil.simiu@nist.gov  

Peak values in time histories of wind effects may be obtained by us-
ing the entire information inherent in the time series of the wind ef-
fect, a method entailing the estimation of the probability distribution
of the peak through the application of the classical Rice procedure
extended for non-Gaussian time histories. This paper presents es-
timates, needed for structural reliability calculations, of the sam-
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pling errors inherent in this method. If based on the analysis of one-
hour long records generated by Monte Carlo simulation, typical
sampling errors in the estimation of peaks of time histories corre-
sponding to windstorms of one-hour duration are about 5 %. If
based on 30 min or 20 min records they are about 1.5 times or twice
as large, respectively. Consideration of the sampling errors in reli-
ability calculations entails an increase in the requisite safety mar-
gins with respect to wind loading of about 3 % if one-hour records
are used and somewhat larger if 20-min or 30-min records are
used.

Syposium on Micromechanics of Heteroge-
neous Materials - Session IV 
June 3, 2002 
16:30 
Chair: Chien Wu  University of Illinois at Chicago

MULTI-PASS HOMOGENIZATION OF HONEYCOMB 
SANDWICH PLATES

Xi Xu  The Johns Hopkins University 
Qiao@uakron.edu  

Pizhong Qiao  The University of Akron 

The computations of honeycomb sandwich structures are generally
processed by continuum modeling of heterogeneous cellular struc-
tures, due to the difficulty of solving 3-D partial differential equa-
tions with oscillating coefficients. The existing acquisition of
equivalent elastic properties, based on the models without skin fac-
es accounted for, results the computed equivalent stiffnesses erro-
neous, particularly for sandwich plates with characteristic
periodicity e comparable to plate thickness d. To develop an effec-
tive and accurate theoretical approach for general cellular sand-
wich structures, the application of homogenization theory to
periodic plates is presented and extended to include transverse
shear deformation theory in this study.

Based on the scaling asymptotic expansions about plate thickness
d for sandwiches with comparable characteristic periodicity e, the
homogenization functions P, U, and V are formulated implicitly in 3-
D elliptical equations corresponding to the modes of transverse
shear, in-plane stretch and out-plane bending. The solutions of
these periodic functions are analytically obtained through a Multi-
Pass Homogenization (MPH) technique that includes the first pass
of a Geometry-to-material Transformation Model (GTM) and the
second pass of 2-D unit cell homogenization. The derivation not
only leads to analytical formulas of homogenized÷ elastic stiffness
of honeycomb sandwiches but also demonstrates the significance
of usually neglected skin effect on honeycomb computations. Final-
ly, a periodic unit cell finite element modeling technique is devel-
oped to validate the analytical approach and further complement it
with skin rigidity considered.

STUDIES ON REINFORCED CEMENT DEEP MIXING 
SOIL (R-CDM) BY DISCRETE RANDOMLY 

DISTRIBUTED FIBER (DRDF)  
Randa Shbib  Okayama University 

syrnd@msn.com  
Tatsuro Okumura  Okayama University 

okumura@cc.okayama-u.ac.jp  

From the viewpoint of low tensile strength and brittle character of
treated soils by CDM, Discrete Randomly Distributed Fibers
(DRDF) has been used as a new additional additive. A series of un-
confined compression and splitting tension test was conducted on
fiber/cement/alluvial soil composite to evaluate the influence of fi-
ber inclusion on their static behavior. Results of the experiments
showed that fiber inclusion in addition to solve the problem of brittle
failure increased the unconfined compressive and splitting yield
tensile strength and significantly increased the ductility and thus; fi-
ber inclusion is expected to play a good role as cost-save factor and
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may lead to a new generation of soft ground improvement by CDM
technique.

Herein, effort has been focused on studying the FR-CDM system
quantitatively by analyzing the unit volume of the composite under
full saturation condition and physical properties of the composite
has been studied with respect to fiber content and cement dosage.
Formulas express some important physical properties have been
established as an essential step for the future research work in this
area.

ANTIPLANE SHEAR OF ELASTIC AND 
VISCOELASTIC FIBER COMPOSITES WITH 

NONLINEAR INTERFACE 
Alan Levy  Syracuse University 

ajlevy@syr.edu  

Antiplane shear of elastic and viscoelastic composite cylinders con-
taining interfaces whose shear-slip behavior is captured by uniform
Needleman-type cohesive zones is analyzed. Previous work on the
elastic problem leads to a constitutive framework consisting of a
shear stress-shear strain relation depending on the interface slip
discontinuity together with an integral equation governing its evolu-
tion. Results for the fiber composite follow from the composite cyl-
inders representation of an RVE together with variational bounding.
Here, we present an exact single mode solution to the integral
equation and utilize it to treat the single mode elastic and viscoelas-
tic problems. For a rigid fiber embedded in a matrix which is a stan-
dard solid in shear we find a pair of nonlinear first order differential
equations which govern relaxation response through the time de-
pendent shear stress and interface slip magnitude, and creep re-
sponse through the time dependent shear strain and interface slip
magnitude. Graphs of creep and relaxation response are presented
for an interface model that allows for shear interface failure.

ELECTROMIGRATION AND THE BACK FLO 
POTENTIAL IN THIN FILMS AND LINES  
Chien Wu  University of Illinois at Chicago 

cwu@uic.edu  

Electromigration (EM) in a metal line is the phenomenon of flow of
the metal atoms along the line. The flow is driven by the current of
electrons and is also affected by the variation of chemical potential
along the line. The replacement of atoms leads to a change in
eigenstrain, which, in turn, alters the chemical potential. It was first
experimentally observed by Blech [1] that a reverse chemical po-
tential gradient could actually produce a back flow of atoms. Since
the chemical potential is very often dominated by a stress term, this
back flow is very often attributed to the presence of a stress gradi-
ent [1, 2, 3]. In microelectronic applications metal lines are usually
subjected to the actions of large thermally induced eigenstrain even
before the current is turned on. This large eigenstrain, together with
the EM-induced eigenstrain, may lead to a nonlinear back flow that
may be analyzed by a recent result [4] and is presented in this pa-
per.

[1] I. A. Blech, J. Appl. Phys. 47, 1203 (1976) [2] M. A. Korhonen, P. Borge-
sen, K. N. Tu and C-Y Li, J. Appl. Phys. 73, 3790 (1993) [3] Z. Suo, Acta mat-
er. 46, 3725 (1998) [4] C. H. Wu, J. Mech. Phys. Solids 49, 1771 (2001)

Coupled Problems in Mechanics of Materi-
als 
June 3, 2002 
16:30  
Chair: Franz-Josef Ulm  Massachusetts Institute of
Technology

EFFECT OF TRANSIENT HIGH TEMPERATURE ON 
HEAVYWEIGHT, HIGH STRENGTH CONCRETE  

Mohamed Mahdy  Mansoura University, Mansoura, Egypt 
mmahdy@mum.mans.eun.eg  

Philip Speare  City university, London, UK 
P.R.S.Speare@city.ac.uk  

Ahamed Abdel-Reheem  Mansoura university, Mansoura, 
Egypt 

In the present work, 12 mixes were selected to achieve a slump
above 100 mm and strength up to 140 MPa at 180 days. To achieve
this a 0.24 water/cement ratio and 3.5% superplasticiser were
used. The investigation used three levels of silicafume (0, 10%,
20% by weight of cement), two coarse aggregate proportions of to-
tal aggregate (0.48, 0.65 by volume) and both magnetite and natu-
ral sand fine aggregate were used. The effect of transient high
temperature on strength of heavy weight high strength concrete
was investigated. There were three exposure durations (0, 1hr,
2hrs.) at temperatures of 100, 300, 500 and 700 C. As the temper-
ature increased to 100 C, the strength decreased compared to the
room temperature strength. With further increase in temperature,
the specimens recovered the strength loss and reached a peak
strength of 10 to 30 % above the room temperature strength. At the
temperature 500 and 700 C, the strength in each case dropped
sharply.

AUTOGENOUS AND THERMAL DEFORMATIONS OF 
LOW WATER/CEMENT RATIO CEMENT PASTE AT 

EARLY AGE.  
Turcry Philippe  Ecole Centrale nantes 

ahmed.loukili@ec-nantes.fr  
Loukili Ahmed  Ecole Centrale nantes 

The influence of temperature on the autogenous shrinkage of ce-
ment paste has been studied using the maturity approach based on
Arrhenius� law. The external volume change of cement paste was
measured by hydrostatic weighing. In order to separate the thermal
and autogenous deformations, the Thermal Dilation Coefficient
(TDC) was determined at both 20×C and 30×C. Investigations have
shown that maturity can be used to predict autogenous shrinkage
under realistic conditions as long as temperatures remain between
10×C and 40×C. Outside of this temperature range, the calculated
autogenous deformation and measured isothermal shrinkage are
quite different and, as a result, autogenous shrinkage appears to
be dependent on more than hydration advancement alone.
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COUPLED HYDRO-MECHANICAL AND DAMAGE 
MODEL FOR CONCRETE AS AN UNSATURATED 

POROUS MEDIUM  
Bary Benoit  Universtity of Marne-La-Vallèe 

bary@univ-mlv.fr  

The long-term behavior of concrete is largely dependent, in many
applications of civil engineering, of the transfer phenomena of the
fluid phases filling the pores, which are governed by diffusion and
permeation processes (shrinkage, creep). In this study the con-
crete is described as a porous medium made up of two phases (sol-
id and liquid) in interaction by using the mechanics of isothermal
unsaturated porous media. Two isotropic damage variables are in-
troduced in the formulation for reproducing the degradations ap-
pearing in tension and compression, as well as their effects on the
hydro-mechanical coupling parameters. The main transfer phe-
nomenon is assumed to be controlled essentially by pore water
pressure gradients, and consequently the capillary pressure, relat-
ed to the saturation degree via the desorption isotherm curve, de-
fines the state of the liquid phase. Under this hypothesis the
governing equations are established in function of the capillary
pressure in the case of the drying shrinkage of concrete. The anal-
ogy between the proposed simplified formulation and the more
classical problem of a saturated porous medium is briefly analyzed.

OPTIMIZATION OF MASS CONCRETE CONSTRUCTION 
USING GENETIC ALGORITHMS  

Eduardo Fairbairn  Universidade Federal do Rio de Janeiro 
eduardo@coc.ufrj.br  

Marcos Silvoso  Universidade Federal do Rio de Janeiro 
silvoso@labest.coc.ufrj.br  

Jose L Alves  Universidade Federal do Rio de JAneiro 
jalves@lamce.ufrj.br  

Romildo Toledo Filho  Universidade Federal do Rio de Jan-
eiro 

toledo@labest.coc.ufrj.br  

This paper presents a procedure to optimize the construction of
massive concrete structures using genetic algorithms. The main
loading condition for such structures corresponds to strains im-
posed by the effects of the hydration reaction, namely the thermal
strains and the autogenous shrinkage strains. The coupled model
developed by Ulm and Coussy implemented in a 3D computer code
may be used to compute the transient hydration, thermal and stress
fields. The decision variables for the optimization process are: the
material characterized by its hydration properties; the thickness of
the lifts; the placing frequency and the placing temperature. The op-
timization problem is defined by the fitness function which is the to-
tal cost of the construction and the constraint (penalty) which
corresponds to thermal cracking. The example corresponding to
the layered construction of a concrete block displays the potential-
ity of the present method as an optimization tool for massive con-
crete structures.

Frank L. DiMaggio Symposium on 
Constitutive Modeling of Geomaterials IV 
June 3, 2002 
16:30 
Chair: Majid Manzari  The George Washington University 
Co-Chair: A. (Rajah) Anandarajah  Johns Hopkins Uni-
versity

A CONSTITUTIVE PLATFORM FOR SAND MODELING  
X.S. LI  Hong Kong University of Science & Technology 

xsli@ust.hk  

This paper addresses the issue of sand dilatancy and the impact of
fabric anisotropy. A platform model based on the concept of state-
dependent dilatancy is introduced first, and a joint invariant, A, of
the stress tensor and a second-order fabric tensor is developed af-
terwards. With this objective measure of the sand anisotropy state,
the dilatancy and plastic hardening are formulated, and the critical-
state line is assumed non-unique in the e-p-q space but unique in
the e-p-q-A space. This simple approach is rigorous and correct
within the fundamentals of anisotropic constitutive modeling and
captures some of the most important features of stress-strain-
strength responses of sand including the impact of inherent fabric
anisotropy under proportional loading condition.

DAMAGE MODELING OF SATURATED ROCKS IN 
DRAINED AND UNDRAINED CONDITIONS  

jianfu shao  LML-EUDIL, University of lille 
Jian-Fu.Shao@eudil.fr  

yingfa lu  LML-EUDIL, University of lille 

This paper deals with constitutive modeling of saturated brittle
rocks in drained and undrained conditions. Induced anisotropic
damage is an essential feature of brittle materials like rocks and
concrete. A macroscopic poroelastic damage model is proposed,
based on relevant results from micromechanical considerations.
We use a second rank tensor to represent density and orientation
of microcracks. The constitutive equations are derived from a ther-
modynamic potential. The damage evolution is directly related to
microcrack propagation condition. Effective poroelastic coefficients
of damaged material are determined from micromechanical analy-
sis. The validity of effective stress concept is discussed. The model
is applied to a saturated typical brittle rock in drained and undrained
conditions. We have obtained a good corroboration between mod-
el�s predictions and experimental data.
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A CONTINUUM DAMAGE APPROACH OF ASPHALT 
CONCRETE FATIGUE TESTS

Didier Bodin  Laboratoire Central des Ponts et Chaussèes 
didier.bodin@lcpc.fr  

Gilles Pijaudier-Cabot  Laboratoire de Gènie Civil de Nantes 
Saint-Nazaire 

gilles.pijaudier-cabot@ec-nantes.fr  
Chantal de La Roche  Laboratoire Central des Ponts et 

Chaussèes 
chantal.de-la-roche@lcpc.fr  

Armelle Chabot  Laboratoire Central des Ponts et 
Chaussèes 

armelle.chabot@lcpc.fr  

To forecast pavement fatigue cracking, fatigue performances of as-
phalt mixtures are assessed using laboratory cyclic fatigue tests. A
damage model is implemented to predict the behavior of asphalt
mixtures during these tests. Under sinusoidal loading, the evolution
of the complex modulus of the material is defined as the damage
variable associated to a microcracking mechanism. Its evolution
during fatigue tests is described by an elasticity based, nonlocal
damage model. A cycle based time treatment is implemented into
a finite element code, to simulate high cycle fatigue tests. The dam-
age model parameters identification is performed using uniaxial fa-
tigue tests. With these parameters, bending fatigue tests simulation
results are discussed. The comparison between simulated results
and experimental data points out a good approximation of the frac-
ture process before damage localization in the specimen.

A THEORETICAL ANALYSIS OF HYSTERETIC 
MATRIC SUCTION AND EFFECTIVE STRESS IN 

UNSATURATED SANDY SOILS  
William Likos  Colorado School of Mines 

wlikos@mines.edu  
Ning Lu  Colorado School of Mines 

ninglu@mines.edu  

An analysis is conducted for modeling the constitutive relationships
among water content, matric suction, and capillary cohesion in un-
saturated granular soils. By considering changing meniscus geom-
etry, matric suction and effective stress are evaluated as functions
of water content for spherical soil particles under the pendular pore-
water regime. The contact angle at the interface between the pore-
water and the soil particles is considered as an arbitrary variable so
that its effects on the hysteretic behavior of matric suction, effective
stress, and capillary cohesion may be evaluated. The analysis pro-
vides a theoretical basis for describing several well-known phe-
nomena in unsaturated soil behavior. Varying the contact angle
from 0× to 40× to simulate drying and wetting processes respec-
tively is shown to have an appreciable impact on hysteresis in the
constitutive behavior of the modeled soils. The observations afford
an improved understanding of the behavior of real unsaturated
soils undergoing natural wetting and drying processes.

EXPERIMENTAL AND COMPUTATIONAL MODELING 
OF ELASTO-PLASTIC CONSTITUTIVE BEHAVIOR OF 
AN UNSATURATED SOIL UNDER TRUE TRIAXIAL 

STRESS STATES  
Laureano Hoyos  University of Texas at Arlington 

lhoyos@ce.uta.edu  
Pedro Arduino  University of Washington 
Emir Macari  National Science Foundation 

Computational constitutive drivers are implemented for the numer-
ical simulations of suction-controlled conventional triaxial tests on
unsaturated soils using two elasto-plastic critical state based for-
mulations: Barcelona model and Oxford model. Simulations are ob-
tained from both explicit and implicit integration techniques. The
algorithms support numerical analyses in a deviatoric stress plane
by using a mixed control constitutive driver in conjunction with a
Generalized Cam-Clay model, within a constant-suction scheme.
Results from a series of suction-controlled conventional triaxial
tests on 10-cm side cubical specimens of compacted silty sand, us-
ing a controlled stress and suction cubical test cell, are used for val-
idation of both models. Matric suction states in the specimens were
induced and maintained constant during testing via axis-translation
technique.
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Experimental Methods for Particulate Ma-
terials - I 
June 3, 2002 
16:30 
Chair: Anil Misra  University of Missouri 
Co-Chair: Jin Ooi  University of Edinburgh

FAILURE AND SHEAR BANDING IN THREE-
DIMENSIONAL EXPERIMENTS ON LOOSE SANDS

Jerry Yamamuro  University of Delaware 
yamamuro@ce.udel.edu  

Saul Shapiro  Cutting Edge Group, LLC 
ss1@cuttingedge-group.com  

An experimental study on the effects of non-plastic silt on the three-
dimensional drained behavior of loose sands was performed em-
ploying a true triaxial testing apparatus. Laboratory experiments
were performed on clean sand and sand containing 20% non-plas-
tic silt. Results indicate the failure stress levels and the overall
trends of the stress-strain behavior were similar for both sands.
However, the volume change behavior is significantly influenced by
the presence of silt. The silty sand exhibited higher degrees of vol-
umetric contraction during shearing than the clean sand. Relative
density was used as the basis of comparison. Shear band develop-
ment appears to have caused failure in all true triaxial testing per-
formed, except in triaxial compression. This form of instability
appears to increase its influence on the experimental results as the
participation of the intermediate principal stress increases. The for-
mation of shear bands also appears to coincide with the cessation
of contractive volumetric strains.

EVOLUTION OF GVHMAX UNDER ISOTROPIC AND 
DEVIATORIC STRESS PATHS IN GRANULAR 

MATERIALS  
Christophe DANO  Civil Engineering Laboratory of Nantes 

Saint-Nazaire 
Christophe.Dano@ec-nantes.fr  

Pierre-Yves HICHER  Civil Engineering Laboratory of Nant-
es Saint-Nazaire 

The effect of the mean effective stress on the elastic properties of
unbound granular materials is a well-known experimental result.
Power laws between the mean effective stress and the shear mod-
ulus Gvhmax of three natural sands are established for isotropic
stress paths using bender elements. Triaxial test results reveal that
such power laws are also suitable for contracting deviatoric stress
paths whereas it is no longer the case for dilating deviatoric stress
paths. Fabric changes during shearing are therefore highlighted.
These observations seem to be a typical feature of the behavior of
granular materials.

EFFECTS OF STRAIN RATE IN COHESIONLESS SOIL  
Antonio Abrantes  Clarkson University 

yamamuro@ce.udel.edu  
Jerry Yamamuro  University of Delaware  

Cohesionless specimens composed of coral sand are tested over
a wide range of strain rates, varying from traditional static rates to
approximately 1100 %/sec measured globally. Due to the high
loading rates associated with transient testing, drained triaxial com-
pression tests using evacuated axisymmetric specimens are per-
formed. High-speed film photography coupled with digital image
analysis techniques are used to capture specimen deformations
and piezoelectric load cells measure the load for transient tests. A
traditional style load cell and loading frame is used for static testing.
A custom designed loading apparatus and triaxial cell are used to
perform the transient testing. Photographic images are presented
that illustrate changes in specimen deformation patterns for high
strain rate tests. Preliminary results suggest granular materials ex-
perience measurable strain rate effects. Two separate series of
tests under medium and loose configurations are presented.

VOIDS DISTRIBUTION OF SAND SPECIMENS BY MRI  
Tang-Tat Ng  University of New Mexico 

tang@unm.edu  
Dave Aube  University of New Mexico 

Steven Altobelli  New Mexico Resonance 

This paper presents the void distribution of sand samples prepared
by under-compaction method. Three different particle sizes of Otta-
wa sands are used in this study. The samples were prepared with
a newly fabricated non-metallic triaxial cell. The triaxial cell was
then put inside the magnetic core for Magnetic Resonance Imaging
(MRI). The MRI at New Mexico Resonance have a resolution of one
part in 512 which is 0.1 mm for a 5-cm specimen making it suitable
to study the void distribution. We captured the image of the voids
(filled with water) between solid particles. Measurements yield the
initial packing of the specimens. Uniformity of the samples can be
detected. This study will demonstrate the feasibility of using MRI to
study the void distribution of sands.
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Fluids - Hydrodynamic Modeling 
June 3, 2002 
16:30 
Chair: John Edinger  J.E.Edinger Associates, Inc.

A THREE-DIMENSIONAL FINITE-ELEMENT MODEL 
OF SALTWATER INTRUSION IN KINGS AND QUEENS 

COUNTIES, NEW YORK  
Paul Misut  USGS 
pemisut@usgs.gov  

Jack Monti  USGS 
Clifford Voss   

A three-dimensional version of the U.S. Geological Survey�s
SUTRA ground-water flow model code (acronym for Saturated-Un-
saturated TRAnsport , available at http://water.usgs.gov/software)
is being tested for simulation of saltwater intrusion in the ground-
water system of Kings and Queens Counties on Long Island, New
York. This model solves two equations: a fluid mass balance for un-
saturated and saturated ground-water flow, and a solute mass bal-
ance. The solute concentration corresponds to the mass fraction of
total dissolved solids, and density dynamics driven by solute con-
centration are accounted for. An extensive geographic information
system of the region is the basis for representing complex model
geometry and boundary conditions in three dimensions. The direct-
banded matrix solver that is typically used with two-dimensional
SUTRA models has large computer-memory and processing re-
quirements and was replaced with an iterative solver.

HYDRODYNAMIC MODELING OF THE HUDSON RIVER 
ESTUARY  

J. Manson  RPI 
manson@rpi.edu  

Michael Baumeister   

In this paper the authors describe the development and preliminary
application of a two-dimensional hydrodynamically based transport
model for the Hudson River Estuary between the Troy Dam and
Hastings-on-Hudson. The model is based upon equations describ-
ing the conservation of mass and the conservation of momentum in
two horizontal directions with appropriate closure schemes for bed
friction and turbulent shear stresses. The resulting equations are
solved in a non-orthogonal coordinate system, which allows for the
easy application of the collected bathymetry data as river cross-
sections. The model is applied to the Hudson River Estuary, NY,
and is shown, at least qualitatively, to reproduce the hydrodynamic
behavior of the estuary. Discrepancies between model results and
observations are explained and future implications for transport
modeling are discussed.

SYSTEMATIC CALIBRATION OF A HYDRODYNAMIC 
AND WATER QUALITY MODEL  

George Krallis  JEEAI 
george.krallis@jeeai.com  

Edward Buchak  JEEAI 
 

This paper examines the problem of calibrating a coupled hydrody-
namic and water quality model, WQDPM, that consists of 11 state
variable equations with over 40 interrelated parameters and coeffi-
cients. The analysis is directed toward the question of how to sys-
tematically find the values of the parameters and coefficients by
comparing model results to field data. Proper calibration of the wa-
ter quality model requires having accurate representation of the in-
flows or loads of nutrients into the water body and selecting
appropriate model parameters.

FATE OF PESTICIDES IN UPPER CHESAPEAKE BAY  
Kristin Goetchius  The Johns Hopkins University 

kgoetchius@yahoo.com  
Haydee Salmun  Hunter College of the City College of New 

York 
hsalmun@geo.hunter.cuny.edu  

The fate and transport of atrazine, including effects of photodegra-
dation and a potential reaction with polysulfides, in the Upper Ches-
apeake Bay is investigated. A hydrodynamic model that includes all
relevant physical and chemical processes is used to show that atra-
zine is transported vertically down the water column to the sedi-
ment water interface where it may react with naturally occurring
polysulfides. Limited field data supports these results. Based on re-
action rates reported in the literature, model results show that nei-
ther photolysis nor the reaction with polysulfides decrease the
concentration of atrazine in the Upper Bay in any significant
amount. Our modeling study shows that the minimum reaction rate
required to decrease the concentration of atrazine in the bottom
layer is 1012 M-1s-1. The wide range of reaction rates used to ob-
tain these preliminary results suggests that a potential reaction be-
tween an herbicide or pesticide and polysulfides is not a significant
removal mechanism for agrochemicals in the Upper Chesapeake
Bay.

COMBINED HYDRODYNAMIC AND WATER QUALITY 
MODELING  

Venkat Kolluru  J.E.Edinger Associates, Inc 
John.Edinger@jeeai.com  

Edward Buchak  J.E.Edinger Associates, Inc. 
John Edinger  J.E.Edinger Associates, Inc. 

Zooplankton grazing in an important process in transferring partic-
ulate organic carbon, organic nitrogen, and organic phosphorous
from phytoplankton in the nutrient cycle. The organic carbon oxidiz-
es to simpler forms of carbon, the organic nitrogen is transformed
to ammonium, and the organic phosphorous is transformed to
phosphate phosphorous. The zooplankton grazing rate has been
traditionally formulated as a linear rate proportional to phytoplank-
ton density. More recent studies have indicated that density depen-
dent grazing rates that dependent on the square of the
phytoplankton density might be more realistic.

The two grazing functions are compared theoretically, and then
tested in a tidal estuary situation that has sufficient data to deter-
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mine how well the linear rate and the density dependent rate allows
estimating different water quality parameters within the estuary. A
three dimensional hydrodynamic model is used to accurately rep-
resent the estuary spatial and temporal velocity field that transports
the water quality constituents. The advantages of using the density
dependent relationship are shown.
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Tuesday - June 4th, 2002
Session Abstracts
Health Monitoring Benchmark Problem 
June 4, 2002 
9:45 
Chair: Dionisio Bernal  Northeastern University

FLEXIBILITY-BASED DAMAGE LOCALIZATION 
EMPLOYING AMBIENT VIBRATION  

Yong Gao  Univ. of Notre Dame 
ygao@nd.edu  

Manuel Ruiz-Sandoval  Univ. of Notre Dame 
Billie Spencer  Univ. of Notre Dame 

In recent years, Structural Health Monitoring (SHM) has emerged
as a new research area in civil engineering. Most existing health
monitoring methodologies require measurement of inputs for imple-
mentation. However, in many cases, there is no easy way to mea-
sure these excitations ñ or even to excite the structure. Therefore,
SHM methods based on ambient vibration become important in civ-
il engineering. In this paper, an approach is proposed to extend the
Damage Location Vector (DLV) method to handle the ambient vi-
bration case. This flexibility-matrix based method is combined with
a modal expansion technique for SHM. An approach to select the
analytical model for this modal expansion technique is also given.
Finally, a numerical example, which analyzes a truss structure with
limited sensors and effect of noise, is provided to verify the efficacy
of the proposed approach.

SOLUTION FOR THE SECOND PHASE OF THE 
ANALYTICAL SHM BENCHMARK PROBLEM  
Juan Caicedo  Washington University in St. Louis 

jc11@cive.wustl.edu  
Shirley Dyke   Washington University in St. Louis  

This paper addresses the second phase of the IASC-ASCE Struc-
tural Health Monitoring (SHM) benchmark problem. This problem
was created to improve the understanding of SHM techniques by
comparing their performance using a common structure and set of
damage cases. The structure selected for this benchmark problem
is a four story 2 bay by 2 bay steel frame. Numerical models of the
structures have been developed. Damage is simulated by reducing
stiffness in members of the structure. The methodology presented
here in uses the Natural Excitation Technique (NExT) and the
Eigensystem Realization Algorithm (ERA) to identify the natural fre-
quencies and mode shapes of the structure. Using these natural
frequencies and mode shapes it is possible to determine the stiff-
ness coefficients of structural memebers through a least squares
solution of the eigenvalue problem. Two different identification
models are used and the results are compared. The proposed
methodology is shown to be effective in the detection, quantifica-
tion and location of damage in civil structures.

PROGRESS OF PHASE II STUDY OF THE ASCE 
HEALTH MONITORING BENCHMARK DATA USING 

WAVELET APPROACH  
Zhikun Hou  Worcester Polytechnic Institute 

hou@wpi.edu  
Adriana Hera  Worcester Polytechnic Institute 

ahera@wpi.edu  

This paper, as a continuation of the authors� previous work on ap-
plication of the wavelet analysis for damage detection for ASCE
health monitoring benchmark data, addresses feasibility of the
wavelet approach for detection of local stiffness loss using the
benchmark study Phase II data. The acceleration response data
were generated by finite element codes provided by the ASCE
Task Group on Health Monitoring for a four-story prototype building
structure subjected to simulated stochastic ambient loading. Two
120-DOF reference models (braced and unbraced structure) are
considered in Phase II, but only results for the braced model are
presented in this paper. Damage patterns are mainly those speci-
fied in Phase II of benchmark studies. Some other damage patterns
are also included for comparison. It was found that a sudden local
damage which may result in small change of less than 4% in the
first few natural frequencies and the time when it occurs can be de-
tected by spikes observed in the high-resolution wavelet details. A
sensitivity study of the method in respect to damage location and
severity, measurement noise, and types of analyzing wavelets is
discussed. The results illustrate a great promise of wavelet analysis
for the structural health monitoring due to its merits of less-model
dependence, sensitivity to a local damage, simplicity in algorithms
and efficiency in computational efforts, and feasibility for on-line im-
plementation.

APPLICATION OF THE DAMAGE INDEX METHOD TO 
PHASE II OF THE ANALYTICAL SHM BENCHMARK 

PROBLEM  
Luciana Barroso  Texas A&M University 

lbarroso@tamu.edu  
Ramses Rodriguez  Texas A&M University 

ramsesrodriguez@neo.tamu.edu  

This paper presents research that utilizes the Damage Index Meth-
od to detect the location and severity of damage to the Second
Phase of Analytical Studies of the Structural Health Monitoring
Benchmark Problem developed by the ASCE Task Group on Struc-
tural Health Monitoring (TGoSHM). This method utilizes the ratio of
curvature in the mode shape of the damaged structure vs. the un-
damaged structure. A shear-building model is utilized for damage
detection of the unbraced frame system, both with full and partial
sensor data. The location and severity of damage is carried out us-
ing the Damage Index Method for both existing damage patterns
established by TGoSHM.
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PHASE II OF THE ASCE BENCHMARK STUDY - 
PERFORMANCE OF THE DLV APPROACH  

Dionisio Bernal  Northeastern University 
bernal@neu.edu  

Burcu Gunes  Graduate Student, NU 

The Task Group on SHM (Structural Health Monitoring) of the En-
gineering Mechanics Division of ASCE has designed and conduct-
ed a series of analytical studies on a 4-story 3-D steel benchmark
structure. Phase I of the investigation started in 1999 and was com-
pleted in the summer of 2001. The second phase of the study,
whose definition is described in this paper, was prepared to test the
sensitivity of various damage identification techniques to a more re-
alistic simulation of the errors that arise from the inevitable discrep-
ancies between the �real system� and the identification model.
Specifically, while in Phase I the modeling errors were realized by
forcing the identification models to be simpler than the truth model,
in Phase II they are a byproduct of imprecise knowledge and no
constraints on the nature of the identification model are imposed. In
the truth model, for example, the masses and the centers of mass
deviate from the nominal values in the drawings and the connec-
tions between the steel beams and columns are treated as semi-
rigid with a rotational stiffness that varies from one connection to
the next around a certain mean. The fictitious problem of �reversed
modeling error� i.e., the case where the model selected for updating
includes features not included in the �truth model�, is avoided by
providing the user with a description of the general nature of the
truth model. For example, users are aware that the connections are
semi-rigid, that floor slabs are considered rigid in their own plane
and that the base of the structure is treated as fully fixed (no Soil-
Structure-Interaction).

This paper describes the general philosophy that has guided the
work of the SHM Task Group and defines in further detail Phase II
of the benchmark study. The results obtained for this phase using
the recently developed Damage Locating Vector Approach are pre-
sented in detail.

Fiber Reinforced Plastics (FRP) 
June 4, 2002 
9:45 
Chair: Arup Maji  University of New Mexico

AN ANALYTICAL STUDY OF AN FRP DECK ON A 
TRUSS BRIDGE  

Methee Chiewanichakorn  SUNY at Buffalo 
mc42@eng.buffalo.edu  

Amjad Aref  SUNY at Buffalo 
aaref@eng.buffalo.edu  

Sreenivas Alampalli  NYSDOT 
salampalli@gw.dot.state.ny.us  

Many of the old truss bridges in the New York State are posted due
to superstructure deterioration and an increase in live load. By re-
placing the heavy decks of these bridges with lighter ones, the load-
carrying capacities of these bridges can be improved, avoiding the
need for replacement or costly repairs. Two years ago, a lighter
FRP deck was used on an experimental basis to replace a concrete
bridge deck on a deteriorated truss bridge in New York to improve
its service life. Load-tests, conducted to evaluate the deck perfor-
mance under service loads, indicated that the methods used for the
design of the new fiber reinforced polymer (FRP) decks were very
conservative. Thus validated finite-element models were devel-
oped to improve on these designs, and predict the failure modes of
this bridge when subjected to overload and thermal effects. This
presentation summarizes the results of load tests and analytical
studies.

SIMPLIFIED LOAD-DEFLECTION CALCULATIONS OF 
FRP STRENGTHENED RC BEAMS BASED ON A 

RIGOROUS APPROACH  
Hasan Charkas  Kansas State University 

hch4433@ksu.edu  
Hayder Rasheed  Kansas State University 

hayder@ksu.edu  
Hani Melhem  Kansas State University 

melhem@ksu.edu  

The external FRP flexural and shear strengthening of RC beams is
a well-established practice for structural rehabilitation and upgrade.
For establishing a deflection calculation procedure, some investi-
gators have proposed empirical modifications to the current ACI
equation. Others used numerical analysis to generate such deflec-
tion computations. Alternatively, the present work develops an an-
alytical solution for the same calculation at any load stage. The
solution assumes a trilinear moment-curvature response. This
model incorporates some tension stiffening effects and assumes
the section to be fully cracked only upon or near steel yielding. A
closed form equation is presented for the case of four-point bending
as well as uniform loading. Comparisons with experiments indicate
the effectiveness of the procedure for properly anchored plates. An
extensive parametric study is conducted to reveal a single linear re-
lationship between the cracked moment of inertia of the section and
the overall effective beam moment of inertia at yielding for a wide
range of geometric and material parameters. A similar relationship
holds between the moment of inertia of the section at the ultimate
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moment and the corresponding effective value for the entire beam.
This greatly simplifies the deflection calculation as illustrated by
comparisons with the rigorous analytical approach and the experi-
mental results.

MECHANICAL MODELING OF GLASS AND CARBON 
EPOXY COMPOSITES  

Barzin Mobasher  Arizona State University 
barzin@asu.edu  

A test program was conducted to measure the monotonic tension
and fatigue response of glass/epoxy and Carbon/Epoxy compos-
ites. The Carbon/epoxy composites were manufactured using a
woven mesh. Uniaxial tension tests were conducted in the fiber di-
rection and transverse to the fiber direction. Tension-tension fa-
tigue tests were conducted for up to 10,000 cycles and the stiffness
degradation as a function of cycles of load was monitored. Results
of the experimental program were used to calibrate a theoretical
model for the load deformation response of a unidirectional lamina
in the longitudinal and transverse directions. Tsai-Wu Criterion was
used for each lamina and the stacking sequence was utilized to ob-
tain the overall stiffness matrix. A damage law was introduced to
account for the evolution of damage due to fatigue loading. A scalar
damage parameter as a function of the apparent strain in the sam-
ple was used. Theoretical and experimental results were compared
using the load elongation response.

EFFECTS OF GFRP REINFORCING REBARS ON 
SHRINKAGE AND THERMAL STRESSES IN 

CONCRETE
H. L. (Roger) Chen  West Virginia University 

hchen@wvu.edu  
Jeong-Hoon Choi  West Virginia University 

The use of Glass Fiber Reinforced Polymer (GFRP) rebars instead
of conventional steel rebars as the reinforcement in Continuously
Reinforced Concrete Pavement (CRCP) gives solutions to the
problems caused by corrosion of reinforcement. However, it is nec-
essary to know what effect this replacement has on the develop-
ment of concrete cracks, which is inevitable in CRCP. Concrete
shrinkage and temperature variations are known to be the principal
factors for early-age crack formation in CRCP. By employing an an-
alytical model, this study presents the shrinkage and thermal stress
distributions in concrete due to the restraint provided by GFRP re-
bars in comparison with that provided by steel rebars. It reveals the
advantages of using GFRP rebars as reinforcement in CRCP in
terms of internal tensile stress reduction in concrete. Numerical cal-
culation of the concrete stress distribution in a GFRP reinforced
CRCP section subjected to thermal change is also presented.

BLAST-PROOFING OF UNREINFORCED MASONRY 
(URM) WALLS WITH GFRP  

Jay Brown  US Army 
amaji@unm.edu  

Arup Maji  University of New Mexico 

The objective of the research was to develop and experimentally
validate a methodology for designing GFRP retrofits for unrein-
forced masonry walls to withstand blast loading. The pressure-time
history of blasts on a wall was modeled by a special code �BLASTX�
developed by the US Army. Readily available material properties of

the glass fiber, the epoxy resin, the masonry blocks and the mortar
was be used to predict the elastic stiffness of GFRP retrofitted ma-
sonry beams (representing wall segments) and their deflection at
failure. These can be used to develop a 1st order design of retrofits
to withstand specific types of explosives, using a single degree of
freedom model. The actual nonlinear load-deformation behavior
from static flexure tests of beams can be used for a more accurate
prediction of the effect of blast loading. The intent of this approach
is to develop a lower cost alternative to retrofit testing, based on
simple static tests, rather than more expensive blast tests. This ap-
proach is being validated by correlating the results of laboratory
scale beam tests to the full-scale blast tests on walls with the same
GFRP retrofit. These tests will be conducted by the Defense Threat
Reduction Agency (DTRA) at the test facilities at Kirtland Air Force
Base in Albuquerque, NM.
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Probabilistic Modeling - Session I 
June 4, 2002 
9:45 
Chair: Takeru Igusa  The Johns Hopkins University

NUMERICAL METHODS TO ESTIMATE THE 
COEFFICIENTS OF THE POLYNOMIAL CHAOS 

EXPANSION  
Richard Field, Jr.  Sandia National Laboratories 

rf63@cornell.edu  

The polynomial chaos expansion, part of the stochastic finite ele-
ment method, has been studied in recent years as a means of form-
ing finite-dimensional approximations to general random
processes. Because the coefficients of this expansion are them-
selves functions of the process being approximated, their accurate
calculation, with minimal computational effort, is of prime impor-
tance during implementation. A sampled averages approach has
been explored in previous work to estimate these coefficients. This
method proves viable, however, only when samples of the process
being approximated are computationally inexpensive to attain. In
this paper, numerical integration techniques are utilized to estimate
the coefficients. In many cases, this method may require signifi-
cantly fewer function evaluations and, as a result, can be applied to
those problems where each function evaluation requires significant
computational resources. The method will be demonstrated on a
simple example, as well as a complex engineering application.

A PROBABILISTIC TREATMENT OF UNCERTAIN 
BOUNDARY CONDITIONS IN CFD APPLICATIONS  

Luc Huyse  Southwest Research Institute 
Luc.Huyse@swri.org  

Robert Walters  Virginia Polytechnic Institute and State Uni-
versity 

walters@aoe.vt.edu  

The solution of stochastic CFD equations faces some specific chal-
lenges. Frequently, in CFD applications the differential equations
theoretically have to be integrated over a (semi-)infinite domain. In
practice the integration domain is cut-off at some ��far field�� bound-
ary. Some deterministic correction methods for the introduced error
exist.

In this paper, we assess the impact of the uncertainty modeling on
the far field boundaries on the statistics of the solution in the interior
of the integration domain. We anticipate that the developed tech-
niques will also be of interest for geo-technical and other applica-
tions where we can find semi-infinite domains.

The nonlinear generalized Burgers equation is used as a model
problem. For selected expressions of the flux, analytical closed-
form solutions exist. This exact solution is the gold standard against
which numerical results obtained using the midpoint and locally av-
eraged discretization method or polynomial chaos expansions, are
compared. We assess the convergence of the algorithms in terms
of the number of grid cells, the order of the chaos, and the quality
of the boundary condition modeling.

IMPACT OF UNCERTAINTY IN CATASTROPHE 
LOSSES ON INSURANCE DERIVATIVES  

Carol Hayek  Johns Hopkins University 
carolhayek@jhu.edu  

Roger Ghanem  Johns Hopkins University 

The amount of economical losses associated with natural disasters
has significantly increased in recent years reflecting such factors as
the increased frequency and severity of the hazards as well as the
increase in property wealth. As insurance companies are con-
cerned about the risk of insolvency, they turned to the financial mar-
ket to provide them with the capability of handling catastrophe
exposure.

Insurance products are valuated based on stochastic models of
losses where two sources of uncertainty are noted: the choice of
the stochastic model itself and the estimated values of the param-
eters used in these models.

This paper aims at quantifying the uncertainty in assessing catas-
trophe losses and its impact on the pricing of insurance derivatives.
Simulations of several models is carried out with an emphasize on
quantifying the significance of the uncertainty in the parameters on
the financial securities pricing.

This uncertainty can be reduced through better information man-
agement. As such, this paper can be viewed as providing a motiva-
tion to some of the recent work in applying advanced technologies
to catastrophe loss estimation.

STOCHASTIC ANALYSIS OF AN AEROELASTIC 
SYSTEM  

Chris Pettit  Air Force Research Laboratory 
chris.pettit@wpafb.af.mil  

Robert Canfield  Air Force Institute of Technology 
robert.canfield@afit.edu  

Roger Ghanem  The Johns Hopkins University 
 

Buckling of the wing of a unique aircraft structural design concept,
the joined-wing, is examined in a stochastic context. This non-tra-
ditional design might induce coupling between buckling and
aeroelastic instabilities; furthermore, the geometric, structural, and
aerodynamic nonlinearities inherent to this design increase the po-
tential of ignored or poorly modeled uncertainties to promote unex-
pectedly severe response. We emphasize modeling stochasticity in
the wing joint and the wing roots because of their importance in de-
termining the response characteristics of the coupled structure.
Gaussian randomness in the Young�s modulus is introduced into
an existing deterministic finite element model at these locations to
approximate the effect of uncertain joint fixity.

SPECTRAL STOCHASTIC HOMOGENIZATION  
Mohamed Jardak  The Johns Hopkins University 

mohamed@mars.ce.jhu.edu  
Roger Ghanem  The Johns Hopkins University 

An original method of stochastic homogenization is developed and
applied to a class of PDEs that is representative of a large number
of problems in science and engineering. The starting point is a gov-
erning differential equation whose coefficients are modeled as sto-
chastic processes with multi-scale oscillatory components. Even
the deterministic versions of these equations present great chal-
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lenges to numerical analysis methodologies, justifying various ap-
proaches to homogenization. The difficulty in the present situation
is compounded by the explicit stochastic modeling of the variability
in the heterogeneous coefficients. The present situation, therefore,
corresponds to a situation involving highly heterogeneous materi-
als with stochastic variability. A new system of stochastic differen-
tial equations is then obtained with random variables as effective
coefficients. These coefficients are obtained through an asymptotic
analysis that effectively identifies a macro-scale system as the limit
of a micro-scale representative volume (REV) as this volume goes
to zero. This resulting system of equations can then be resolved by
relying on standard numerical integration schemes.

The above methodology is integrated with the polynomial chaos
representation of stochastic processes resulting in computationally
tractable algorithms for evaluating the homogenized coefficients.
These algorithms involve simple quadratures over the REV.

An application to a multi-scale stochastic diffusion equation is used
to highlight the theory, implementation and features of the pro-
posed methodology.

Recent Advances in Materials Character-
ization and Modeling of Pavement Systems 
I 
June 4, 2002 
9:45 
Chair: Thomas Papagiannakis  Washington Statre
University 
Co-Chair: Erol Tutumluer  University of Illinois

THE ROLE OF PAVEMENT MECHANICS IN THE 
FUTURE OF PAVEMENTDESIGN, CONSTRUCTION, 

PERFORMANCE, AND MANAGEMENT
Robert L. Lytton Texas A&M University

As computers become faster and have larger memories, they can
handle far more effectively than even in the recent past many of the
complex tasks that will be needed in the pavements of the future:
laboratory and field testing, data reduction, materials characteriza-
tion, damage prediction, analysis and design of mixes, new pave-
ment, and rehabilitated pavement structures, prediction of future
performance and remaining life, nondestructive testing and its as-
sociated inverse analysis, and the use of all of these in the future
programs of performance-based specifications and warranties.
One of the main advantages of the rigorous use of pavement me-
chanics, when seen from the point of view of the big picture, is that
it alone has the ability to reduce the variance of construction, main-
tenance, and rehabilitation operations, to reduce uncertainty and
risk in these and in the pavement management processes general-
ly, to stabilize profits for pavement contractors, and to provide am-
ple economic rewards to those in both the public and private
sectors and to taxpayers for supporting the continuing development
of the analytical tools that pavement mechanics provides.

In this symposium are several examples of the kind of tools that are
in their development phases that will be needed to provide these
benefits to the pavement industry of the future: both asphalt and
concrete pavement, the use of 2-D and 3-D Finite Element and Dis-
crete Element numerical approaches, micromechanics, microfrac-
ture and healing, generalized damage, wetting and dewetting
surface energy measurements, all used in the prediction of different
types of pavement distress.  The testing techniques include x-ray
tomography and digital imaging, piezo-electric sensors, and
dilatometry to give advance warning of the potential of alkali-silica
reactivities in concrete pavements in addition to the more common-
ly expected laboratory tests.  Many different materials are repre-
sented: asphalt, concrete, base courses, and unsaturated granular
materials, generally.  Various characterization methods are used
including rheological models, viscoelastic and viscoplastic constitu-
tive relations, continuum damage, fracture, and microfracture.  The
structures of the pavement materials are assumed to be isotropic,
cross-anisotropic, or to have microstructure that is dictated by the
shape, gradation, size and texture of the aggregates.  The types of
distress considered are rutting, fatigue cracking, alkali-silica reac-
tion, and some types of moisture related damage.  The poor pave-
ment engineer who has not been introduced to all of these
important and essential ways of looking at pavement materials can
be excused for wondering if there is any way of ever making prac-
tical use of this chaotic array of mechanics approaches.  He may
even suspect that the intuitive, empirical, or phenomenological
tools that have been used in the past offer a safe refuge from the
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bewildering brave new world of pavement mechanics.  It may never
occur to him that what all of these approaches have in common is
a very simple, straight-forward, consistent, easy-to-implement way
of obtaining accurate, low variance measurements of the required
material properties and then of using them together with an appro-
priate numerical method to make all of the future projections of the
future life of the pavement.  There will be no further need to con-
struct costly and time-consuming phenomenological samples
which bring with them large systematic errors that are inherent in
the interpretation of the test results.  Elimination of these systematic
errors alone will reduce the variance of the estimated pavement
lives by over 50, and sometimes over 90 percent dependent upon
the type of distress that is being projected.  Contractors are well
aware that large variances raise uncertainty and risk, reduce prof-
its, and may even lead to loss.

This opening address will give an overview of the type of testing,
both in the laboratory and nondestructively in the field, and the
types of numerical analysis that will be needed to provide the suite
of coordinated analytical tools that are required to support the fu-
ture progress of pavement design, construction, field performance
and management.  The focus of the laboratory tests is to obtain an
identified material property, and not to simulate, however imper-
fectly, some condition in the field.  This leads to simplicity in the test
setup and accuracy in the results. The nondestructive testing in the
field will use the backcalculation of the viscoelastic properties of as-
phalt pavements using the Falling Weight Deflectometer and the
use of Systems Identification to extract the composition of pave-
ment layers from reflected Ground Penetrating Radar signals.
Some note will be taken of the recently published Federal Commu-
nication Commission regulation concerning restrictions of the radi-
ated power in the GPR frequency bands.  Finally, a review will be
given of the past, present, and future use of various numerical
methods in the numerous tasks for which they will be needed in the
deployment of pavement mechanics in the design, construction,
performance prediction, and management of pavements.

ALKALI-SILICA REACTIVITY TEST FOR CLASS C 
AND CLASS F FLY ASH-CEMENT MIXTURES USING 

MODIFIED ASTM C 1260 METHOD.  
Chang-Seon Shon  Texas Transportation Institute 

c-shon@ttimail.tamu.edu  
Shondeep Sarkar  Texas Transportation Institute  

Dan Zollinger  Texas Transportation Institute 

The benefits of using fly ash in concrete are well known. Addition-
ally, its use ensures environmentally safe recycling of industrial by-
products. The primary objectives for using a pozzolanic material
such as fly ash in concrete pavement are to enhance its mechanical
strength and improve resistance to many physico-mechanical and
chemical attacks. Fly ash has often been used as a supplementary
cementing material to control expansion due to alkali-silica reaction
(ASR) in concrete. Tests performed to determine the effectiveness
of fly ash in reducing expansion due to ASR involves highly accel-
erated testing conditions that do not necessarily represent actual
field conditions under which the concrete is exposed. The ASTM C
1260- Accelerated Mortar Bar Test is a classic example, but is also
one of the most commonly used methods because results can be
obtained within as little as 16 days. A general criticism about this
test method is the severity of test conditions. It is not uncommon for
aggregates with good performance track record and no history of
ASR to test as reactive by ASTM C 1260 method. An experimental
program is in progress to evaluate the effect of modifying some of

the C 1260 test conditions. The effectiveness of Class F and Class
C fly ash in controlling expansion due to ASR is being studied
based on modified ASTM C 1260. Three different levels of alkalinity
of NaOH solution have been used to test the reactivity of predeter-
mined reactive and potentially reactive aggregate in the presence
of fly ash in the range of 20% to 35% by mass of cement. The other
variables in this program include high- or low alkali cement with
Na2Oeq. Of 0.59 and 0.51 respectively, extended curing time of 28
days, and extended testing period from 14 to 28 days. The results
of the effectiveness of Class F and Class C fly ash in controlling ex-
pansion due to ASR using the modified test conditions are present-
ed.

QUANTIFICATION OF THE SPECIFIC AGGREGATE 
SURFACE AREA USING X-RAY TOMOGRAPHY  

Linbing Wang  Louisiana State University 
lwang@lsu.edu  

David Frost  Georgia Institute of Technology 

This paper presents a new method using x-ray tomography imag-
ing to quantify the specific surface area of aggregates. The method
reconstructs the three-dimensional (3D) representation of individu-
al particles and computes the specific surface area and the sphe-
ricity (a shape factor) of individual particles. The quantified specific
surface area of a limestone aggregate in the sieve size range (3/8ð-
No.4) indicates that the specific surface area and the sphericity
have a large variation among individual particles. However, the
overall specific surface area of the aggregate particles within the
same sieve size range can be accurately obtained using about 25-
30 particles. It has been found that the specific surface area of the
aggregates is much larger (84%) than that of the spheres of equiv-
alent size.

CHARACTERIZATION OF CROSS-ANISOTROPIC 
AGGREGATE BASE BEHAVIOR FROM STRESS PATH 

TESTS  
Erol Tutumluer  University of Illinois 

tutumlue@uiuc.edu  
Umit Seyhan  Wilbur Smith Associates 

useyhan@wilbursmith.com  

A new methodology is presented in this paper for determining
cross-anisotropic aggregate properties, i.e., directional dependen-
cy of moduli and Poisson�s ratios, from stress path testing. The pro-
posed laboratory characterization procedure requires conducting
large stress excursion tests performed under slightly different
stress path slopes at similar stress states that are representative of
pavement wheel loading conditions. In accordance, cross-anisotro-
pic aggregate properties are determined by varying slightly the
stress path slopes during testing and then by employing an error
minimization approach to interpret the test results. The solution
methodology adopted also satisfies the cross-anisotropic modular
ratio criterion proposed by Graham and Houlsby (1983) and the
positive strain energy criteria by Pickering (1970). Such an aniso-
tropic material property set obtained from following the proposed
methodology would essentially be useful in the finite element anal-
ysis of the anisotropic and stress dependent granular material be-
havior often observed in unbound pavement layers.
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Stability of Beams and Girders 
June 4, 2002 
9:45 
Chair: Dewey Hodges  Georgia Institute of Technology 
Co-Chair: Hayder Rasheed  Kansas State University

LATERAL BUCKLING OF FRP COMPOSITE 
CANTILEVER I-BEAMS  

Pizhong Qiao  The University of Akron 
Qiao@uakron.edu  

Guiping Zou  The University of Akron 
Julio Davalos  West Virginia University 

Pultruded Fiber-reinforced plastic (FRP) shapes (beams and col-
umn) are thin-walled or moderately thick-walled open or closed
sections consisting of assemblies of flat panels. Due to the high
strength-to-stiffness ratio of composites and thin-walled sectional
geometry of FRP shapes, buckling is the most likely mode of failure
before material failure for FRP shapes.

In this study, a combined analytical and experimental approach is
used to characterize the lateral buckling of pultruded FRP compos-
ite cantilever I-beams. An energy method based on nonlinear plate
theory is developed, and shear effects and bending-twisting cou-
pling are accounted for in the analysis. Three types of buckling
mode shape functions (i.e., transcendental function, polynomial
function, and half simply-supported beam function), which all satis-
fy the cantilever beam boundary conditions, are used to derive the
critical buckling loads, and the accuracy and convergence of these
approximations are studied and discussed. The effects of fiber ori-
entation and fiber volume fraction on the critical buckling loads are
investigated. Four common FRP I-beams with different cross-sec-
tional geometries and various span lengths are experimental test-
ed, and the critical buckling loads are measured. A good agreement
among the proposed analytical method, experimental testing and fi-
nite-element modeling is observed, and a simplified explicit equa-
tion for lateral buckling of cantilever I-beams with the applied load
at the centroid of the cross-section is formulated. The proposed an-
alytical solution can be used to predict the lateral buckling loads for
FRP cantilever I-beams and to assist practitioners to perform buck-
ling analyses of customized FRP shapes as well as to optimize in-
novative sections.

LATERAL-TORSIONAL BUCKLING OF COPED 
GIRDERS (SUBTITLE: COMPARISON BETWEEN 

LABORATORY TESTS AND NUMERICAL MODEL)  
Johan Maljaars  TNO Building and Construction Research 

j.maljaars@bouw.tno.nl  
Jan Stark  Delft University of Technology 

j.stark@bouw.tno.nl  
Henri Steenbergen  TNO Building and Construction Re-

search 
h.steenbergen@bouw.tno.nl  

Roland Abspoel  Delft University of Technology 
r.abspoel@citg.tudelft.nl  

In a coped girder, a part of the upper flange and the web is removed
to be able to level the upper flanges of main and secondary girder.

Sometimes, short endplates are used in joints. Copes or short end-
plates may affect lateral-torsional buckling stability of the girder due
to greater torsional flexibility and local web deformation. Verifica-
tion methods for lateral-torsional buckling in codes apply only for
girders with uniform cross-section along span and for joints that
prevent deformation of the web. Therefore coped girders or short
endplate joints are not within the scope of these verification meth-
ods.

In order to study the buckling capacity of coped girders, a geomet-
rical and physical non-linear model is developed in the FEMcode
DIANA. To check whether the model provides correct capacities, it
is validated by experiments, carried out in the Stevin I laboratory.
This paper intents to describe the way followed to validate the nu-
merical model.

FLEXURAL TORSIONAL BUCKLING OF THREE 
DIMENSIONAL THIN WALLED ELASTIC BEAM  

Saadè Katy  Continuum Mechanics department; Universitè 
Libre de Bruxelles (ULB) 

ksaade@smc.ulb.ac.be  
Espion Bernard  Civil Engineering department (ULB) 
Warzèe Guy  Continuum Mechanics department (ULB) 

The full 3-D analysis of thin walled beams is extremely complex in
case of general loading and restrained boundary conditions. The
behavior of thin walled beams depends to a large extent on the
cross sectional geometry and specifically, whether the section is
open or closed. Many studies have proposed different warping
functions depending on the type of the profile (open or closed). In
this paper, derived from Proki? work, the same warping function is
used for arbitrary open or/and closed cross section. Starting from
the virtual work equation, a finite element formulation is presented
for the numerical analysis of the behavior of three dimensional
beams. An updated corotational Lagrangian formulation is present-
ed in order to study the flexural torsional buckling problem. The cri-
terion to determine the buckling state is the singularity of the
tangent stiffness matrix of the structure. Numerical examples are
presented to show the accuracy and efficiency of the proposed
warping function for Eulerian stability analyses of thin walled
beams and columns. Results are compared with those obtained
with standard analytical solutions of stability problems for beam-
columns with open cross section.

LOAD-CARRYING CAPACITY OF PLATE GIRDERS 
SUBJECTED TO BENDING AND SHEAR
Pavol Juhas  Technical University Kosice 

Pavol.Juhas@tuke.sk  

Plate girders are usually subjected to bending and share. There-
fore, the bending-shear load-carrying capacity should be calculated
and taken into consideration for the safety and economical design
of plate girders. The paper contains original thedretical analysis of
the bending-shear load-carrying capacity of plate girders with com-
pact typical I cross-sections. They are combined from different
steels where flanges are from higher sterngth steels and web is
from middle steel. The homogeneous cross-section represents
only limit case of the universal cross-section.The ultimate plastic
stage is there considered as the perfect plastification of the web in
decisive cross-section. The results of the theoretical analysis are
equations for the calculation of the ultimate shear load, ultimate
bending moment and bending-shear load-carrying capacity of dif-
ferent hybrid and homogeneous cross-sections. In accordance with
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theoretical results the simple interaction formulae for practical cal-
culation and judgement of homogeneous and hybrid cross-sections
and plate girders are presented.

TOWARDS RESOLVING ISSUES CONCERNING 
TORSIONAL AND LATERAL-TORSIONAL BUCKLING 

OF THIN-WALLED OPEN-PROFILE BARS  
Morris Ojalvo  Ohio State University 

(not submitted electronically)

Hydrodynamics I 
June 4, 2002 
9:45 
Chair: Nikolaos Katopodes  U of Michigan 
Co-Chair: Chiu-On Ng  The University of Hong Kong

NON-LINEAR WIND-GENERATED WAVES FORCES 
ON A VERTICAL WALL

Felice Arena  University �Mediterranea� of Reggio Calabria, It-
aly 

arena@unirc.it  
Francesco Fedele  University of Vermont 

ffedele@emba.uvm.edu  

The statistical properties of some narrow-band second-order pro-
cesses in the mechanics of sea waves in front of a vertical wall are
investigated. The wave force and the overturning moment on the
vertical wall are derived by analytical integration of the fluctuating
wave pressure. It is obtained that for a fixed threshold of the prob-
ability of exceedance, if kd is smaller than 1.38 (being k the wave
number and d the bottom depth), positive peaks of the wave force
process (that occur with the wave crests of free surface displace-
ment on the wall) are greater than absolute value of negative peaks
(that occur with the wave trough). The wave force is a quasi-sym-
metric process for kd=1.38: the non-linearities are weak and both
the positive peak distribution and the negative peak distribution (in
absolute value) are given by the Rayleigh law with good approxima-
tion. Finally it is noteworthy that for kd>1.38 we find that the wave
troughs produce negative peaks of the wave force that are (in ab-
solute value) greater than positive peaks produced by wave crests.

MODELING PROPAGATION OF NONLINEAR 
SHALLOW-WATER WAVES PAST A POROUS 

BARRIER  
Keh-Han Wang  University of Houston 

khwang@uh.edu  
Weimin Li  University of Houston 

Formulations of a set of Boussinesq-class equations for nonlinear
shallow-water waves in the domain of a porous medium are pre-
sented in the paper. A numerical method based on the predictor-
corrector finite-difference scheme is developed. The porous-medi-
um wave model is applied to simulate solitary waves propagating
past a finite-thickness porous breakwater. The process of wave re-
flection and transformation is reasonably predicted. The predicted
wave elevations show good agreement with other published nu-
merical results. The propagation of cnoidal waves past a porous
barrier is also studied. The periodic evolution of partially reflected
and partially transmitted waves is presented to demonstrate the
performance of the present porous-medium wave model.
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NONLINEARITY AND SPECTRAL WIDTH EFFECTS ON 
OCEAN WAVE HEIGHT DISTRIBUTION  

James Hu  University of Rhode Island 
hu@oce.uri.edu  

In the practice of marine structure designs, it is often required to ex-
tract design wave heights from irregular wave trains in order for a
monochromatic wave design approach to be applied. Attempting to
analytically derive relationships among various representative
wave heights, one must presume a mathematical model for the
wave height distribution. Since Longuet-Higgins (1952) first theo-
retically derived the Rayleigh distribution as the wave height distri-
bution under the assumption that the wave spectrum consists of a
single narrow frequency band and that the wave elevation is a
Gaussian random process, the Rayleigh distribution has been
adopted by design manuals to describe wave heights. However,
one should realize that a realistic ocean wave train is neither con-
taining only a single narrow frequency, nor being a Gaussian ran-
dom process (It amounts to assuming a linear ocean wave model).
As a result, the wave height distribution might deviate from a Ray-
leigh distribution. It is known that the Rayleigh distribution is a spe-
cial case of the Weibull distribution that has its shape parameter
equal to 2. Therefore, using a Weibull distribution is a practical and
convenient way of introducing some flexibility in the wave height
model to account for the variation of wave non-linearity and the fre-
quency bandwidth associated with the wave spectrum. The present
study demonstrates that a better mathematical model for wave
height distribution under realistic ocean environment is a Weibull
distribution. The specific objectives of this study are to investigate
the non-linearity (non-Gassianity) and spectral width (multi-fre-
quency wave spectrum) effects on the shape parameter for the
Weibull wave height distribution.

Discrete and Continuum Modeling of Gran-
ular Materials III 
June 4, 2002 
9:45 
Chair: Jin Ooi  University of Edinburgh

INTERFACE BEHAVIOR OF POLYDISPERSE 
GRANULAR MATERIALS: DISCRETE NUMERICAL 
SIMULATION OF A RING SIMPLE SHEAR TEST  

Cecile Claquin  URGC Geotechnique INSA Lyon 
Fabrice.Emeriault@insa-lyon.fr  

Fabrice Emeriault  URGC Geotechnique INSA Lyon 

The two-dimensional code PFC2D is used to simulate a ring shear
test with constant confining pressure where the interface has an in-
trinsic and geometrical roughness. In present work, we analyze the
effects of: - the granulometry: the media is a binary or ternary as-
sembly of disks (with important size ratios). The distribution of con-
tact is studied in terms of distribution of types of contact. - the
contact law is either a linear or non linear elastic and frictional law.
The effect of the local law on the global behavior is important since
the contact stiffness depends on the type of contact in non linear
polydisperse cases. The numerical simulations give particular in-
sight on the resulting global behavior defined by the the initial elas-
tic behavior. They are used to validate a theoretical approach
based on statistical homogenization which defines the shear mod-
ulus as a function of local parameters. The process of homogeniza-
tion can take into account the granulometry and the contact law,
and allows to describe the effects of both local parameters on the
global shear behavior.

ANALYSIS OF GRANULAR MATERIAL BEHAVIOUR 
FROM TWO KINDS OF NUMERICAL MODELLING
Cècile Nouguier-Lehon  LTDS - Ecole Centrale de Lyon 

Cecile.Nouguier@ec-lyon.fr  
Philippe Dubujet  LTDS - Ecole Centrale de Lyon 
Bernard Cambou  LTDS - Ecole Centrale de Lyon 

The Distinct Element Method (DEM) has stridden further ahead in
mechanical computations for the granular materials modelling, as
this method allows analysing the behaviour of granular samples
from a micro-mechanical point of view. In this study, two different
approaches are used and compared in the aim to analyse the me-
chanical behaviour of a granular sample. The first approach is
based on a smooth contact intergranular law and the second does
not consider any regularizing assumptions. While under quas-static
loading the global responses are very similar, still important differ-
ences appear at the micro scale with some variables: the contact
spatial distribution, the sliding contacts, the contact forces and
strains which are similar only considering a representative volume
greater than few grain diameters. Under dynamical loading, the
computed behaviour is very dependent from the numerical dissipa-
tion respectively used un both methods.
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DEVELOPMENT OF A CONTINUUM 
REPRESENTATION OF A DISCRETE GRANULAR 

MEDIUM  
John Peters  ERDC 

David. A. Horner@erdc.usace.army.mil  
David Horner  ERDC 

The discrete element method (DEM) has become a popular tool for
understanding granular mechanics. A central theme of DEM re-
search to apply micromechanical concepts to improve constitutive
relationships for continuum models. In particular, recent work has
been directed at micro-polar models that account for an indepen-
dent rotation field. Such models have applications for capturing im-
portant mechanism associated with localization and provide an
avenue for formulating mathematically well-posed problems for
materials subject to instability. A key step in applying microme-
chanics is the homogenization of the discrete quantities describing
the granular media to equivalent continuum quantities. In this paper
we discuss this process from that standpoint of homogenizing the
equilibrium equations for the DEM by application of a smoothing
function in a manner similar to the weighted residual method. The
process results in equations of equilibrium for a Cosserat continu-
um and the associated boundary conditions from which well-known
relationships between contact forces and continuum stress is re-
covered. The deformation measures that are conjugate to stress
variables are considered in detail.

MESO-SCALE CONTINUUM MODEL AND DISCRETE 
MODEL FOR GRANULAR MATERIALS

Akke Suiker  Delft University of Technology, The Nether-
lands 

A.Suiker@lr.tudelft.nl  
Ching Chang  University of Massachusetts, Amherst 

chang@ecs.umass.edu  

In this paper, a meso-scale continuum model is derived by consid-
ering the mechanical interaction of six particles in contact. The ge-
ometry of the particles forms an octahedron, for which the
kinematic description is derived by using a so-called �best-fit hy-
pothesis�. The elastic particle interaction is described by means of
a Hertz contact law, while particle sliding is incorporated by allow-
ing the shear contact stiffness to evolve in accordance with the mo-
bilised friction. A final expression for the meso-scale constitutive
relation is obtained by requiring the rate of internal work in terms of
micro-scale variables and meso-scale variables to be equal.

Subsequently, it is investigated if the meso-scale particle configu-
ration is capable of adequately simulating the frictional behaviour of
an assembly of a large number of particles. The response of the
continuum model to axi-symmetric stress conditions is considered
in relation to the response computed by a discrete element model.
The paper concludes with analysis of the failure contour in the de-
viatoric plane of the principal stress space (pi-plane), which is com-
posed by tracing various radial deviatoric stress paths.

INTEGRATING PARTICLE DYNAMICS AND MACHINE 
DYNAMICS IN DISCRETE ELEMENT ANALYSIS  

John Favier  j.favier@ed.ac.uk 
j.ooi@ed.ac.uk  

Jin Ooi  j.ooi@ed.ac.uk 

Recent trends in modelling of granular flows suggest that discrete
element (DE) analysis is changing from being purely a research
tool to a method for simulating industrial scale problems. This paper
describes developments that address a critical aspect of modelling
industrial granular flows, namely the representation within the DE
framework of the geometry and kinematics of complex boundary
surfaces such as containing structures and machinery that interact
with particulate media. Methodology for modelling the 3D surface
profile of machine elements of arbitrary shape and for applying ar-
bitrary kinematic properties is described. The surface of the ma-
chine (or any structure) is first defined as an ACIS-type model,
which is then tessellated into discrete surface elements using tech-
niques common to finite element meshing. These elements can be
grouped and the groups translated and rotated as desired. A ma-
chine element can also respond to loading from particles and
change position depending on how it is constrained. The method
works well with sphere-based shape descriptors such as single or
multi-sphere particles, and provides a flexible system for integrat-
ing particle and boundary kinematics.
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Computational Mechanics - Failure and 
Fracture Mechanics 
June 4, 2002 
9:45 
Chair: Jeen-Shang Lin  University of Pittsburgh

THE SIF FOR DEEP SEMI-ELLIPTICAL SURFACE 
CRACK IN FINITE THICKNESS PLATES DETERMINED 

BY THE NODAL DISPLACEMENT METHOD  
KinMan Kuok  University of Macau, Macau 

ma06240@umac.mo  
KunPang Kou  University of Macau, Macau 

kpkou@umac.mo  

Reliable computational solutions for SIF of surface cracks have
been reported by many researchers such as Newman. However, all
solutions have a limited range of validity for the crack depth ratio
(the ratio of crack depth to member thickness is less than 0.8). For
cracks grow beyond this barrier, SIF are obtained by extrapolation
e.g. BS7910. Precision of this approach is still questioning. To in-
vestigate the detailed process of crack growth until breaking
through occurs, solutions for SIF not available are necessary. It has
been common to calculate the SIF based on the J integral. Howev-
er, in the case of deep surface crack, ligament left for carrying out
the J integral is very limited and leads to a questionable accuracy
of SIF. Consequently, a localised approach, nodal displacement
method,was adopted. All computational works were carried out
based on finite element code ABAQUS in which the node displace-
ment close to the crack tip were determined. Post-processing of
these extracted displacement was then carried out to determine the
desired SIF.

LOAD - DISPLACEMENT CURVES OF SQUARE 
REINFORCED CONCRETE COLUMNS BASED ON 

FRACTURE MECHANICS  
Reza Attarnejad   University of Tehran 

reatar@yahoo.com  
Amir Amirebrahimi  University of Tehran 

amirebrahimi@tablieh.com  

In this paper, the loadñdisplacement behavior of reinforced con-
crete columns with square cross section, have been studied under
increasing axial load. The behavioral model assumed for concrete
is an elasticñplasticñfracture model, while the failure criterion is a
Willam ñ Warnk one. An elasticñperfectly plastic model has been
used for the reinforcing steel. A smeared crack hypothesis has
been used for the concrete cracking. Specifically, the J-Integral
method has been utilized for evaluation of the stress density factor.
The above has been utilized in a finite element program using oc-
tahedral and bar elements for the concrete and reinforcement, re-
spectively. Experimental results of "Sheikh and Uzumeri" and
"Priestly and Park" have been used to verify the results. The com-
parison shows a general correlation between the results, while
there is noticed certain discrepancies which could result from the
separation of the concrete cover from the reinforcement, the lack of
perfectly plastic behavior by steel reinforcement, or the error
caused by the finite element mesh utilized.

THE INFLUENCE OF LOW TEMPERATURE ON THE 
FATIGUE DAMAGE PROCESS OF CRACKED 

ASPHALT PAVEMENT  
Yinghua Zhao  Shenyang Architectural and Civil Engineer-

ing Institute 
yinghua@mail.sy.ln.cn  

Jinchang Wang  Zhejiang University 
wjinchang@163.net  

A finite element analysis is developed for the influence of tempera-
ture on the fatigue damage process of cracked asphalt pavement
based on the theory of continuum damage mechanics. The pave-
ment with surface cracks and reflected cracks, which is selected
from Shen-Da Expressway - the first highway in China, is modeled
as an inhomogeneous, laminate structure. The elastic modulus is
assumed to be temperature-dependent and the temperature field to
be a non-liner one. The numerical results demonstrate an interest-
ing behavior that the maximum stress exists not in the crack tips but
in the interface between damage zone and non-damage field. The
theoretical prediction on the fatigue damage life indicates the re-
sults in reasonable agreement with that of the observation.

COMPUTATION OF STRESS INTENSITY FACTORS 
FOR BI-MATERIAL INTERFACE CRACKS USING 

WEIGHT FUNCTION METHOD  
Vinu  School of Engg. Sciences, University of Southampton, 

U.K. 
VINU.PALISSERY@soton.ac.uk  

Chandra Kishen  Indian Institute of Science, Bangalore, In-
dia 

chandrak@civil.iisc.ernet.in  

The stress intensity factor is an important parameter in linear elastic
fracture mechanics, in terms of which the fracture criteria can be
formulated. In the present work, the stress intensity factors for a bi-
material interface crack are obtained using the weight function
method, which has been well established for homogeneous bodies.

Weight function method gives a boundary integral representation
for the stress intensity factors. Since the weight functions are uni-
versal functions for a body specified by a particular crack, material
combination and boundary conditions, once determined, the same
weight functions can be used for the computation of stress intensity
factors for any other loading using integral representation. This re-
duces the computational effort, which otherwise has to be put in an-
alyzing each time for a newly applied load.

The weight functions are determined using the finite element tech-
nique based on variational principles to determine the displace-
ment fields for bodies with unbounded strain energy. The selection
of approximate singular fields for the weight functions are dis-
cussed.

SIMULATION OF SLOPE FAILURE USING A MESHED 
BASED PARTITION OF UNITY METHOD  

Jeen-Shang Lin  University of Pittsburgh 
jslin@engrng.pitt.edu  

C-Y Ku  Sinotech Consultants, Inc., Taipei, Taiwan 

A mesh based partition of unity method, known as the manifold
method, is used in simulating the evolution of a slope failure. The
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problem configuration consists of a simple slope that has pre-exist-
ing tensile cracks along its crest. The slope failure is triggered by
rainfall which raises water pressure in the crack. As the tensile
stress around the crack tip increases, an existing crack grows and
a failure surface is eventually developed. The maximum stress cri-
terion is adopted in determining the crack growth and growth direc-
tion. After a failure surface is formed, the unstable soil mass,
bounded by the failure surface, slides down the slope. This sliding
process is also modeled.

Applied Elasticity in Geomechanics 
June 4, 2002 
9:45 
Chair: Bojan Guzina  University of Minnesota

MICROMECHANICS AND EFFECTIVE MODULI OF 
RANDOM, MULTIPHASE FIBER-REINFORCED 

COMPOSITE MATERIALS WITH HOMOGENEOUSLY 
IMPERFECT INTERFACES  

Sofia Mogilevskaya  Research Associate 
mogil003@umn.edu  

Steven Crouch  Theodore W. Bennett Professor 

This paper presents a specialized boundary integral method to
solve problems involving an infinite, isotropic elastic plane contain-
ing a large number of randomly distributed circular elastic inclu-
sions with homogeneously imperfect interfaces. This model can be
used to represent a suitably oriented plane section through a unidi-
rectional fiber-reinforced composite material. The method is capa-
ble of representing thousands of inclusions with no restrictions on
their locations (except that the inclusions may not overlap), sizes,
and elastic properties. The tractions on the inclusion interfaces are
assumed to be continuous and proportional to the corresponding
displacement discontinuities between the inclusions and the mate-
rial matrix. The analysis is based on a semi-analytical solution of a
complex hypersingular integral equation with the unknown tractions
and displacement discontinuities at each circular boundary approx-
imated by a truncated complex Fourier series. The method allows
one to assess both micro and macro-mechanical properties of the
material. Numerical examples are included to demonstrate the ef-
fectiveness of the approach.

NUMERICAL MODELLING OF ROAD TRAFFIC 
INDUCED VIBRATIONS IN BUILDINGS, BASED ON A 

DYNAMIC SOIL-STRUCTURE INTERACTION 
FORMULATION  

Lincy Pyl  PhD. Student 
lincy.pyl@bwk.kuleuven.ac.be  
Geert Degrande  Professor 

Geert Lombaert  PhD. Student  

Road and rail traffic induced vibrations in buildings are a matter of
growing environmental concern, especially in densely populated
regions. Vibrations may cause malfunctioning of sensitive equip-
ment, discomfort to people and structural damage. Regarding the
cost of vibration isolation measures, there is a clear demand to de-
velop accurate numerical tools. A numerical prediction model, in-
corporating a moving source, and accounting for dynamic soil-
structure interaction at the source and the structure is developed.
Use is made of an existing source model that computes the incident
wave field due to the passage of a truck on an uneven road, ac-
counting for dynamic interaction between the road and the layered
soil (Lombaert et al., 2000) and that has been validated by means
of in-situ experiments (Lombaert and Degrande, 2001). It is as-
sumed that the incident wave field is not influenced by the presence
of adjacent structures. The response of a structure due to the inci-
dent wave field is computed with a subdomain formulation MISS
(Aubry and Clouteau, 1992) for dynamic soil-structure interaction
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problems, that is currently used in earthquake engineering. A trans-
fer of the technology from the area of earthquake engineering to the
study of traffic induced vibrations is realised. In the substructure ap-
proach, the most adequate solution technique is applied to each. A
finite element formulation is used for the structure. An important re-
duction in the number of degrees of freedom is obtained when a de-
composition on the rigid body modes and the eigenmodes of the
structure is employed. A boundary element method is used for the
unbounded soil domain. This method only requires the discretisa-
tion of the contact surface between the structure and the soil, re-
ducing the dimensions of the problem by one and making
threedimensional calculations feasible. Using the Green�s functions
of a layered halfspace, the radiation condition is automatically tak-
en into account. An important discretisation effort is required at the
foundation-soil interface as the frequency content of traffic induced
vibrations is larger than for earthquakes. The soil displacement
vector is decomposed into the incident wave field, the locally dif-
fracted wave field and the scattered wave field. Displacement con-
tinuity is enforced along the interface between the foundation and
the soil, while a weak variational approach is used to enforce stress
equilibrium along the interface. Discretisation of the displacement
vectors transforms the scalar virtual work equations into vector-ma-
trix form equilibrium equations. The experimental results of an elab-
orate in situ measurement campaign, that has been performed in
and near a single family dwelling located near a busy road with a
concrete plate pavement with joints (Pyl et al., 2002), will be used
to validate the numerical prediction model. The present paper will
primarily concentrate on the modelling aspect, however.

References
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THE ELASTIC MODULI OF SOILS WITH DISPERSED 
OVERSIZE PARTICLES  

Luis Vallejo  University of Pittsburgh 
vallejo@civ.pitt.edu  

Sebastian Lobo-Guerrero  University of Pittsburgh 
sel2@pitt.edu  

To calculate the elastic deformations experienced by soils subject-
ed to static or dynamic loads, knowledge of the elastic moduli is re-
quired. The elastic moduli are normally evaluated in the laboratory
using conventional triaxial compression tests on cylindrical sam-
ples. For meaningful test results, it is necessary to maintain a ratio
of sample diameter to the maximum particle size of approximately
6 to 1 or greater. However, some soils have large and dispersed
oversize particles that make it impossible for them to be tested in
the conventional triaxial apparatus. This paper presents the appli-
cation of a theoretical method developed by Hashin that calculates

the elastic moduli of a composite made of an elastic matrix contain-
ing large dispersed particles. The Hashin method requires only
knowledge of the elastic moduli of the matrix coupled with the con-
centration by volume of the large particles in order to calculate the
elalstic moduli of the mixture. The Hashin method was applied to a
clay-sand mixture, and it was found to predict very well its mea-
sured elastic moduli.

TRANSIENT RESPONSE OF THREE DIMENSIONAL 
RIGID STRUCTURES INTERACTING WITH VISCO-

ELASTIC SOIL PROFILES  
Euclides Mesquita  UNICAMP - BRAZIL 

euclides@fem.unicamp.br  
Marco Adolph  UNICAMP - BRAZIL 

adolph@fem.unicamp.br  
Edivaldo Romanini Romanini  UFMS - BRAZIL 

romanini@ceul.ufms.br  

A methodology to synthesize the transient response of 3D founda-
tions resting on a viscoelastic half-space is outlined in the present
paper. The method is based on stationary half-space compliance
functions which have been accurately synthesized for high frequen-
cies. The transient response is obtained by the FFT algorithm. The
procedure is applied to investigate the effects of distinct viscoelas-
tic soil models and parameters. The constant hysteretic, the Kelvin-
Voigt and a ramp-like damping models are investigated. The ef-
fects of the viscoelastic models on the causality of the transient re-
sponse is also reported. The transient response of 3D foundations
possessing inertia properties is also addressed.

DYNAMIC STIFFNESS OF PILE GROUPS: SIMPLIFIED 
SOLUTION FOR STIFF PILES  

Ronald Pak  University of Colorado 
pak@colorado.edu  

Farzad Abedzadeh  University of Colorado 
abedzade@colorado.edu  

Starting from an exact formulation, a simplified computational
method is developed for the dynamic soil-pile interaction problem
by relaxation. Numerical results are provided to illustrate the range
of validity and accuracy of the approximate scheme for vertical, hor-
izontal and rocking response using the benchmark solution.
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Seismic Response of Bridges 
June 4, 2002 
11:30 
Chair: Joel Conte  University of California at San Diego

STUDY OF SEISMIC ISOLATION SYSTEM OF JAMUNA 
MULTIPURPOSE BRIDGE, BANGLADESH  

Asif Iqbal  Bangladesh Univ. of Engineering and Technology 
maiqbal@citechno.net  

This paper examines the use of bearings and energy dissipating
devices for seismic isolation of Jamuna Multipurpose Bridge over
the Jamuna River in Bangladesh. The 4.8km long bridge is located
in a seismically active region and over an alluvial flood plain. The
designers used lubricated sliding bearings and steel dampers for
protection against possible seismic events. The isolation system
and the mechanism of operation are described here along-with the
layout and the general arrangement. Other integral components of
the system and the installation details are also investigated. Sum-
mary of the laboratory tests performed on the bearings and the
seismic devices are reviewed to verify the properties of the system.
Maintenance procedure and rehabilitation strategies for the system
after possible seismic damage are explained. Investigation of the
design philosophy and mechanism of the seismic devices show
that the although the isolation system can be helpful in reducing
seismic damage potential of the structure in case of weak or mod-
erate events, it has some serious shortcomings in terms of strong
earthquakes or long-term performance basis.

INCREASING STRUCTURAL SAFETY OF LONG-SPAN 
BRIDGES BY ACTIVE CONTROL  

Mohamed Abdelnaby  George Washington University 
shalaby@seas.gwu.edu  

Summary The effectiveness of active multiple mass damper sys-
tem (AMMD) for suppressing wind-induced vibration response of
long span bridges and, hence, increasing the structural safety will
be investigated in the proposed research work. The three compo-
nents of buffeting wind forces are numerically simulated using an
improved algorithm introduced also in this paper. The target wind
velocity field is assumed to be one-dimensional multivariate sto-
chastic process. The fast Fourier transform is used to enhance the
efficiency of computation. The equations of motion of the system
with dampers will be introduced. A bridge mounted by AMMD and
subjected to simulated wind forces is solved. A comparison be-
tween passive and active system is performed. Numerical example
results reveal that the active control system performs better than its
passive counterpart. Comments on the performance are finally
made.

PROBABILISTIC SEISMIC DEMAND MODELS FOR 
MULTI-SPAN HIGHWAY OVERPASS BRIDGES

Kevin Mackie  University of California, Berkeley 
mackie@ce.berkeley.edu  

Bozidar Stojadinovic  University of California, Berkeley 
boza@ce.berkeley.eud  

Probabilistic Seismic Demand Models (PSDMs) are a component
of the PEER probabilistic performance-based seismic design
framework. A PSDM gives the probability of exceeding a value of a
structure-specific Engineering Demand Parameter (EDP) given a
value of a seismic hazard Intensity Measure (IM). This paper pre-
sents PSDMs developed for multi-span highway overpass bridges
typical for California. These overpass bridges, designed following
1999 Caltrans Bridge Design Specifications and Seismic Design
Criteria, have two, three or four spans. Finite element models of an
array of parametrically varied bridge designs were developed in
OpenSees. Each bridge model was then subjected to 80 ground
motions recorded in California, and its response was computed us-
ing a non-linear time-history solution procedure. Statistical analysis
of the computed responses was used to develop a suite of bridge
PSDMs. PSDMs that demonstrate the influence of multiple bridge
spans on their seismic behavior, such as the effect of higher mode
response, are presented in this paper. They help to illustrate the ef-
fect of variation span length and span number on bridge perfor-
mance.

SYSTEM IDENTIFICATION OF THE VINCENT THOMAS 
LONG-SPAN SUSPENSION BRIDGE USING 

EARTHQUAKE RECORDS  
Andrew Smyth  Columbia University 

smyth@civil.columbia.edu  
Jinsong Pei  Columbia University 

jspei@civil.columbia.edu  
Sami Masri  University of Southern California 

masri@usc.edu  

A combination of linear and nonlinear system identification tech-
niques is employed to obtain a complete reduced-order, multi-in-
put-multi-output (MIMO) dynamic model of the Vincent Thomas
Bridge (Los Angeles) based on the dynamic response of the struc-
ture to the 1987 Whittier and 1994 Northridge earthquakes. Starting
with the available acceleration measurements (which consists of 15
accelerometers on the bridge structure and 10 accelerometers at
various locations on its base), an efficient least-squares-based
time-domain identification procedure is applied to the data set to
develop a reduced-order, equivalent linear, multi-degree-of-free-
dom model. Results of this study yield measurements of the equiv-
alent linear modal properties (frequencies, mode shapes and non-
proportional damping) as well as quantitative measures of the ex-
tent and nature of nonlinear interaction forces arising from strong
ground shaking. It is shown that, for the particular subset of obser-
vations used in the identification procedure, the apparent nonlin-
earities in the system restoring forces are quite significant, and they
contribute substantially to the improved fidelity of the model. Diffi-
culties associated with accurately estimating damping for lightly
damped long-span structures from their earthquake response are
discussed.
64

mailto:maiqbal@citechno.net
mailto:shalaby@seas.gwu.edu
mailto:mackie@ce.berkeley.edu
mailto:boza@ce.berkeley.eud
mailto:smyth@civil.columbia.edu
mailto:jspei@civil.columbia.edu
mailto:masri@usc.edu


Tuesday -  June 4
NONLINEAR SEISMIC ANALYSIS OF A BRIDGE 
GROUND SYSTEM  

Joel Conte  University of California at San Diego 
jpconte@ucsd.edu  

Ahmed Elgamal  University of California at San Diego 
Zhaohui Yang  University of California at San Diego 

Zhang Yuyi  University of California at San Diego 
 

This paper presents a two-dimensional yet advanced nonlinear fi-
nite element model of a real bridge system, the Humboldt Bay Mid-
dle Channel Bridge near Eureka in Northern California, and its
response to a seismic input motion. The computational model of the
Middle Channel Bridge is developed using the new software frame-
work OpenSees developed by the Pacific Earthquake Engineering
Research (PEER) Center to combine advanced structural and geo-
technical seismic response simulation capabilities. The model in-
corporates soil-pile-structure interaction. Realistic nonlinear
material models are used for the concrete (confined and uncon-
fined), reinforcing steel, and soil materials under cyclic/dynamic
loading. The materials in the various layers of the supporting soil
medium are modeled using an effective-stress, multi-surface plas-
ticity model incorporating liquefaction effects. A seismic response
analysis is presented, with soil properties weaker than the actual
ones, in order to test the robustness of the numerical framework,
and explore potential effects of liquefaction on the various compo-
nents of the bridge system. The simulated response shows that liq-
uefaction-induced lateral spreading may have severe implications
on the seismic demand imposed on the bridge structure (piers,
piles, approach slab).

Mechanics of FRP Strengthened Concrete 
Structures 
June 4, 2002 
11:30 
Chair: Christopher Leung  HKUST 
Co-Chair: Arup Maji  University of New Mexico

FIBER REINFORCED CONCRETE MEMBERS UNDER 
COMBINED LOADING  

firdaus kamalodeen  consulting 
asharma1998@yahoo.com  
anil sharma  professor 

Steel fiber reinforced concrete (SFRC) technology has grown over
the last three decades into a mature industry in North America and
Europe.Improvements are continually being made by the research-
ers to optomize its application in the construction industry. A current
need is to consolidate the available knowledge for SFRC and to in-
corporate it into design codes.

A method of analysis applicable to SFRC members subjected to
combined loading is presented. Well accepted theory used for de-
signing conventional reinforced concrete members is extended to
incorporate the effects of steel fibers. The derived equations are
validated by test results reported by several investigators. Design
examples are used to illustrate the use of the developed equations.

CHARACTERIZATION AND MODELING OF 
DEBONDING IN RC BEAMS STRENGTHENED WITH 

FRP COMPOSITES  
Oral Buyukozturk  Massachusetts Institute of Technology 

obuyuk@mit.edu  
Oguzs Gunes  Massachusetts Institute of Technology 

ogunes@mit.edu  
Erdem Karaca  Massachusetts Institute of Technology 

karaca@mit.edu  

Use of fiber reinforced plastic (FRP) composites for strengthening
reinforced concrete (RC) beams have become a frequently used
method in the last decade. However, the method is yet to become
a mainstream application due to a number of economical and de-
sign related issues. From structural mechanics point of view, an im-
portant concern regarding the effectiveness and safety of this
method is the potential of brittle debonding failures. Such failures,
unless adequately considered in the design process, may signifi-
cantly decrease the effectiveness of the strengthening and may
even make the member less safe due to decreased ductility. De-
spite considerable research progress, continued research in this
area is needed to develop the necessary analysis and design pro-
cedures and related codes and standards. This paper summarizes
the findings of a comprehensive experimental and preliminary ana-
lytical research work aimed at modeling debonding failures in FRP
strengthened RC beams.
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CFRP STRENGTHENING OF CONCRETE 
STRUCTURES - DESIGN GUIDELINES IN SWEDEN  

Bjorn Taljsten   Lulea University of Technology 
bjorn.taljsten@skanska.se  

Rehabilitation and strengthening of existing concrete structures
has become more and more in focus during the last decade. All
over the world there are structures intended for living and transpor-
tation. The structures are of varying quality and function, but they
are all ageing and deteriorating over time. Of the structures needed
in 20 years from now about 85-90 % of these are already built.
Some of these structures will need to be replaced since they are in
such a bad condition. However, it is not only the deterioration pro-
cesses that make upgrading necessary, errors can have been
made during the design or construction phase so that the structure
needs to be strengthened before it can be used. New and in-
creased demands from the transportation sector can be another
reason for strengthening. If any of these situations should arise it
needs to be determined whether it is more economical to strength-
en the existing structure or to replace it. There exist many different
ways to strengthen an existing concrete structure, such as sprayed
concrete, different types of concrete overlays, pre-tensioned cables
placed on the outside of the structure, just to mention a few. A
strengthen method that was used quite extensively during the mid
70-ties is steel Plate Bonding, this method has gained renaissance
the last decade, but now as FRP (Fibre Reinforced Polymers) Plate
Bonding. This technique may be defined as one which a composite
plate or sheet of relatively small thickness is bonded with an epoxy
adhesive to in most cases a concrete structure to improve its struc-
tural behaviour and strength. The sheets or plates do not require
much space and give a composite action between the adherents.
Extensive research and laboratory testing has been carried out all
over the world and at many different locations. These investigations
shows that the method is a very effective and considerably
strengthening effect can be achieved. Nevertheless, if the method
shall be successfully used it is of utmost importance that a proper
design forms the base for the strengthening work to be carried out.
Therefore, design guidelines must be compiled. In Sweden this
was first made for Steel Plate Bonding in the end of the 80-ties and
during the end of the 90-ties design guidelines for FRP Plate Bond-
ing was written and incorporated in the Swedish Bridge Code: BRO
94. However, before this was possible a great number of laboratory
tests have been carried out and analysed together with literature re-
views as well as thoroughly theoretical studies in the area. In addi-
tion several full scale tests have been undertaken with the Plate
Bonding Method is Sweden since the end of the 80-ties. This paper
presents a summary of the existing guideline for FRP Plate Bond-
ing used in Sweden. Both design for bending and shear as well for
torsion and fatigue are presented and a short discussion about
safety factors the execution work are made.

RETROFIT EFFICIENCY USING FRP SHEETS : 
MECHANICS VIEWPOINT  

H.C. Wu  Dept. of Civil and Environmental Engineering, 
Wayne State University 
hcwu@ce.eng.wayne.edu  

The greatest potential of Fiber Reinforced Plastics (FRPs) in the
near future will be in the areas of repair, strengthening, and reha-
bilitation of existing structures, such as externally bonded compos-
ite fabrics or jackets on beams, columns, and bridge decks.
Significant improvements in compressive, shear, and flexural be-
havior of bonded concrete elements are obtained. In an effective

retrofit with external FRP sheets, a layer of dry fiber sheet is placed
on the top of a coat of polymer resin that will harden to bond the fi-
ber sheet to the concrete structure. In this paper, fracture mechan-
ics based micromechanical models are presented to describe the
retrofit effect of using FRP sheets on concrete structures. The inter-
action between concrete crack and applied FRP sheets is treated
by creating opposing bridging stress acting across the concrete
crack flanks as a result of the FRP stretching. Such interactions de-
pending on loading conditions will be discussed in terms of retrofit
efficiency in this paper.

A FRACTURE-BASED MODEL FOR DEBONDING OF 
FRP PLATE FROM CONCRETE SUBSTRATE  

Christopher Leung  Hong Kong University of Science and 
Technology 

ckleung@ust.hk  
Yong Yang  Hong Kong University of Science and Technolo-

gy 
yangyong@ust.hk  

For concrete beams and slabs strengthened with bonded fiber re-
inforced plastic (FRP) plates, failure may occur in a brittle manner
through debonding of the plate from the concrete substrate. In this
paper, the debonding process is modeled as the propagation of a
crack along the FRP/concrete interface, with frictional shear stress
acting behind the crack tip. Following experimental results, the
magnitude of the shear stress is taken to decrease linearly with in-
terfacial sliding. Considering crack propagation to occur once the
net energy release rate of the system equals the interfacial fracture
energy, the applied load on a bonded FRP plate corresponding to
any debonded length can be found. From the analytical results, an
interesting observation can be made. With the definition of an effec-
tive interfacial shear strength, the relatively simple strength-based
analysis can produce very similar results to the more complicated
fracture-based analysis. With this finding, debonding analysis in the
general case can be greatly simplified.
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Chair: Steven Wojtkiewicz  Sandia National
Laboratories

QUANTIFYING PREDICTION UNCERTAINTY IN 
RESERVOIR MODELLING USING STREAMLINE 

SIMULATION  
Mike Christie  Heriot-Watt University 

mike.christie@pet.hw.ac.uk  
Sam Subbey  Heriot-Watt University 

Malcolm Sambridge  Australian National University 

Predicting the performance of oil reservoirs is inherently uncertain:
data constraining the rock and rock-fluid properties is available at
only a small number of spatial locations, and other measurements
are integrated responses providing limited constraints on model
properties. Calibrating a reservoir model to observed data is time
consuming, and it is rare for multiple models to be �history
matched�. Uncertainty quantification usually consists of identifying
high-side and low-side adjustments to the base case.

The Neighbourhood Algorithm is a stochastic sampling algorithm
developed for earthquake seismology. It works by adaptively sam-
pling in parameter space using geometrical properties of Voronoi
cells to bias the sampling to regions of good fit to data. The algo-
rithm evaluates the high dimensional integrals needed for quantify-
ing the posterior probability distribution using Markov Chain Monte
Carlo run on the misfit surface defined on the Voronoi cells.

This paper describes the use of the Neighbourhood Algorithm for
obtaining multiple history matched reservoir models and using the
ensemble of models to quantify uncertainty in reservoir perfor-
mance forecasting. We describe the changes needed to generate
multiple history matched models, and to sample from the posterior
probability distribution to quantify uncertainty in forward predic-
tions.

Effective quantification of uncertainty can require thousands of res-
ervoir model runs, each of which can take several minutes for a rel-
atively coarse grid to several hours for a fine grid. As part of this
paper, we describe the use of approximate streamline simulations
to rapidly explore parameter space. This allows us to switch to
slower conventional simulation in regions of good fit to the data.

We demonstrate the performance of the algorithm on the SPE 10th
Comparative Solution Project dataset. This is a benchmark dataset
for which a fine grid reservoir description is known. We take this as
"truth" and use a coarser model to match the history data for a lim-
ited period of time. We then predict both the maximum likelihood
performance and the uncertainty envelope for the remaining time.
The maximum likelihood solution is close to the truth case for much
of the time, and the true solution always lies within the uncertainty
bounds predicted by the algorithm.

COMPUTATIONAL MODEL VALIDATION UNDER 
UNCERTAINTY  

Sankaran Mahadevan  Vanderbilt University, Nashville,TN 
sankaran.mahadevan@vanderbilt.edu  

Ruoxue Zhang  Vanderbilt University, Nashville,TN 
Ramesh Rebba  Vanderbilt University, Nashville,TN 

This paper develops a methodology to assess the validity of reliabil-
ity computation model using the concept of Bayesian hypothesis
testing, by comparing the model prediction and experimental ob-
servation, when there is only one computational model available to
evaluate system behavior. Time-independent and time-dependent
problems are investigated, with consideration of two cases: with
and without statistical uncertainty in the model. The Bayesian hy-
pothesis-testing concept is extended to life prediction problems.
Bayes factors, that measure the probability of obtaining the given
test data with the assumed model, are used for model validation.
The developed method provides a rational criterion to decision-
makers for the acceptance or rejection of the computational model.

With the existence of statistical uncertainty in the model, in addition
to the application of a predictor estimator of the Bayes factor, the
uncertainty in the Bayes factor is explicitly quantified through treat-
ing it as a random variable and calculating the probability that it ex-
ceeds a specified value. In the case of model uncertainty, when
there exist several possible models to describe a phenomenon, a
Bayesian approach can be used to include all the candidate models
by assigning model weight (the probability of each model being cor-
rect) and integrating the effects of all the models. When there is ob-
servation/data available, the model weights may be updated and
shifted to the more appropriate model. It is assumed that the validity
of a model is judged only through its output and the data used in the
model prediction and the observation are assumed to be correct,
and the computational errors are neglected. The inconsistency be-
tween the observed data and the model prediction is caused solely
by the adoption of the wrong model.

The paper also proposes a new method to assess the validity of
large-scale computational models by combining system reliability
concepts with a Bayesian model validation approach. A large-scale
computational model may be modeled through system-level con-
cepts. While full system testing may be impossible, component-lev-
el testing may be possible to validate smaller modules of the
computational model. The concept of the Bayes factor for a single
limit state or a single computational or stress prediction model
could be extended to a multiple limit state or system level problem
where there is interaction among the component states. If system-
level tests were possible, then system-level Bayes factors could be
computed in exactly the same manner as in component-level vali-
dation. When system-level testing is not possible, system-level val-
idation measures are derived for situations with and without
statistical uncertainty.

This derivation of system level validation measures depends on the
knowledge of inter-relationships between component modules in
the system configuration. If such knowledge is uncertain, either
Bayesian or Evidence theory-based approaches could be used to
derive system-level validation measures, when multiple competing
system configuration models are possible. The Bayesian approach
uses a weighted sum estimate, with the weights updated with sys-
tem-level tests. The evidence theory-based approach uses evi-
dence combination rules to combine subjective opinion and
ignorance on the relative validity of multiple competing models. The
proposed methods are illustrated with several numerical examples.
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MODELING UNCERTAINTY OF ELLIPTIC PARTIAL 
DIFFERENTIAL EQUATIONS VIA GENERALIZED 

POLYNOMIAL CHAOS  
Dongbin Xiu  Brown University 

xiu@cfm.brown.edu  
George Karniadakis  Brown University 

gk@cfm.brown.edu  

We present a generalized polynomial chaos algorithm to solve the
elliptic boundary value problems suject to stochastic uncertain in-
puts. In particular, we focus on the solution of the Poisson equation
with random diffusivity and forcing. The stochastic input and solu-
tion are represented spectrally by employing the orthogonal poly-
nomial functionals from the Askey scheme, as a generalization of
the original polynomial chaos idea of Wiener (1938). A Galerkin
projection in random space is applied to satisfy the equations in
weak form. The resulting set of deterministic equations is solved it-
eratively by a block Gauss-Seidel technique. Both discrete and
continuous stochastic distributions are considered and conver-
gence is demonstrated for model problems.

MODEL INCOMPLETENESS: IMPLICATIONS ON 
STATISTICAL INFERENCE AND ANALYSIS BY 

CLASSIFICATION TREES  
T. Igusa  The Johns Hopkins University 

tigusa@jhu.edu  
H. Liu  The Johns Hopkins University 

In the search for the optimal design of a system, approximate mod-
els are often needed. Before such models are used, a regression is
usually performed to fit the model to a more accurate, reference
model. Inherent in such a fitting procedure is a statistical model for
the errors. In this extended abstract, the model errors is examined
for potential use in the optimal design problem. With the random-
ness in the errors, a probabilistic view is still needed, however, the
approach developed herein is fundamentally different from that
used in statistical regression. With the focus on design, it is shown
that the outliers, which are ignored or otherwise discounted in sta-
tistical regression, can be used to identify system features that may
potentially lead to improved design.

COMPUTATIONAL PROCEDURES FOR PROCESSING 
UNCERTAINTIES IN STRUCTURAL MECHANICS  

Gerhart Schueller  University of Innsbruck 
mechanik@uibk.ac.at  

It is now widely recognized that a quantitative assessment of the ef-
fects of uncertainties in structural analysis and design plays an im-
portant role in context with quality assurance programs and
reliability estimation. Hence the development of methods for their
processing is in the focus of interest. While analytical procedures
for this purpose were most useful in the early stage of development
ñ and in fact still are ñ computational methods are needed for treat-
ing problems of larger dimensions, i.e. structures of engineering in-
terest. Moreover, these procedures have to be compatible with
currently used methods in deterministic analysis, such as FE pro-
cedures, etc.. Experience shows, that uncertainties are not only in-
volved in loading conditions but also in structural, i.e. material and
geometrical properties. Hence in addition to the mechanical model-
ing of the structural systems statistical procedures, probability as
well as stochastic processes and fields are used as a modeling tool

for uncertainties. While for time invariant problems the modeling by
random variables suffices, a large class of quantities involving ran-
dom fluctuations in time and space is adequately described by sto-
chastic processes, fields and waves. Typical examples of
engineering interest are earthquake ground motion, sea waves,
wind turbulence, road roughness, imperfections of shells, fluctuat-
ing properties in random media, etc. The choice of the respective
probabilistic models depends both on physical aspects and statisti-
cal evidence respectively. Particularly when analyzing larger size
structures, the complexity both in mechanical and stochastic mod-
eling respectively leave the Monte Carlo simulation (MCS) almost
as the only procedure available to solve such types of problems.
For the purpose of MCS sample points or functions of the involved
random phenomena have to be generated. This sample informa-
tion should represent accurately the stationary, homogenous, or
non-homogenous, one-dimensional of multi-dimensional, uni-vari-
ate or multi-variate, Gaussian of non-Gaussian characteristics de-
pending on the requirements of the accuracy of the realistic
representation of the physical behavior and, of course, on the avail-
able statistical information. The most common representations of,
e.g. sample functions are: autoregressive moving average, autore-
gressive models, filtered white noise, shot noise and filtered Pois-
son white noise, covariance decomposition, Karhunen-Loève and
Polynomial Chaos expansion, spectral and wavelet representation,
respectively, etc.. For the purpose of the evaluation of the structural
response a clear distinction between the properties of the structural
model is essential, i.e. whether the uncertainty of the structural
properties (geometry and material properties) have to be taken into
account (e.g. Stochastic Finite Element analysis (SFE) or maybe
safely neglected, whether it responds linearly or non-linearly, re-
spectively, etc.. Two aspects should be kept in mind when taking
into account the uncertainties in structural analysis and design: (1)
The accuracy and goodness of the mechanical modeling should
match that of the current state of deterministic analysis. (2) Sto-
chastic procedures should allow to analyze higher dimensional
problems as generally encountered in engineering practice. Natu-
rally, both of these requirements can only be met by applying com-
putational procedures. In this paper various computational
procedures are discussed, where methods for increasing the com-
putational efficiency, i.e. reduction of dimension, parallel process-
ing as well as improved MC simulation algorithms, etc. are given
preference. The methodologies are then applied to a number of nu-
merical examples.
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Recent Advances in Materials Character-
ization and Modeling of Pavement Systems 
II 
June 4, 2002 
11:30 
Chair: Erol Tutumluer  University of Illinois 
Co-Chair: Yacoub Najjar  Kansas State University

SIMULATION OF CRACKING BEHAVIOR OF ASPHALT 
MIXTURES USING RANDOM ASSEMBLIES OF 
DISPLACEMENT DISCONTINUITY BOUNDARY 

ELEMENTS  
Bjorn Birgisson  University of Florida 

bbirg@ce.ufl.edu  
Chote Soranakom  University of Florida 

John Napier  CSIR Division of Mining Technology 
Reynaldo Roque  University of Florida 

This paper describes the use of random assemblies of displace-
ment discontinuity boundary elements to model the cracking be-
havior of asphalt mixtures. These random assemblies of boundary
elements form particles of varying sizes, which are arranged to sim-
ulate the discrete nature of mixtures. To account for the aggregate
and mastic properties, each particle is connected to other particles
by specifying the cohesion, friction, and tensile properties of the
material between particles. The crack initiation and crack growth
are simulated using two distinct crack growth laws, based on se-
quential and parallel crack growth rules. Cracks are allowed to grow
either along particle boundaries or through internal weak paths in-
side particles. A series of simulations were performed off the load-
deformation and cracking behavior of a typical mixture commonly
used by the Florida Department of Transportation. The effects of
crack growth rules, particle size, and localization to geometric ef-
fects were studied. In summary, the method presented appears to
provide a valuable tool for studying the mechanistic behavior of as-
phalt mixtures.

ASPHALT MIX MASTER CURVE CONSTRUCTION 
USING NON-LINEAR LEAST SQUARES 

OPTIMIZATION  
Terhi Pellinen  Purdue University 

pellinen@ecn.purdue.edu  
Matthew Witczak  Arizona State University 

Ramon Bonaquist  Advanced Asphalt Technologies 

This paper presents a new simplified method of constructing a mas-
ter curve of asphalt mix using test data covering a large range of
temperatures from -18×C to 55×C. It utilizes sigmoidal fitting func-
tion and compressive dynamic (complex) modulus test data ob-
tained at matrix combination of different frequencies and test
temperatures. In the master curve construction, the time tempera-
ture superposition was modeled two different ways. First, using
known time-temperature superposition equations, and second
shifting test data experimentally, i.e., not assuming any functional
form for the time-temperature relationship. The master curve con-
struction was done using an Excel spreadsheet with the Solver
Function, which is a tool for performing optimization with non-linear

least squares regression technique. The analysis of over sixty mix-
tures indicated that the experimental approach agreed the best with
Arrhenius shifting equation, correlation coefficient R2 being 0.995.
Also, the experimental shifting was most flexible, producing the
best fit among the studied shifting equations due to the fact that it
has the most degrees of freedom. The master curve construction
using sigmoidal fitting function will be used in the new 2002 Guide
for the Design of Pavement Structures, which is under develop-
ment in the National Cooperative Highway Research Program
(NCHRP) 1-37A Project.

ARTIFICIAL NEURAL NETWORKS FOR THE 
ANALYSIS OF SLABS UNDER SIMULTANEOUS 

AIRCRAFT AND TEMPERATURE LOADING  
Halil Ceylan  University of Illinois at Urbana-Champaign 

h-ceyla@uiuc.edu  
Erol Tutumluer  University of Illinois at Urbana-Champaign 

tutumlue@uiuc.edu  
Ernest Barenberg  University of Illinois at Urbana-Cham-

paign 
ejbm@uiuc.edu  

This study focuses on the development and performance of a com-
prehensive artificial neural network (ANN) model for the analysis of
jointed concrete slabs under simultaneous aircraft and temperature
loading. Using the results from the ILLI-SLAB finite element pro-
gram, a comprehensive artificial neural network model was trained
for the different loading conditions of gear load only, temperature
load only, and simultaneous aircraft and temperature loading cas-
es. Special consideration has been given to the loading of a typical
jointed slab assembly under the tri-tandem type gear of the Boeing
777 aircraft. It is also shown that the principle of superposition is not
valid for simply adding the critical pavement responses (slab de-
flections and bending stresses) obtained under gear loading only
and temperature loading only cases. The typical ANN prediction
time is about 0.3 million times faster than the average ILLI-SLAB fi-
nite element solution. The use of an ANN-based design tool is
deemed to be very effective for studying hundreds or thousands of
ìwhat ifî scenarios for including the temperature effects in pave-
ment analysis and design.

MODELING THE JOINT DETERIORATION BEHAVIOR 
OF PCC KANSAS PAVEMENTS VIA DYNAMIC ANN 

APPROACH  
Yacoub Najjar  Kansas State University 

ea4146@ksu.edu  

Joint Deterioration of PCC pavement is a process that is controlled
by a variety of quantifiable and other non-easily quantifiable param-
eters. Artificial neural network (ANN) approach was used herein to
correlate the time-dependent joint deterioration behavior with quan-
tifiable experimentally-based aggregate durability parameters. To
achieve this objective, the historical Kansas� pavement manage-
ment system database along with corresponding aggregate and
core durability reports for a number of PCC sections were com-
bined to produce the needed time-dependent joint deterioration da-
tabase. The resulting database was split into training, testing and
validation sub-bases. Upon a number of ANN training, testing and
validation processes, a time-dependent ANN-based joint deteriora-
tion model was developed. The developed model utilizes a number
of aggregate durability factors to project the time-dependant joint
deterioration behavior for up to 17 years after construction. Accord-
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ingly, model predictions for year n are sequentially used as inputs
for predictions for year n+1. Overall, model predictions are noted to
be logical and in good agreement with field observations.

Stability of Plate and Shell Structures 
June 4, 2002 
11:30 
Chair: Hayder Rasheed  Kansas State University 
Co-Chair: Dewey Hodges  Georgia Institute of Technol-
ogy

ULTIMATE BENDING STRENGTH OF STEEL BOX 
GIRDERS SUJECTED TO NEGATIVE MOMENT  

Sung Lee  Dongguk University 
sclee@dongguk.edu  

Dong Yoon  Dongguk University 
Chai Yoo  Auburn University  

Steel box girders are extensively used for bridges. Since relatively
slender plates are usually used for box girder flanges, stability con-
sideration is very important. Thin flange plates are, in general, stiff-
ened by longitudinal and transverse stiffeners in order to increase
the buckling strength. The current design approaches of the stiff-
ened compression flanges can be placed into two categories: (1)
strut approach and (2) discretely stiffened plate approach. The ba-
sis of the strut approach is to treat a stiffened flange as a series of
unconnected compression struts. A strut consists of longitudinal
stiffener acting together with an associated width of plate that rep-
resent the plate between stiffeners. The strut approach is not appli-
cable when a small number (one or two) of longitudinal stiffeners
are used. In the discretely stiffened plate approach, a rectangular
panel divided by stiffeners is treated as a separated plate support-
ed along four edges.

The current AASHTO LRFD specifications (1998) adopt the dis-
cretely stiffened plate approach in order to evaluate the nominal
flexural resistance of the stiffened compression flanges. Either
yielding or buckling controls the design of the stiffened compres-
sion flanges depending upon the slenderness ratio of separated
panels. The region where buckling governs the design is, again, di-
vided into two zones: (1) transition zone where inelastic buckling
may take place due to residual stresses and initial deformations;
and (2) elastic buckling zone. In the case where buckling occurs pri-
or to yielding, the AASHTO LRFD specifications consider the buck-
ling as the strength limit state of a stiffened flange.

Meanwhile, it has been known that rectangular plates supported
along all the four edges are able to exert considerable postbuckling
strength depending upon the slenderness ratio after buckling. How-
ever, this reserved strength has not been utilized in the practical de-
sign mainly due to lack of comprehensive research.

In the present study, the postbuckling strength capabilities of stiff-
ened compression panels were investigated through the nonlinear
finite element analysis. The results reveal that the panels are capa-
ble of carrying considerable additional loads after buckling espe-
cially when sub-panels are relatively slender. Then, through a
parametric study of the nonlinear analysis results, an equation to
determine the ultimate compressive strength of stiffened panels in-
cluding the postbuckling strength is suggested.

Also, an experiment was conducted in order to investigate the over-
all ultimate bending strength behavior of open-top steel box girders
in negative flexure and the ultimate strength of compression panels
themselves as well. It was found from the test that the girder spec-
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imens were able to carry even further beyond the ultimate strength
points of the compression flanges predicted by the equation sug-
gested in this study. This is because the compression flanges were
still able to maintain the original cross-section even after reaching
the predicted ultimate strength, and as a consequence the remain-
ing section consisting only of the webs and tension flanges was still
effective against bending after complete loss of the strength of the
compression flanges including the postbuckling strength. There-
fore, it appears that the design method for the nominal flexural re-
sistance in current AASHTO LRFD specifications may be too
conservative for steel box girders in negative flexure because of ex-
clusion of this reserved strength.

In the present study, open-top box girder models on small scales
only were tested. In order to develop a new design method that in-
corporates the reserved bending strength in the design of box gird-
ers in negative flexure, further theoretical and experimental
research is recommended. Especially, experiment using box gird-
ers on full scale is necessary to affirm the capability of wide com-
pression (bottom) flanges to retain the original cross-section
beyond buckling of the flanges.

BUCKLING STRENGTH OF THIN CYLINDRICAL 
SHELLS UNDER LOCALIZED COMPRESSION  

Minjie Cai  The University of Edinburgh,U.K. 
mcai@srv0.civ.ed.ac.uk  

J. Mark Holst  he University of Edinburgh,U.K. 
J. Michael Rotter The University of Edinburgh,U.K. 

The buckling strength of a thin cylindrical shell is important in many
applications in civil engineering. On the one hand, current design
rules are principally based on an empirical interpretation of test
data and hence very simple loading conditions are applied. On the
other hand, experimental and theoretical observations show signif-
icant stress non-uniformity and hence a deviation from the buckling
strength expected under uniform load occurs. Reliable quantifica-
tion of this effect is still challengingly difficult.

This paper presents a comprehensive parametric study, which ex-
amines the effect of non-uniform loading on the buckling strength
of geometrically perfect and imperfect shells. In this study, local
zones of compression are set up by applying shear stresses to the
shell wall over a limited extent. Special emphasis is placed on un-
derstanding the effect of the meridional extent of the compression
zone. Local axisymmetric weld depression imperfections are used
in conjunction with several analysis types. The paper defines a re-
vised set of rules, which may be implemented in future design stan-
dards.

STABILITY BEHAVIOR OF COMPOSITE THIN-
WALLED MEMBERS DISPLAYING ARBITRARY 

ORTHOTROPY  
Nuno Silvestre  IST - Technical University of Lisbon 

nunos@civil.ist.utl.pt  
Dinar Camotim  IST - Technical University of Lisbon 

dcamotim@civil.ist.utl.pt  

An overview of the formulation of a 2nd order GBT to analyze the
stability behavior of thin-walled members displaying arbitrary
orthotropy is first presented. The theory is an extension of the
Vlassov-type beam theory developed by Bauld & Tzeng (1984)
which is formulated in GBT "language" and accounts for the cross-
section in-plane deformations (local deformations). The main steps

and procedures involved in the derivation and solution of the GBT
system of equilibrium equations and boundary conditions are de-
scribed and briefly discussed, always in the context of general
asymmetric orthotropic members. Next, the paper addresses the
issue of whether the eigenvalue loads obtained from member linear
stability analyses correspond to true bifurcations or simply provide
asymptotic limit loads, and a systematic procedure to detect true bi-
furcations is proposed. Finally, the application and capabilities of
the 2nd order GBT are illustrated by means of a set of numerical
results (GBT-based buckling mode shapes and corresponding bi-
furcation stress values) dealing with the local and global buckling
behavior of laminated plate lipped channel columns and beams ex-
hibiting asymmetric orthotropy.

ELASTIC STABILITY OF GENERALLY ANISOTROPIC 
RINGS UNDER EXTERNAL PRESSURE

Dewey Hodges  Georgia Institute of Technology 
Dewey.Hodges@AE.GaTech.edu  

Dineshkumar Harursampath  Indian Institute of Science  

Inplane buckling of laminated rings is considered based on a non-
linear theory for stretching and bending of geometrically and mate-
rially symmetric anisotropic beams having constant initial curvature
in their plane of symmetry. The ring is formed by initially curving the
laminated beam out of the plane of the laminate. For the kinemat-
ics, the geometrically exact 1-D measures of deformation are spe-
cialized for small strain, and a 1-D constitutive law is developed via
an asymptotically correct dimensional reduction of geometrically
non-linear 3-D elasticity. The reduction assumes small strain and
comparable magnitudes for the initial radius of curvature R and the
wavelength of deformation along the beam reference line. Other
small parameters include the ratio of cross-sectional thickness h to
initial radius of curvature (h/R) and the ratio of cross-sectional thick-
ness to cross-sectional width (h/b). A very simple final expression
for the second variation of the total potential is obtained with the
only restriction on the buckling analysis being that the prebuckling
strain remains small. The buckling load obtained exhibits features
not found in published formulae.

THE INSTABILITY ANALYSIS OF CHALK CLIFFS OF 
THE BLANC NEZ CAPE (PAS DE CALAIS AREA, 

FRANCE)  
Samia Sedki  Mechanical and Housing Artois Laboratory 

samia.sedki@fsa.univ-artois.fr  
Cherif Boulemia  Mechanical and Housing Artois Laboratory

Eric Henry  Mechanical and Housing Artois Laboratory 
Erick Carlier   

This work is undertaken in the framework of a collaboration be-
tween Hydrology Soil and environment team (HSE) of the LAMH
(Mechanical and Housing Artois Laboratory) and the Regional Lab-
oratory of the Highways Department of Lille (LRPC). It treats the
problem of the ground movements and particularly of the cliffs in-
stability . The chalk cliffs of the Blanc Nez Cape located in the lit-
toral fringe of the northern France, and on front of the English cliffs
of Dover, is the seat of natural phenomenon of erosion and collaps-
es of various sizes. Several collapses were observed at the site of
Escalles since the beginning of the year 1998, and have destabi-
lized the top of cliff by opening cracks there. . The Blanc Nez Cape
attended by one million tourists a year approximately, classified as
a national site, worried the French authorities. Those called upon
the LRPC to study and to follow-up these phenomena in order to
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determine the zones which represent a danger collapse, to mark
out them. Following an observation campaigns, an instrumentation
was installed to measure the cracks opening. With these same de-
vices, vertical displacements were evaluated. In this first study, a
treatment of these measurementís data showed the existence of a
relation between the opening of these cracks and the increase of
the water table level firstly, and between precipitations and the
opening of the cracks secondly. This report does not seem to be the
only factor of the instability, thatís why the study must integrate an-
other approaches and ground measurements to support and con-
firm the first results. The observations carried out on ground reveal
a link between the surfacial cracks apparition and the depth fractur-
ing which is of tectonic origin. In addition, studies carried out in the
area showed that a flow of subsoil waters is of the fissural type . The
theory of flow in fissured area leads us to make a systematic car-
tography of the fractures distribution of and associated permeabili-
ties. The advantage of this cartography will be seen on two aspects.
At one, it will make possible to supplement the existing data and to
link the flows to the tectonic facts at the second time. The second
phase of our current study, consists in checking the various rela-
tions between the surface movements and deep dynamics. For
that, several methods are listed: -a total statement of the fracturing
by direct measurements, - an electric prospecting for the localiza-
tion of the surfacial cracks and the cracks of tectonic origin, -a fine
characterization which specifies various materials implied in the
collapses.

The acquisition of these data will enable us to: firstly, correlate them
and secondly, to confront them with those which already exist.
Therefore, we can proceed to the elaboration of an explicit model
which will take account at the same time of the space variability of
mechanical and physical properties of rocks and soils met, and of
existing discontinuities.

Fluids - Sediment Transport 
June 4, 2002 
11:30 
Chair: Keh-Han Wang  University of Houston 
Co-Chair: Donald Drew  RPI

RIVER BED SURFACE ROUGHNESS ANALYSIS 
USING 2D WAVELET TRANSFORM-BASED METHODS 

 
Annie Nyander  Napier University, U.K. 

a.nyander@napier.ac.uk  
Paul Addison  Napier University, U.K.  

Ian McEwan  University of Aberdeen, U.K. 
Gareth Pender  Heriot-Watt University, U.K.  

This paper describes the analysis of riverbed sediment surface
data using the two-dimensional discrete wavelet transform. When
sedimentation occurs in a channel the topography of the bed sur-
face will change which in turn will affect the flow characteristics. It
is therefore important to be able to characterise the bedsurface to-
pography. In this study the sediment surface data was analysed us-
ing the wavelet transform - a relatively new mathematical tool for
data analysis. Interest in this analysis method has increased during
recent years, and today it can be found in a number of areas in both
science and engineering. The sediment data set was decomposed
into a range of scales using the Daubechies 12 wavelet for the anal-
ysis. By determining the energy in the scale ranges a novel distri-
bution, the form size distribution, of the bed forms was computed.

AN ELASTIC CONTACT MECHANICS FRACTURE 
FLOW MODEL 

Guillermo Franco  Columbia University 
abagtzog@civil.columbia.edu  

Amvrossios Bagtzoglou  Columbia University 

The study of flow through fractured rock is a challenging research
topic. The inherent complexity of the geometry of natural surfaces
in contact, the lack of knowledge regarding flow behavior in a small
and extremely irregular space and the deformation of the confining
solids, make for a difficult landscape of study. In this paper, a clas-
sic theory in the area of contact mechanics, first applied to optics
and lenses in contact by Hertz, is used to obtain a simple model of
a deforming fracture. The model accounts for elastic deformations
of the solids in contact and assumes laminar flow in the created
voids. Results are presented and compared to experimental tests
carried out by and presented inGale (1975).
72

mailto:a.nyander@napier.ac.uk
mailto:
mailto:
mailto:
mailto:abagtzog@civil.columbia.edu
mailto:


Tuesday -  June 4
MOMENTUM-BASED MODEL FOR SEDIMENT 
TRANSPORT  
Don Drew  RPI 
drewd@rpi.edu  

Leslie Aquino  NSA 

Many current models of sediment transport use single-phase flow
equations to determine liquid flow velocity profiles and then use
these to compute suspended load and bed load transport. A two-
phase or two-fluid approach is more desirable because it allows
mechanistic modeling of interfacial effects as well as turbulence ef-
fects within the near-bed layer. This also seems to be a more nat-
ural approach than some existing two-fluid models, which often
couple a conservation of momentum equation for the liquid (contin-
uous) phase and includes a diffusive flux of dispersed material in
the conservation of mass equation for the dispersed phase.

The basic equations for two-phase flow are presented and applied
to the simplified case of steady-state two-dimensional fully-devel-
oped flow in a rectangular channel over a flat bottom. The equa-
tions for balance of mass and momentum are discussed for low
sediment concentration, and a turbulence model is considered. Pa-
rameters which affect the sediment volume fraction are determined
through nondimensionalization of the model equations. The system
is found to be singularly perturbed, with a boundary layer near the
bottom. Singular perturbation analysis of the system is performed,
with ìlaw of the wallî boundary conditions coming from the near-bot-
tom analysis. Subsequent numerical solutions for the sediment vol-
ume fraction show that this treatment of the equations produces
reasonable results when compared with experimental data.

A 3-D SEDIMENT TRANSPORT MOEL IN A LARGE 
SHALLOW LAKE  

Kang-Ren Jin  South Florida Water Management District 
kjin@sfwmd.gov  

This manuscript describes the validation and application of the sed-
iment transport sub-model of the Lake Okeechobee Environmental
Model (LOEM). This sub-model simulates the sediment resuspen-
sion and transport due to wind driven currents and waves. The
LOEM was run for a year, from 10/1/1999 to 9/30/2000. The model
reasonably simulated suspended sediment concentrations in the
validation period. The strong relationship between observed wave
height and suspended sediment concentration in Lake
Okeechobee supports the hypothesis that sediment resuspension
is primarily a result of wind generated waves. To simulate this sed-
iment resuspension, the processes of wind generated waves and
the resulting stresses on the lake bed were added to the LOEM.
The LOEM is used as a management tool to predict the impact of
sediment processes in the lake under different management sce-
narios and environmental conditions (sediment removal/dredging,
high/low lake stages and storm events/hurricanes). The LOEM al-
lows managers to predict how phosphorus-rich mud sediments
move in the lake and under what conditions they are most likely to
be resuspended and transported.

Discrete and Continuum Modeling of Gran-
ular Materials IV 
June 4, 2002 
11:30 
Chair: Jin Ooi  University of Edinburgh

ACCURATE HANDLING OF PRESSURE PEAKS IN FE 
- SIMULATIONS OF GRANULAR MEDIA  

Guenter Rombach  Dept. of Concrete Struct., Tech.Univ. of 
Hamburg-Harburg, Germany 

rombach@tu-harburg.de  
Thorsten Keiter  Dept. of Concrete Struct., Tech.Univ. of 

Hamburg-Harburg, Germany  

Numerical simulations of granular flow in silos are discussed and
compared to measurements in full scale silos. The Finite Element
Model presented, which is formulated within a so called mixed
Lagrange - Eulerian frame includes nearly all aspects of the simu-
lations hitherto performed within the FEM - frame used during the
filling and discharging processes of a silo. It is based on the work
done by Haeussler and Rombach. Important new aspects included
for the filling are: - new non-linear models for the bulk material (in-
cluding density) - appropriate modelling of the filling of a silo like
e.g. distributed and centred filling - element mesh - independent fill-
ing method satisfying the continuum frame used Some important
aspects for the emptying phase are: - update of the upper surface
of the bulk as well as the density - full solution of the equation of mo-
tion including all effects resulting from the displacement, velocity
and acceleration

Numerical simulations of granular flow have to be carried out with
great care. Many publications of the past show phenomenae, which
seem to be the result of numerical assumptions, simplifications and
predictions made by the authors. This is demonstrated for two ex-
amples: Results may depend on the size of the finite element cho-
sen and on the methods used to simulate the flow phenomena.

One important aspect in silo design is the switch phenomenon, a
great pressure peak which occurs in reality for mass flow silos at
the junction between the hopper and the cylindrical part of a stan-
dard silo structure. Numerical models based on the Finite Element
Method published in the past show also very high wall loads in this
region. But it has been demonstrated that these pressure peaks are
caused by corner singularities.

Methods to overcome this problem are either a rounding of the cor-
ner (engineering style) or to use scaling functions (mathematical
way). So far, both methods do not lead to a satisfactory, mesh in-
dependent solution enabling reasonable results. Especially for the
rounding, the methods so far known to the authors dealt with full
slope compatibility though the rounding, still leaving a numerical
pressure peak at the junction between the straight walls and the
rounding. Elements known being used for 2D - simulations of these
problems include 8-node and 12 - node Serendipidy elements.
These elements may include a full slope compatibility, although for
the case of 8 - node ones only for special cases. Curvature compat-
ibility, necessary for the computation of the stresses cannot be
achieved for 12 - node bi - cubic elements, as the second derivative
of such elements are linear functions. Therefore elements with bi ñ
quintic shape functions are required to obtain a full slope- and cur-
vature compatibility.
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Results obtained with theses elements and the new features in-
cluded, seem to provide useful information for silo design and for
other codes than those presented by the authors.

GRANULAR SHEAR FLOWS: CONSTITUTIVE 
RELATIONS AND INTERNAL STRUCTURES

Hayley Shen  Clarkson University 
hhshen@clarkson.edu  

Granular shear flows can behave as a rate-independent (plastic) or
rate-dependent (non-Newtonian viscous) material. Most of the real
granular flows may lie in the regime between these two extremes.
While kinetic theory captures the constitutive behavior of the inertia
dominant regime, in which stress depends on the square of the
strain-rate, there is no theory that explains the transitional behavior.
This paper presents a conceptual theory that describes the impor-
tance of the internal structure in the transitional regime for granular
materials.

CONDITIONS FOR LOCALIZED COMPACTION OF 
POROUS GRANULAR MATERIALS  
Kathleen Issen  Clarkson University 

issenka@clarkson.edu  
Vennela Challa  Clarkson University 

challav@clarkson.edu  

Compaction bands are a form of localized deformation found in field
and laboratory specimens of high porosity rock, consisting of planar
zones of pure compressional deformation, forming perpendicular to
maximum compression. Recent experimental results indicate that
compaction bands and/or shear bands (angled to maximum com-
pression) occur in high porosity sandstone during a transitional
loading regime where multiple damage mechanisms may be active.
Therefore, a two-yield surface constitutive model is employed to
examine localized deformation conditions. The first surface corre-
sponds to a dilatant, frictional mechanism, while the second is a
cap, corresponding to a compactant mechanism. A bifurcation ap-
proach to localization is used, revealing that localization conditions
are strongly influenced by the choice of constitutive model. Using a
single yield surface constitutive model shear bands, but not the ob-
served compaction bands, are predicted. However, the two-yield
surface model predicts both experimentally observed band types
for reported values of key material parameters. Additionally, shear
band angles predicted by the two-yield surface model generally
agree with experimentally observed band angles.

DEM SIMULATIONS OF THE DIRECT SHEAR TEST  
Ling Zhang  Aston University 

c.thornton@aston.ac.uk  
Colin Thornton  Aston University  

In the direct shear test, the top half of the specimen is translated rel-
ative to the bottom half resulting in the formation of a horizontal
shear band across the mid-height of the specimen. In particle tech-
nology this is performed in a Jenike shear cell that is circular in
cross-section whereas in soil mechanics the Casagrande shear
box (square cross-section) is used. In both cases, the applied ver-
tical and horizontal forces are measured and the ratio of horizontal
to vertical load is assumed to provide an estimation of the average
ratio of shear to normal stress acting in the shear band and thereby
provide a direct measure of the Coulombic bulk friction. It is, how-
ever, unclear how reliable this traditional interpretation is since the

exact state of stress within the shear band is unknown.

DEM simulations of the direct shear test have been performed un-
der both constant normal stress and constant volume conditions.
Results are presented to show how the state of stress in the shear
band evolves. Comparisons with boundary force calculations are
made and implications for laboratory measuements are discussed.
The results are also interpreted in terms of Mohr�s circles of stress
and strain rate and the corresponding flow rules are identified.

A FIRST-GRADIENT STRESS-STRAIN MODEL FOR 
GRANULAR MATERIALS USING MICROSTRUCTURAL 

APPROACH  
Ching Chang  University of Massachusetts, USA 

chang@ecs.umass.edu  

High-gradient model has recently received a great deal of attention
in the analysis of strength with size dependency. The paper shows
that similar size effect also exists in the elastic bending modulus of
granular material based on the results of DEM simulation. Since the
classic stress-strain law cannot model the behavior of size effect,
we derive a continuum higher-order stress-strain law that account
for the couple stress and can model the behavior of size effect. The
derivation of the higher-order stress-strain model is based on a mi-
crostructural approach. Thus it includes an internal length scale,
and the material constants can be explicitly expressed by the inter-
particle stiffness and particle size. Using the derived higher-order
stress-strain law, we then show that the DEM experiments can be
modeled by the continuum analysis.
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Computational Mechanics - Topics in Con-
crete and Composites 
June 4, 2002 
11:30 
Chair: Giuseppe Davi�  University of Palermo

COMPUTER ANALYSIS OF REINFORCED CONCRETE 
COLUMNS SUBJECTED TO BIAXIAL SUSTAINED 

LOADS  
Song Gu  NJIT, Dept. of Civil & Environmental Engr. 

Songgu@earthlink.net  
Cheng-Tzu Hsu  NJIT, Dept. of Civil & Environmental Engr.  

A generalized analytical approach is presented in this paper to pre-
dict the behavior both of slender and short reinforced concrete col-
umns under sustained biaxial eccentric load.

The present analysis proposes equations established at a cross
section of a reinforced concrete column by combining force equilib-
rium, constitutive law, and compatibility conditions. The strain and
curvature of each section and the deflection of the column can then
be obtained and resolved.

During the sustained loading process, creep and shrinkage strains
have occurred and they are added and combined to the total strain
and curvature of each section.

The established creep computation models, recommended sepa-
rately by American Concrete Institute (ACI) 209-82 and the Comiteí
Euro-International du Beíton (CEB)-FIP 1990 Model Code have
been used to calculate creep and shrinkage for a member under a
constant elastic compressive concrete strain for a given period.

This present analysis also proposes a computerized method for
time and strain adjustment. With this method, named as the Time
and Strain Adjustment of Creep Method, combining a creep calcu-
lation model for a constant elastic strain, such as those mentioned
above, the creep strain at each cross section can then be calculat-
ed, stored and adjusted to age of concrete, load changes and de-
flection modifications during each time increment phase.

In the conventional load-deflection analysis process, with projected
transformations, a spatial deflection curve is resolved into a couple
of planar curves located separately in two orthogonal plans. Given
coordinates of a point at a cross section, the axial strain of that point
can be calculated by additionally knowing curvatures of the two pla-
nar curves and the maximum concrete compressive strain at a cor-
ner. Based on the force equilibrium equations of inner force at a
column section, a set of three simultaneous non-linear differential
equations are derived to establish the relationships between the
planar curve functions with the eccentric load upon the top of col-
umn. It has been proved that a solution of equations is uniquely ex-
isted. Using the Greenís Integral Formula, the strain and stress
nonlinear functions and column section properties can be solely in-
tegrated into a few important coefficients of the differential equa-
tions. Thus, it makes the approach also suitable for columns with
non-rectangular sections and any kinds of constitutive laws of ma-
terials.

The present rational computer analysis results have been com-
pared with the existing bi-axial and uniaxial experimental data,
which are available in literature. They indicate that the results from

the proposed analysis correlate with experimental data well.

Keywords: Slenderness, reinforced concrete; column; sustained
load; creep; strain; stress; biaxial (bending); spatial (deflection); ec-
centricities

NONLINEAR LIMIT STATE ANALYSIS OF COMPOSITE 
LAMINATED PLATES BY P-VERSION OF F.E.M.  

Kwang Woo  Yeungnam University, S. KOREA 
kswoo@yu.ac.kr  

Chong Hong  Tamna University, S. KOREA 
jhhong@cheju.tamna.ac.kr  

Chae Lee  Korea Construction Quality Research Center, S. 
KOREA 

chaegue@dreamwiz.com  
Proyot Basu  Vanderbilt University, U.S.A. 

pkbasu@vuse.vanderbilt.edu  

A p-version finite element model based on degenerate shell elemet
is proposed for the analysis of orthotropic laminated plates. In the
nonlinear formulation of this model, the total Lagrangian formula-
tion is adopted with large deflection and moderate rotations being
accounted for in the sense of von Karman hypothesis. The material
model is based on Huber-Mises yield criterion and Prandtl-Reuss
flow rule in accordance with the theory of strain hardening yield
function. The model is also based on extension of equivalent-single
layer laminate theory with shear deformation. The integrals of Leg-
endre polynomials are used for shape functions with p-level varying
from 1 to 10.Gauss-Lobatto quadrature is used to calculate the
stresses at the nodal points. The validity of the proposed p-version
model is demonstrated through several comparative points of view
in terms of ultimate load, shape of plastic zone, convergence char-
acteristics and nonlinear effect.

NONLINEAR ANALYSIS OF WOVEN COMPOSITES 
WITH REINFORCEMENT IMPERFECTIONS  

Jan Zeman  Czech Technical University 
zeman@klok.cvut.cz  

Michal Sejnoha  Czech Technical University 
sejnom@fsv.cvut.cz  

A simple procedure is presented for the determination of a Periodic
Unit Cell (PUC) for a plain weave fabric composites with reinforce-
ment imperfections. The objective is to determine selected geomet-
rical parameters of the PUC so that the PUC resembles the real
geometry of a composite, obtained from digitized micrographs of
plain weave cross-sections and horizontal projections, as close as
possible. Two different approaches to judge the quality of equiva-
lent periodic unit cells are proposed and the optimization procedure
for the derivation of PUC parameters is outlined. In the first ap-
proach, the optimal periodic unit cell is found by matching binary
imagines of the real material and the PUC. In the second approach,
the procedure searches for an optimal PUC witch is statistically
equivalent to the real microstructure up to two-point probability
function. In either case, the optimization problem is solved with the
help of genetic algorithms. Once the desired geometrical parame-
ters are found, the Finite Element model of a woven composite is
formulated and used to predict the overall elastic response of the
composite by a homogenization method. An extension to the mod-
eling of inelastic response of the composite subjected to moderate
loads is also discussed.
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AN EVALUATION OF CONSTITUTIVE MODELS OF 
CONCRETE IN LS-DYNA FINITE ELEMENT CODE

Karma Yonten  The George Washington University 
kyonten@gwu.edu  

Majid Manzari  The George Washington University 
manzari@seas.gwu.edu  

Azim Eskandarian  The George Washington University 
azim@seas.gwu.edu  

Dhafer Marzougui  The George Washington University 
dmarzoug@ncac.gwu.edu  

Dynamic non-linear finite element methods are extensively used to
analyze vehicle-to-barrier crashes. The underlying challenge in this
analysis is the capability of the constitutive models of concrete to
represent a realistic response of the barrier under impact loading.
LS-DYNA, a commercial FE code for crashworthiness analysis of-
fers four major constitutive models for concrete. The performance
of each of these models is assessed by making a comparison be-
tween numerical simulations and some benchmark stress-strain
data, obtained from triaxial experiments conducted on plain con-
crete. Two of the constitutive models failed to produce realistic sim-
ulations beyond the elastic range. The smooth transition to non-
linear regime and the observed post-peak response of concrete
were well captured by Material Model 16 and 72, which relies heavi-
ly on a set of empirically obtained curves. Using the calibrated ma-
terial models, a vehicular impact/crash scenario is then simulated
to investigate the prediction of these constitutive models for the
concrete barriers subjected to vehicular impact. The findings of the
triaxial compression and vehicle-to-barrier crash test simulations
are discussed along with the shortcomings of the constitutive mod-
els for concrete in LS-DYNA code.

ANGLE-PLY PIEZOELECTRIC COMPOSITE 
LAMINATES BY BEM

Giuseppe Davi�  Dip. Meccanica e Aeronautica 
davi@unipa.it  

Alberto Milazzo  Dip. Meccanica e Aeronautica 

The present work falls within the studies directed to verify the po-
tentiality of piezoelectric composites for structural applications. In
this paper an alternative and efficient boundary integral formulation
for the analysis of piezoelectric composite laminates is used to as-
sess the behavior of angle-ply piezoelectric composite laminates
subjected to axial loading, bending and twisting. The proposed ap-
proach gives a convenient basis for a numerical solution by the
boundary element method. Interlaminar stress and electric dis-
placement distributions are analyzed for angle-ply laminates hav-
ing different stacking sequence and width to height ratio. The
features of the method are exploited in order to assess the behavior
of piezoelectric composite laminates, the effects of the electrome-
chanical coupling and the characteristics of the boundary-layer.
The results presented show the potentiality of the proposed ap-
proach and prove that it is able to accurately and efficiently de-
scribe the laminate piezoelastic behavior. Moreover, the analyses
performed show some interesting features of the electromechani-
cal response of piezoelectric composite laminates.

BEM and Dynamic Problems in Mechanics 
June 4, 2002 
11:30 
Chair: EUCLIDES MESQUITA  UNICAMP -STATE
UNIVERSITY AT CAMPINAS

A GENERAL VISCOELASTIC ANALYSIS BY THE 
BOUNDARY ELEMENT METHOD  

Arthur Mesquita  Universidade de S�o Paulo 
mesquita@sc.usp.br  

Humberto Coda  Universidade de S�o Paulo 
hbcooda@sc.usp.br  

From basic assumptions of viscoelastic constitutive relations and
weight residual techniques a Boundary Element procedure is
achieved for both Kelvin and Boltzmann models. Imposing spatial
approximations and adopting convenient kinematical relations for
strain velocities, a system of time differential equations is achieved.
This system is solved adopting linear approximations for displace-
ments, resulting in a time marching methodology. This approach
avoids the use of relaxation functions and makes easier changes in
boundary conditions along time, natural or essential. An important
feature of the resulting technique is the absence of domain discret-
izations, which simplify the treatment of problems involving infinite
domains (tunnels and cavities inside the soil). Some examples are
shown in order to demonstrate the accuracy and stability of the
technique when compared to analytical solutions.

INTEGRAL EQUATION APPROACH FOR 
ANISOTROPIC ELASTIC AND PIEZOELECTRIC 

CRACKED BODIES  
Andres Saez  University of Seville (Spain) 

andres@us.es  
Felipe Garcia  University of Malaga (Spain) 

fgsanchez@uma.es  
Jose Dominguez  University of Seville (Spain) 

jose@us.es  

The extensive use of composite and piezoelectric materials and the
subsequent need for their structural integrity analysis has led to the
development of different numerical tools for the study of crack prob-
lems in those materials. The mixed Boundary Element formulation
based on displacement and traction integral equations for anisotro-
pic media is generalized in this paper and its use extended to
cracked elastic and piezoelectric anisotropic domains. Particular
atention is paid to half-plane problems where a simple fundamental
solution is used. The hypersingular integrals appearing in the for-
mulation are transformed into regular ones, which are numerically
evaluated, plus very simple singular integrals with known analytical
solution. The generality of the present method permits the use of
general straigtht and curved quadratic boundary elements. In par-
ticular, quarter-point elements are used to represent the crack-tip
behavior. Several examples with different crack geometries are
studied to ilustrate the possibilities of the method. The stress inten-
sity factors (SIF) are accurately computed from the nodal crack
opening displacement along the crack tip element.
76

mailto:kyonten@gwu.edu
mailto:manzari@seas.gwu.edu
mailto:azim@seas.gwu.edu
mailto:dmarzoug@ncac.gwu.edu
mailto:davi@unipa.it
mailto:
mailto:mesquita@sc.usp.br
mailto:hbcooda@sc.usp.br
mailto:andres@us.es
mailto:fgsanchez@uma.es
mailto:jose@us.es


Tuesday -  June 4
2-D GENERAL ANISOTROPIC AND PIEZOELECTRIC 
TIME-HARMONIC BEM FOR EIGENVALUE ANALYSIS 

 
Mitsunori (Mitch) Denda  Rutgers Universiy 

denda@jove.rutgers.edu  
Yoshikazu Araki  Kyoto University 

araki@archi.kyoto-u.ac.jp  

We derive the fundamental generalized displacement solution for
two-dimensional piezoelectric solids using the Radon transform
and present the direct formulation of the time-harmonic Boundary
Element Method (BEM). The formulation includes the general
anisotropic solids (and the dielectric solids), as the special case,
when the piezoelectric constants disappear. The fundamental solu-
tion is separated into the static singular and the dynamics regular
parts. The former, being the fundamental solution of the static prob-
lems, leads to the static BEM for piezoelectric solids, while the latter
leads to the dynamic part of the BEM. Thus, the time-harmonic
BEM consists of the static singular boundary element (SSBE) and
the dynamic regular boundary element (DRBE). The unique feature
of the boundary integrals in the DRBE is that, after evaluated ana-
lytically along the boundary element, they are reduced to simple
line integrals along the unit circle. We apply the BEM to the deter-
mination of the eigen frequencies of piezoelectric and general
anisotropic solids. We make a comparative study of non-linear
eigenvalue solvers: QZ algorithm and the IRAM.

ANALYSIS OF THE FUNDAMENTAL SOLUTION FOR 
ANISOTROPIC THIN PLATES

William Portilho de Paiva  University of Campinas 
portilho@fem.unicamp.br  

Paulo Sollero  University of Campinas 
sollero@fem.unicamp.br  

Eder Albuquerque  University of Campinas 
edelim@fem.unicamp.br  

In this paper an analysis of the fundamental solution for anisotropic
thin plate is presented. The bending fundamental solution in a com-
pletely anisotropic media is computed for small and large values of
radius. Their results are compared with the isotropic fundamental
solution using quasi-isotropic material properties. It was shown that
the anisotropic fundamental solution has good agreement with the
isotropic one only when large values of radius are used. Future ap-
plication of the anisotropic fundamental solutions is proposed for
static as well as dynamic problems.

TRANSIENT CRACK PROPAGATION USING 
BOUNDARY ELEMENTS  

Rafael Gallego  University of Granada 
gallego@ugr.es  

Juan Josè Granados  University of Granada 
jjgr@ugr.es  

The aim of this paper is to present a procedure to simulate crack
propagation in elastic two-dimensional media. The analysis is car-
ried out in the time domain and the Transient Stress Intensity Fac-
tor is calculated in the propagating crack tip. The procedure is
powerful enough to consider the general case of unknown path and
propagation velocity. The problem is modeled by Mixed Boundary
Elements, combining standard and hypersingular elements. This
procedure is specially well suited for this problem, since the re-

meshing after crack propagation is reduced to a minimum. The
boundary is discretized using isoparametric quadratic elements,
while in the time interval, step and linear wise interpolation func-
tions are employed. The crack tip transient asymptotic behavior is
modeled using several alternative elements: quarter-point ele-
ments and centered elements with special shape functions. Be-
sides the geometry and shape functions, different alternatives exist
regarding to the collocation point. The results using different op-
tions are compared against analytic solutions and the best alterna-
tives are tested with numerical results obtained by different
authors.
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System Identification I 
June 4, 2002 
14:30 
Chair: Andrew Smyth  Columbia University 
Co-Chair: Raimondo Betti  Columbia University

IDENTIFICATION OF LINEAR AND NONLINEAR 
STRUCTURES USING SEISMIC RESPONSE DATA 

AND HILBERT TRANSFORM  
Jann Yang  University of California at Irvine 

jnyang@uci.edu  
Silian Lin  University of California at Irvine 

silianl@uci.edu  
Shuwen Pan  University of California at Irvine  

A damage identification approach based on the Hilbert-Huang
spectral analysis is proposed and applied to the ASCE structural
health monitoring benchmark structure. In this approach, the struc-
tural parameters, including stiffness and damping before and after
damage are identified based on the noisy measurements of accel-
eration responses due to white noise excitations. Then the location
and severity of the damage are assessed by a comparison. Simu-
lation results demonstrate that the accuracy of the proposed meth-
od in identifying the structural damages is very plausible, and it
represents a viable damage identification approach for linear struc-
tures.

DAMAGE DETECTION OF STRUCTURAL SYSTEMS 
WITH NOISY INCOMPLETE INPUT AND RESPONSE 

MEASUREMENTS  
Ka-Veng Yuen   Caltech 

kvyuen@caltech.edu  
James Beck   Caltech 

Lambros Katafygiotis   Hong Kong University of Science 
and Technology 

A probabilistic approach for damage detection is presented using
noisy incomplete input and response measurements. In [1,2], a
Bayesian approach is developed for the case of using complete in-
put and incomplete response measurements, where noise in the in-
put is ignored in [1] but not in [2]. This paper extends this approach
to handle the case of using noisy incomplete input and response
measurements. This situation may be encountered, e.g., when a
structure is instrumented with accelerometers that measure the in-
put ground motion and structural response at a few locations but
the wind excitation is not measured.

A substructuring approach is used for the parameterization of the
mass and stiffness distributions. Damage is defined by reduction of
the substructure stiffness parameters compared with those of the
undamaged structure. The probability of various damage levels in
each substructure can be calculated based on the available data.
A benchmark building is considered for demonstration.

[1] Beck, J.L. and Katafygiotis, L.S.(1998). "Updating Models and Their Un-
certainties: Bayesian Statistical Framework," JEM,124(4),455-461.

[2] Yuen, K.V. and Katafygiotis, L.S.(2001). "Bayesian Modal Updating Using
Complete Input and Incomplete Response Noisy Measurements",
JEM,128(3),340-350.

PARAMETRIC FREQUENCY DOMAIN IDENTIFICATION 
IN MULTICONFIGURATION STRUCTURES  

Mohammed Elmasry  University of Southern California 
JohnsonE@usc.edu  

Erik Johnson  University of Southern California  

One difficulty that often arises in structural health monitoring (SHM)
via global vibration response measurements is the low sensitivity of
global vibration characteristics to typical damage mechanisms.
Characteristics such as natural frequencies, modal damping and
mode shapes often change very little from localized damage unless
the damage is of great severity. This paper proposes using smart
structures technologies, such as variable stiffness and damping de-
vices (VSDDs) to improve this sensitivity for more accurate struc-
tural health monitoring. VSDDs are already being used to improve
the performance of structures subjected to natural hazards by mit-
igating vibration response. In addition to providing near optimal
control strategies for vibration mitigation, these low-power and fail-
safe devices can also provide parametric changes to increase glo-
bal vibration measurement sensitivity for health monitoring. While
this approach can be used with other identification methods, it is
here investigated in the context of a parametric frequency domain
identification to determine structural parameters. The VSDDs are
assumed to have discrete stiffness settings. Some examples from
simulation are used to demonstrate the proposed method.

ISSUES IN REDUCED ORDER MODELING OF 
MECHANICAL SYSTEMS  

Maurizio DeAngelis  Univ. di Roma 
betti@civil.columbia.edu  

Hilmi Lus  Columbia University 
Raimondo Betti  Columbia University 

Richard Longman  Columbia University  

A common modeling technique in investigating the dynamics of
mechanical systems is the use of second order matrix differential
equations. In such a formulation, the coefficient matrices contain
the physical mass, damping, and stiffness parameters of the sys-
tem, which in turn affect the vibrational parameters such as the nat-
ural frequencies and modeshapes. The construction of a mass--
damping--stiffness model based on material properties and the
system�s geometry, as done in finite element analysis, is a relatively
straight forward procedure and is widely employed. The identifica-
tion of such a model from the measured dynamic response, on the
other hand, has proven to be a tough challenge, and it is often re-
ferred to as the ��inverse vibration problem".

Recently the authors have presented a solution to this problem
based on identified state space realizations. This approach uses
measured input and output data in the Observer/Kalman filter IDen-
tification (OKID) algorithm to identify the Markov parameters of the
system, which are then used in the Eigensystem Realization Algo-
rithm (ERA) to realize the discrete time first-order system matrices.
This initial state space model is further refined by minimizing the
output error between the measured and predicted response using
a non-linear optimization approach based on sequential quadratic
programming techniques. Once the final form of the state space
model is obtained, the physical parameters of the second-order (fi-
nite element) model are retrieved from this state space model using
complex eigenvalues and properly scaled complex eigenvectors.
This solution has proven to be more flexible and general than the
previously presented solutions to the problem, and it has been used
effectively in estimating the physical parameters of various models.
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On the other hand, even though the requirements on the number of
available sensors and actuators for a full order identification has
been improved with the aforementioned solution, the question of
obtaining reduced order models in the absence of full instrumenta-
tion has not been fully investigated yet. This study represents a first
attempt at providing some alternate formulations that address the
problem of insufficient instrumentation. The discussions are devot-
ed to the review of the full order modeling problem, effects of insuf-
ficient instrumentation, possible reduced order modeling schemes,
and alternate formulations that can be developed by employing as-
sumptions that are often used in the literature, such as having a di-
agonal mass matrix and/or a classically damped system.

ANALYSIS OF VOLTERRA/WIENER NEURAL 
NETWORKS FOR ADAPTIVE IDENTIFICATION OF 

NONLINEAR HYSTERETIC SYSTEMS  
Jinsong Pei  Columbia University 

jspei@civil.columbia.edu  
Andrew Smyth  Columbia University 

smyth@civil.columbia.edu  
Elias Kosmatopoulos  Technical University, Crete 

kosmatop@dssl.tuc.gr  
Sami Masri  University of Southern California 

masri@usc.edu  

This study attempts to demystify a powerful neural network ap-
proach, Volterra/Wiener Neural Network (VWNN), for modeling
nonlinear hysteretic systems and in turn to streamline its architec-
ture to achieve better computational efficiency. Artificial neural net-
works are often treated as "black box" modeling tools, in contrast,
here the authors examine problem formulation and network archi-
tecture to explore the inner workings of this neural network. Based
on the understanding of the dynamics of hysteretic systems, some
simplifications and modifications are made to the original VWNN in
predicting accelerations of hysteretic systems under arbitrary force
excitations in an off-line or even in an adaptive (on-line) mode. The
VWNN is able to yield a unique set of weights when the values of
the controlling design parameters are fixed. One training example
is presented to illustrate the application of the VWNN.

Experimental Analysis - I 
June 4, 2002 
14:30 
Chair: Laurence Jacobs  Georgia Institute of
Technology

SHEAR STRENGTHENING OF RC BEAMS USING 
CARBON FIBER REINFORCED POLYMER STRIPS 

Zhichao Zhang  NJIT 
zxz5379@njit.edu  

Cheng-Tzu Hsu  NJIT  

The use of carbon fiber reinforced polymer (CFRP) in strengthen-
ing reinforced concrete (RC) structures has become an increasing-
ly popular retrofit technique. The technique of strengthening
reinforced concrete structures by externally bonded CFRP lami-
nates was started in 1980s and attracted researchers around the
world.

Strengthening with externally bonded CFRP laminates has been
shown to be applicable to many kinds of structures. Currently, this
method has been applied to strengthen such structures as col-
umns, beams, walls, slabs, etc. The use of external CFRP rein-
forcement may be classified as flexural strengthening, improving
the ductility of compression members, and shear strengthening

A lot of studies have been conducted to explain the behavior of ex-
ternally bonded CFRP laminates used to increase the moment ca-
pacity of flexural members. However, not many studies have
specifically addressed the shear strengthening.

Shear failure is catastrophic and occurs usually without advanced
warning, thus it is desirable that the beam fails in flexure rather than
in shear. Many existing RC members are found to be deficient in
shear strength and need to be repaired. Deficiencies occur due to
several reasons such as insufficient shear reinforcement or reduc-
tion in steel area due to corrosion, increased service load, and con-
struction defects. Externally bonded reinforcement such as CFRP
provides an excellent solution in these situations.

In order to investigate the shear contribution of externally bonded
CFRP, ten RC beams having cross-sectional dimension of 6x9-in.
were cast at the concrete laboratory of New Jersey Institute of
Technology. After the beams were kept in the curing room for 28
days, Carbon fiber strips and fabrics made by SIKA Corp. were ap-
plied on both sides of the beams at various orientations with re-
spect to the axis of the beam.

All beams were tested on a 220-kip MTS testing machine. Results
of test demonstrate the feasibility of using externally applied, ep-
oxy-bonded CFRP system to restore or increase the load-carrying
capacity in shear of RC beams. Diagonal side strips (45 and 135
degrees) outperformed vertical side strips in terms of shear crack
propagation and ultimate shear strength. The CFRP system can
significantly increase the serviceability, ductility, and ultimate shear
strength of a concrete beam, thus restoring beam shear strength
using CFRP is a highly effective technique. Based on the experi-
ments and analysis carried out at NJIT and the results from other
researchers, a new analysis and design method for shear strength-
ening of externally bonded CFRP has been proposed as well.

Keywords: Experiments, Shear, Reinforced Concrete, CFRP
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Strengthening, Analysis, Design Method.

(1). Ph.D. Candidate, Dept. of Civil and Environmental Engineer-
ing, NJIT, Newark, NJ 07102 (2). Professor and Director of Struc-
tures laboratory, Dept. of Civil and Environmental Engineering,
NJIT, Newark, NJ 07102

STRENGTH AND DEFORMABILITY OF LOW 
STRENGTH CONCRETE CONFINED BY CARBON 

FIBER COMPOSITE SHEETS  
Alper Ilki  Istanbul Technical Univ. 

ailki@srv.ins.itu.edu.tr  
Nahit Kumbasar  Istanbul Technical Univ. 

Volkan Koc  Istanbul Technical Univ.  

Lack of adequate confinement and low concrete quality are among
major deficiencies for existing structures. These may cause struc-
tural damage leading to the collapse of structures during earth-
quakes. To overcome these problems, concrete members can be
wrapped by carbon fiber reinforced polymer (CFRP) composites.

In literature, there is a number of experimental work on the behav-
iour of CFRP wrapped concrete. However, these experiments are
on normal and high strength concrete specimens. In this study, 14
low strength concrete cylinder specimens are tested under com-
pressive loads. 12 of these specimens are wrapped by CFRP com-
posites of varying thickness before testing, while the remaining 2
specimens are tested as plain concrete.

According to the test results, significant enhancement is observed
both on compressive strength and deformability. Consequently, en-
ergy dissipation characteristics of the CFRP wrapped specimens
also enhanced notably.

Analytical expressions proposed for the compressive strength and
corresponding strain of CFRP wrapped concrete by the authors be-
fore are extended to cover the effect of low strength concrete.

CRACK TIP DEFORMATION FIELDS IN DUCTILE 
SINGLE CRYSTALS  

Jeffrey Kysar  Columbia University 
jk2079@columbia.edu  

Crack tip deformation fields in ductile single crystals are studied ex-
perimentally. A new type of fracture specimen is created by joining
two single crystals of aluminum with a ductile interlayer of tin of
thickness on the order of 10 - 20 microns. A precrack is introduced
in the bicrystal by selectively etching away part of the tin interlayer.
The resulting fracture specimen is loaded in Mode I after which the
deformed specimen is sectioned along its centerline. The in-plane
rotation component of the deformation gradient tensor is measured
under plane strain conditions on the center section using Electron
Backscatter Diffraction (EBSD). Results are compared to theoreti-
cal predictions of crack tip displacement fields and provide evi-
dence of all the predicted features, especially the existence of kink-
shear sector boundaries (not previously identified) that emanate
from crack tip. A new crystal dislocation structures necessary to
create the boundary is deduced to explain the change in crystal ori-
entation across the boundary. The results emphasize the role of
dislocation mean free path length in determining plastic constitutive
relations.

SOIL/STRUCTURE INTERACTION OF INTEGRAL 
BRIDGE WITH FULL HEIGHT ABUTMENTS  

Neil Tsang  Imperial College of Science, Technology and 
Medicine 

neil.tsang@ic.ac.uk  
George England  Imperial College of Science, Technology 

and Medicine 
g.england@ic.ac.uk  

Treve Dunstan  University College London 
t.dunstan@ucl.ac.uk  

The behaviour of integral bridges with full height abutments is dom-
inated by the cyclical temperature changes in the bridge deck and
the resulting imposition of cyclical displacements to the backfill soil
of the abutments. It is known that the lateral earth pressures over
the back of the abutments escalate to values considerably larger
than those at the time the structure entered service. However, the
upper limits of the stress escalation and distribution are not known.
The paper describes an investigation of this problem. Results are
presented to indicate that two distinct mechanisms are responsible
for the stress variations namely Granular Flow and Granular Arch.
The Flow mechanism relates dominantly to the large wall rotations.
This mechanism allows the soil to deform continuously in a unidi-
rectional ratcheting manner under a steady repeating stress state.
The Arch mechanism relates dominantly to small wall rotations
where flow becomes progressively unimportant. This mechanism
creates "arches" to reduce the vertical stresses acting on the soil
behind the lower half of the wall, thus resulting in lower horizontal
earth pressures there.

EXPERIMENTAL ANALYSIS OF MICROSTRUCTURE 
AND FRACTURE IN THREE DIMENSIONS  

Eric Landis  University of Maine 
landis@maine.edu  

Edwin Nagy  University of Maine 

A high resolution three-dimensional scanning technique called x-
ray microtomography was used to measure internal crack growth in
small mortar cylinders under compressive loading. Tomographic
scans were made at different load increments in the same speci-
men. Three-dimensional image analysis was used to measure in-
ternal crack growth during each load increment. Load-deformation
curves were used to measure the corresponding work of the exter-
nal load on the specimen. Fracture energy was calculated using a
linear elastic fracture mechanics approach using the measured sur-
face area of the internal cracks created. The measured fracture en-
ergy was of the same magnitude a that is typically measured in
concrete tensile fracture. A nominally bilinear incremental fracture
energy curve was measured. Separate components for crack for-
mation energy and secondary toughening mechanisms are pro-
posed. The secondary toughening mechanisms were found to be
about three times the initial crack formation energy.
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Stochastic Modeling 
June 4, 2002 
14:30 
Chair: Dan Ghiocel  STI Technologies 
Co-Chair: Mircea Grigoriu  Cornell University

PROBABILISTIC ASSESSMENT OF SERVICE LIMIT 
STATE FOR OFFSHORE PLATFORMS IN MEXICO  

David De Leòn  Mexican Institute of Petroleum 
dleon@www.imp.mx  

Fixed Offshore platforms are generally well designed regarding
structural safety and integrity. However, ordinary environmental
forces and particularly flexible components may be important
sources of dynamic excitation and significant vibrations. In general,
service limit states for offshore platforms have not been as widely
studied as the safety limit states.

A Mexican quarters platform was monitored and its dynamic char-
acteristics were identified in order to prevent excessive displace-
ments and accelerations. The platform was modeled as a single
degree of freedom with elasto-plastic behavior and the dynamic
properties were calibrated from records obtained throughout a
monitoring campaign of response displacements and accelerations
on the platform. Fourier amplitude response spectra are generated
and, on the basis of Monte Carlo simulation of time history acceler-
ations, the probability to exceed prescribed thresholds for lateral
displacements, accelerations and lateral strength are estimated.
These probabilities are conditional to the occurrence of the wave
height exciting the platform. In order to get the unconditional prob-
abilities, the conditional ones are convoluted over the probability of
occurrence of the wave heights for the site of the platform.

Lateral strength of the platform is calculated by assuming a failure
mechanism composed by the simultaneous formation of plastic
hinges at the ends of the platform legs.

References.-

1.- Ang, Alfredo H-S. y Tang, Wilson H., "Probability Concepts in Engineering
Planning and Design" Vol. II - Decision, Risk and Reliability. 1984, John
Wiley and Sons, New York. 2.- API, American Petroleum Institute, "Recom-
mended practice for Planning, Designing and Constructing Fixed Offshore
Platforms - Working Stress Design". 1993, 2 A - WSD (RP 2 A - WSD), 20�.
EdiciÛn, Dallas, Texas. 3.- British Standards Institute, "Evaluation of the re-
sponse of occupants of fixed structures, especially buildings and offshore
structures, to low-frequency horizontal motion (0.063 Hz to 1 Hz). 1985,
BS6611. 4.- Earle, E. N. y Mandery, W. L., "Determination of Dynamic Char-
acteristics of Offshore Platforms from Random Vibrations" 1973, OTC. 5.-
Freitas, C., Carneiro, J., "Human Response to Structural Vibration of Off-
shore Structures", Proceedings of the 18½. International Conference on Off-
shore Mechanics and Arctic Engineering, July 11-16, 1999, St. Johns,
Newfoundland, Canada.

ASYMPTOTIC INDEPENDENCE OF MATERIAL FAILURE 
AT DIFFERENT SCALES: THE ROLE OF SMALL-SCALE 

FLUCTUATIONS  
Baidurya Bhattacharya  University of Delaware 

bhattacharya@ce.udel.edu  

Most materials are heterogeneous and aperiodic at micro and
nanoscales; the properties, interaction etc. of the heterogeneities
are random functions of space and time. An adequately detailed
probabilistic description is required for modeling material behavior
and failure at all scales of interest. While material surfaces can be
observed down to nanometer resolutions, it remains a challenge to
observe internal microstructural evolution in situ at a comparable
resolution, and indirect methods are required for modeling small-
scale damage. It is important to include both spatial and temporal
aspects of the smallscale fluctuations. This paper proposes a gen-
eral model of how the random material microstructure, composed
of a matrix and embedded defects, evolves in time and space as a
specimen is subjected to external actions. Local stationarity, strong
mixing and dispersed extremes are assumed and the limiting distri-
butions of the local average and the local maximum response are
elicited. The asymptotic independence of extremal processes and
hence failure (first passage of a space-time process) at widely dif-
ferent scales is demonstrated.

USE OF EXISTING EXPERIMENTAL DATA TO 
EVALUATE METHODS FOR DESIGN AGAINST 

UNCERTAINTY  
Raluca Rosca  University of Florida 
efstratios.nikolaidis@eng.utoledo.edu  

Raphael Haftka  University of Florida 
Efstratios Nikolaidis  The University of Toledo 

enikolai@eng.utoledo.edu  

An efficient experimental approach for probing for weakness in
methods for design against uncertainty, using existing databases
containing sample values of random variables is presented. The
method allows use of existing data from different fields to construct
and solve simple design problems and mimic real-life design deci-
sions, and then evaluate the outcomes. One can efficiently investi-
gate a method for design under uncertainty many times to obtain
robust conclusions and learn lessons that are difficult to learn from
an examination of the theoretical foundations of the method. The
approach is demonstrated for a database including results from ex-
periments involving building stacks of dominoes until they collapse.
The database is used to simulate the problem of choosing a perfor-
mance target for a new computer chip. We used probability and
possibility for choosing the target, and examined the effect of inflat-
ing the standard deviation of a probability distribution or the support
of a possibility distribution when data is scarce. We found that fitting
errors of the probability distributions of the random variables can
lead to an advantage of possibility over probability. Probability per-
formed better with scarce data. Furthermore, a hitherto unnoticed
difference between probability and possibility was discovered, in
that inflating the standard deviation causes probability to pay less
attention to an inflated failure mode and causes possibility to give it
more weight. Finally, it was found that the practice of inflating the
standard deviation for scarce data was counter-productive. We be-
lieve that these lessons can help one understand better methods
for design against uncertainty and can augment those lessons
learnt by examining the axiomatic foundations of theories of uncer-
tainty.
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RELIABILITY OF A LINEAR VIBRATING SYSTEM 
UNDER A PARTIALLY SPECIFIED GAUSSIAN LOAD  

Abhijit Sarkar   
asarkar@mecheng.mcgill.ca  

The reliability of a linear dynamical system driven by an incomplete-
ly known Gaussian load process, specified only through its total av-
erage energy, is studied. A simple dynamic parallel or series
system reliability model is investigated for the failure analysis using
the out-crossing theory of stochastic processes. The input critical
power spectral density (PSD) which maximizes the mean crossing
rate of a parallel or series system emerges to be fairly narrow-band-
ed which may not represent the erratic nature of the random input
realistically. Consequently, a trade-off curve between the maximum
mean crossing rate and the disorder in the input, quatitatively mea-
sured through its entropy rate, is generated. Mathematically, the
generation of the trade-off curve leads to a highly nonlinear multi-
criteria optimization problem with conflicting objectives. A recently
developed Pareto optimization technique in conjunction with a
multi-criteria genetic algorithm has been used to solve the optimi-
zation problem. The optimally disordered inputs which create the
worst performance of the system, consisting of a spring-supported
coupled rod assembly, has been studied as a numerical illustration
of the mathematical formulations.

STOCHASTIC FIELD MODELS FOR APPROXIMATING 
HIGHLY NONLINEAR RESPONSES  

Dan Ghiocel  STI Technologies 
dghiocel@sti-tech.com  

The paper discusses different stochastic field models for approxi-
mating highly nonlinear responses. A key requirement for a good
stochastic modeling is to be intimately related to the physics of the
problem. Simple approximation procedures that have been popular
in the past, may not work for many real-life problems. Classical Re-
sponse Surface Method (RSM) is often insufficiently accurate for
applications that involve highly nonlinear relationships. The paper
describes different stochastic field modeling techniques that based
on the authorís experience are adequate for high-complexity appli-
cations. These techniques are: (i) stochastic field expansion tech-
niques, (ii) stochastic field interpolation techniques and (iii)
stochastic local-averaging expansion techniques. Each category of
these stochastic techniques has advantages and disadvantages
that the analyst should understand before using them for a real ap-
plication.

Recent Advances in Materials 
Characterization and Modeling of 
Pavement Systems III 
June 4, 2002 
14:30 
Chair: Yacoub Najjar  Kansas State University 
Co-Chair: Eyad Masad  Washington State University

DYNAMIC RESPONSE OF PAVEMENTS BY 
STIFFNESS MATRIX APPROACH  
Nenad Gucunski  Rutgers University 

gucunski@rci.rutgers.edu  
Ali Maher  Rutgers University 

mmaher@rci.rutgers.edu  

The background and application of the stiffness matrix approach in
the dynamic analysis of pavements is presented. The stiffness ma-
trix approach involves a triple transformation of the problem. The
first is transformation of loading from the time to the frequency do-
main. The second and third are spatial transformations of loading,
leading to the solution of the problem in the frequency-wave num-
ber domain. Inverse transformations are used to return the pave-
ment response to the original spatial-time domain. The most
important advantage of the stiffness matrix approach is that the in-
finity (radiation condition) of the half-space and lateral boundaries
is perfectly satisfied. The other advantage is that a single complex
stiffness matrix provides a theoretically exact description of a single
pavement layer. Application of the method in modeling and analy-
sis of the response of a pavement to dynamic loads, and simulation
of nondestructive tests, like Falling Weight Deflectometer (FWD)
and Spectral Analysis of Surface Waves (SASW), is presented.

MODELING OF PAVEMENT MATERIALS - NUMERICAL 
AND EXPERIMENTAL ASPECTS  

Sandra Erkens  Delft University of Technology 
S.Erkens@citg.tudelft.nl  

Xueyan Liu  Delft University of Technology 
Tom Scarpas  Delft University of Technology 

Andre Molenaar  Delft University of Technology 

Results of an extensive experimental and numerical research
project on the response of Asphalt Concrete (AC) are presented. In
the project a material model for AC is being developed and imple-
mented in the Finite Elements package CAPA-3D. Also, the test
set-ups, instrumentation and test procedures necessary to charac-
terise the material and determine the model parameters were de-
veloped. In an early stage of the project it was recognised that
failure in tension and compression followed a different mechanism
and needed to be described separately in order to capture the re-
sponse to alternating loads. From the results of uniaxial tension
tests it became apparent that also in tension a pronounced non-lin-
earity occurred prior to the peak load. The adaptations necessary
to incorporate this in the model are presented in this paper. The re-
sponse predicted by the model relations is compared to that ob-
served in laboratory tests to validate the model relations and it can
be seen that the observed behaviour is described quite well by the
model.
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MEASUREMENT OF BASE AND SUBGRADE LAYER 
STIFFNESS DURING AND AFTER CONSTRUCTION 

USING BENDER ELEMENT TECHNIQUE  
Xiangwu Zeng   Case Western Reserve University 

xxz16@po.cwru.edu  
Ludwig Figueroa  Case Western Reserve University 

Lei Fu   Case Western Reserve University 

Base and subgrade soil stiffnesses are important parameters of
material characterization in highway construction. During and after
pavement construction, it is very important and cost-effective to
have a reliable technique that can measure the stiffness of in-situ
base and subgrade layers accurately and quickly. The new high-
way construction guide proposed by AASHTO requires such mea-
surement be conducted. At present, there is no such device
available. A new field-testing technique has been developed to
measure small-strain shear modulus (which can be converted into
elastic modulus) and in-situ K0 value of soils utilizing the bender el-
ement method, which has become a popular experiment to mea-
sure shear wave velocity and K0 in soils in recent years. The device
used in this study includes a pair of cone penetrometers, each fitted
with two bender elements, which can be pushed into the base, sub-
base and subgrade layers. The distances between the transmitters
and receivers are controlled by the frame supporting the penetrom-
eters. A pulse generated by a function generator is used to activate
the transmitters. Vibrations of the transmitters produce shear
waves that propagate through the soil in the horizontal and two in-
clined directions are captured by the receivers. Signals produced
by the receivers are recorded by a laptop computer equipped with
a high-speed data acquisition card, from which the travel time of the
shear waves from the tip of a transmitter to the tip of a receiver can
be determined. Then from the measured shear wave velocities in
different shear planes, anisotropic materials stiffness and the in-
situ K0 value can be determined. The technique is applicable to a
wide range of materials used in base layer construction such as
compacted aggregates, cemented aggregates mixtures, lime stabi-
lized soil, as well as natural soils.

CHARACTERIZATION OF LOAD-DEFORMATION 
BEHAVIOR OF ASPHALT CONCRETE SAMPLES BY 
TRIAXIAL SHEAR TESTS WITH PORE PRESSURE 

MEASUREMENTS  
Joseph Sener  BSU, Dept. of Civil Engineering. 

jsener@boisestate.edu  
Robert Hamilton  BSU, Dept. of Civil Engineering.  

The characterization and load-deformation behaviors of asphalt
concrete are studied. The laboratory test samples are prepared us-
ing the Static Compaction Method and the SuperpaveTM Gyratory
Compactor. Tests are performed employing unconsolidated und-
rained triaxial compression tests with pore pressure measurements
under temperature controlled conditions. A special triaxial com-
pression test apparatus and an environmental control chamber
were developed. The change in the shear strength properties of the
bituminous mixture at different testing temperatures and asphalt
cement contents are investigated according to sample preparation
methods. A total of 72 test samples are prepared to represent 4
temperatures, 3 asphalt content values, 3 different chamber pres-
sures, and 2 types of sample preparation methods. Correlations
are made with respect to mixture design parameters, including per-
cent air voids, voids in mineral aggregates, Hveem Stability Num-
ber and percent asphalt contents. The analysis of the experimental

data indicate the encountered deficiencies of the samples prepared
by the gyratory compactor, and confirm that the performance of as-
phalt pavements can be represented by using shear strength pa-
rameters of the hot-mix-asphalt mixture.

MODELLING THE CHANGES IN PAVEMENT LAYERS 
DURING REHABILITATION AND THE EFFECT OF 

THESE CHANGES ON THE STRUCTURAL CAPACITY  
Phillipus de Bruin  Tshepega Engineering 

tshepega.pwdb@freemail.absa.co.za  
Alex Visser  University of Pretoria 

avisser@postino.up.ac.za  
Gerrit Jordaan  Tshepega Engineering 

jordaangj@tshepega.co.za  

Pavement rehabilitation usually involves the re-use and retention of
existing pavement layers. Often, these layers are retained as sub-
layers with the addition of strength in terms of new layers on the top
of the pavement. A structural capacity analysis of the rehabilitated
pavement, using mechanistic analysis procedures, requires the ef-
fective elastic moduli of the newly constructed pavement layers as
well as that of the existing underlying pavement layers to be accu-
rately modelled. The aim of this paper is to highlight the changes in
stiffness values that take place during the rehabilitation and the ef-
fect this has on predicted structural capacity. An experimental sec-
tion of road was evaluated before and after rehabilitation and the
stiffness and associated stresses were determined in-situ for the
different uniform sections. The material properties and the changes
of the material properties for the different pavement layers were
modelled using deflection bowl measurements of high frequency
(every 4-6 m). These changes were compared and the influence of
the rehabilitation actions on the structural capacity for the rehabili-
tation (before &after) phases was assessed.
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Multi-Scale Modeling of Materials - I 
June 4, 2002 
14:30 
Chair: George Voyiadjis  Louisiana State University 
Co-Chair: Rami Haj-Ali  Georgia Institute of Technology

MODELLING OF CONCRETE STRUCTURES IN 
DYNAMICS WITH A COUPLED DAMAGE-PLASTICITY 

APPROACH  
Fabrice Gatuingt  LMT Cachan 

gatuingt@lmt.ens-cachan.fr  
Gilles Pijaudier-Cabot  LGC Nantes 

Gilles.Pijaudier-Cabot@ec-nantes.fr  

This study deals with the aspects of the concrete behaviour under
dynamic loading such as impacts or explosions. For these kinds of
sollicitations concrete experiences compaction (a decrease of po-
rosity), plastic strains in compression and also cracking in tension.
It is relevant to be able to represent, at the same time, the phenom-
ena of compaction of material, as well as the rupture by extension.
Recently, new dynamic experiments performed on confined con-
crete (to obtain compaction), made it possible to highlight a signifi-
cant effect of the strain rate on the spherical behaviour of concrete.
Following these experimental observations, a viscoplastic and vis-
co-damage model was developed. This model is based on Perzyna
viscoplasticity associates with a modified Gurson yield function and
on a visco-damage model. This constitutive model for concrete is
able to represent the rate effect experimentally observed. The mod-
el presented was implemented in the finite element code LS-
DYNA3D. Simulations of tests carried out on structures allowed to
validate the numerical implementation, as well as the model for fast
dynamic loading.

DISCRETE ELEMENT MODELLING OF CONCRETE 
AND IDENTIFICATION OF THE CONSTITUTIVE 

BEHAVIOUR  
Sèbastien HENTZ  Laboratoire 3S Universitè Grenoble I 

Sebastien.Hentz@hmg.inpg.fr  
Laurent Daudeville  Laboratoire 3S Universitè Grenoble I 

Frèdèric Donzè  Laboratoire 3S Universitè Grenoble I  

The use of a 3D Discrete Element Method (DEM) is proposed to
study concrete structures submitted to dynamic loading. The aim of
this paper is the correct identification of parameters of the DEM
model from usual test results to simulate elastic and inelastic defor-
mation as well as fracture of concrete. A particular growing tech-
nique is used to set a densely packed assembly of arbitrarily sized
spherical particles interacting together at their contact points. An
important difference from classical DEMs where only contact inter-
actions are considered, is the use of an interaction range, which al-
lows the setting of an interaction between two elements not
necessarily in contact. The SDEC model exhibits complex macro-
scopic behaviours such as strain softening, and fracture that arise
from extensive microcracking throughout the assembly. The influ-
ence of the assembly size distribution, of the packing, and of the in-
teraction range on the material behaviour is shown. The model
produces a quantitative match of strength and deformation charac-
teristics of concrete in terms of Young�s modulus, Poisson�s coeffi-

cient, and compressive and traction strengths.

MICROMECHANICS-BASED PREDICTION OF 
THERMOELASTIC PROPERTIES OF HIGH ENERGY 

MATERIALS
Biswajit Banerjee  University of Utah 

banerjee@eng.utah.edu  
Daniel Adams  University of Utah 

adams@eng.utah.edu  

High energy materials such as polymer bonded explosives are
commonly used as propellants. These particulate composites con-
tain explosive crystals suspended in a rubbery binder. However,
the explosive nature of these materials limits the determination of
their mechanical properties by experimental means. Therefore mi-
cromechanics-based methods for the determination of the effective
thermoelastic properties of polymer bonded explosives are investi-
gated in this research. Polymer bonded explosives are two-compo-
nent particulate composites with high volume fractions of particles
(volume fraction $>$ 90\%) and high modulus contrast (ratio of
Young�s modulus of particles to binder of 5,000-10,000). Experi-
mentally determined elastic moduli of one such material, PBX
9501, are used to validate the micromechanics methods examined
in this research. The literature on micromechanics is reviewed; rig-
orous bounds on effective elastic properties and analytical methods
for determining effective properties are investigated in the context
of PBX 9501. Since detailed numerical simulations of PBXs are
computationally expensive, simple numerical homogenization
techniques have been sought. Two such techniques explored in
this research are the Generalized Method of Cells and the Recur-
sive Cell Method. Effective properties calculated using these meth-
ods have been compared with finite element analyses and
experimental data.

FRACTURE TESTING AND MICROMECHANICAL 
ANALYSIS OF PULTRUDED COMPOSITES  
Rani El-Hajjar  Georgia Institute of Technology 

rani.el-hajjar@ce.gatech.edu  
Rami Haj-Ali  Georgia Institute of Technology 

rami.haj-ali@ce.gatech.edu  

An experimental and analytical study is carried out to characterize
the fracture behavior of fiber reinforced plastic (FRP) pultruded
composites. The composite material system used in this study con-
sists of roving and continuous filament mat (CFM) layers with E-
glass fiber and polyester matrix materials. Eccentrically loaded sin-
gle-edge-notch-tension ESE(T) fracture toughness specimen were
cut with the roving transverse to the loading direction from a mono-
lithic 0.5" thick plate. The fracture toughness of this material is char-
acterized for a notch parallel to the roving direction. A three-
dimensional (3D) micromechanical constitutive model is developed
and calibrated for the composite material system. This nonlinear
model is a combination of nested micromechanical models for the
roving and CFM layers. The 3D constitutive model is used with a
cohesive layer in a finite element analysis (FE) to study the fracture
response. The properties for the cohesive layer were calibrated
from an ESE(T) specimen with the ratio a/W=0.5. Good prediction
from the proposed model is reported for a range of notch sizes and
geometries.
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NONLOCAL PLASTICITY FORMULATION 
INCORPORATING GRADIENT OF KINEMATIC 

HARDENING  
George Voyiadjis  Louisiana State University

Voyiadjis@eng.lsu.edu  
Robert Dorgan  Louisiana State University

RDorgan@lsu.edu  

In this proposed work, nonlocal behavior is introduced through the
second gradient of kinematic hardening models to introduce a mi-
crostructural characteristic length into the model and to introduce
long-range microstructural interactions that allow the response of a
material point to depend on the state of its neighborhood in addition
to the state of the point itself. It is intended to develop a consistent
and systematic framework for the gradient approach that will en-
able one to better understand the nonlocal effects of material inho-
mogeneity on the macroscopic behavior and the material
instabilities. The internal state variables and the corresponding gra-
dient terms are assumed to be independent internal state variables
with respect to each other with different physical interpretations and
initial conditions which allows these two different physical phenom-
ena to be identified separately. The second order gradient of the ki-
nematic hardening is introduced through the Helmholtz free energy
and through the plastic potential function. Computational issues of
the gradient approach are introduced in a form that can be applied
using the finite element approach.

Hydrodynamics II 
June 4, 2002 
14:30 
Chair: James Hu  University of Rhode Island

HYDRODYNAMIC MODELING OF BOLINAS LAGOON, 
CALIFORNIA  

Brandy Alexander  U.S. Army Corps of Engineers 
khwang@uh.edu  

Keh-Han Wang  University of Houston 
khwang@uh.edu  

Michael Alexander  US Army Corps of Engineers 
Michael.P.Alexander@mvk02.usace.army.mil.  

This paper describes the development and verification of a two-di-
mensional model for Bolinas Lagoon, California. Bolinas lagoon is
situated on the Pacific Coast of California, just north of San Fran-
cisco. Accuracy of the model is examined through statistical analy-
sis and comparison of present and historical data measurements in
the area, including recorded tides, currents, and bathymetric sur-
veys. All aspects of model application were investigated during the
verification process. The model mesh and timestep were rigorously
tested. The ability of the model to reproduce the system was veri-
fied to acceptable limits using field data. The two-dimensional hy-
drodynamic modeling tool developed is capable of evaluating and
comparing marsh wetting and drying, channel deepening, flow re-
routing, and intertidal water level fluctuations associated with the
lagoon.

A CLOSED-FORM TIME-VARYING DIFFUSIVITY 
MODEL FOR DISPERSION IN OSCILLATORY 

TURBULENT CHANNEL FLOW  
Chiu-On Ng  The University of Hong Kong 

cong@hku.hk  
Zhendong Lei  The University of Hong Kong 

zlei@hkusua.hku.hk  

Many transport models were developed in the context of turbulent
oscillating flows, and yet they have for analytical simplicity adopted
constant or time-invariant eddy diffusivities. The instantaneous in-
terdependence of turbulent mixing and the flow is hence not ac-
counted for in these models. The need to assess the effect of time
dependency of eddy diffusivity on dispersion has motivated the
present study. In this paper, a theory is advanced for the shear dis-
persion in a turbulent channel flow forced by a purely oscillatory
pressure gradient. The flow is described by an algebraic eddy vis-
cosity model, in which the instantaneous flow and viscosity are
made interdependent. Both eddy viscosity and eddy diffusivity con-
tain a second-harmonic time-varying component. The effective
transport equation is derived using a two-time scale perturbation
analysis, which also yields a closed-form expression for the disper-
sion coefficient. Numerical results demonstrate that for this prob-
lem the time-varying component of the eddy diffusivity is to have a
finite effect on the dispersion coefficient.
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SPATIO-TEMPORAL STRUCTURE OF LONG WAVE 
PROPAGATION IN OPEN CHANNEL FLOW  

Christina Tsai  State University of New York at Buffalo 
w-tsai@staff.uiuc.edu  

Propagation of long water waves in a one-dimensional, unsteady,
viscous turbulent open-channel flow is studied theoretically. Shal-
low water wave movement in channel flow can be mathematically
approximated by the Saint-Venant equations or their approxima-
tions. The Laplace transform method is implemented to obtain first-
order analytical spatio-temporal expressions of upstream and
downstream channel response functions for various wave approxi-
mation models. Wave propagation characteristics such as transla-
tion, attenuation, reflection, and distortion of each wave
approximation can be deduced from the wave structures. Further-
more, the Froude number effect on such a spatio-temporal struc-
ture of various water waves is discussed. Based on the
mathematical properties and physical characteristics for each wave
approximation, it is shown that the downstream effect can be ac-
commodated by two physical mechanisms: the negative character-
istic wave and the instant pressure gradient transmitted upstream.
Results also reveal that the noninertia wave model, regardless of
its neglecting both convective and temporal inertia terms in the mo-
mentum equation, gives a better approximation of the full dynamic
wave than the Quasi-steady dynamic wave model.

MATHEMATICAL MODEL FOR 1D TWO-PHASE FLOW  
La Rocca Michele  University of RomaTRE 

larocca@fenice.dsic.uniroma3.it  
Mele Paolo  University of RomaTRE 

larocca@fenice.dsic.uniroma3.it  

In this paper a mathematical model for 1D, two-phase flow in a duct
is presented. Such kind of flow is frequently met when the pressure
attains the saturation value so that bubbles of vapour and gas are
released in the flow. The model is defined considering the balance
equations of mass and momentum for the mixture constituted by
both phases and the balance equations of mass and energy for the
vapour phase [1]. Such a model consists of four partial, differential,
first order equations, whose characteristic directions are all real.
The initial value problem corresponding to the proposed model is
then well posed [2]. Numerical simulations were compared with ex-
perimental data found in literature and the agreement is found to be
satisfactory.

[1] Saurel R., Le Metayer O. "A multiphase model for compressible
flows with interfaces, shocks, detonation waves and cavitation",
Journal of Fluid Mechanics, Vol. 431, 2001 [2]Lee W.H., Lyczkows-
ki R.W. "The basic character of five two-phase flow model equation
set", International Journal for Numerical Methods in Fluids, Vol. 33,
2000

Experimental Methods for Particulate Ma-
terials - II 
June 4, 2002 
14:30 
Chair: Anil Misra  University of Missouri 
Co-Chair: Ching Chang  University of Massachusetts

PHYSICAL EVIDENCE OF SHEAR BANDING AT 
GRANULAR-SOLID INTERFACES  

Jason DeJong  University of Massachusetts at Amherst 
dejong@ecs.umass.edu  

J. David Frost  Georgia Institute of Technology 
dfrost@ce.gatech.edu  

The interface between granular materials and continuum surfaces
is critical to the performance of a variety of systems including deep
foundations, microtunneling technologies, earth retention struc-
tures, and grain hoppers. A number of recent laboratory studies
have allowed quantification of the stress, strain, and deformation
behavior of granular media at interfaces with various materials un-
der loading and are summarized herein. This has been accom-
plished using various polymer impregnation and image analysis
techniques in conjunction with axisymmetric and conventional in-
terface shear tests.

Due to the complexity of many of these interface dependent sys-
tems, numerical methods such as finite elements and finite differ-
ences are now being implemented to model the system
performance. In these models, interface elements that accurately
reflect the physical behavior of interfaces must be utilized. Accord-
ingly, the objective of this paper is to highlight the characteristics of
the interface that have a first order effect on interface behavior as
identified through experimentation in an effort to develop a frame-
work from which a rigorous numerical interface element can be de-
veloped.

MECHANICAL PROPERTIES OF GRANULAR 
AGRICULTURAL MATERIALS CONSIDERED IN SILOS 

DESIGN  
Manuel Moya  Ph.D. Agricultural Engineer 

manuelmi@cvr.etsia.upm.es  
Francisco Ayuga  Associate Professor  

Manuel Guaita  Associate Professor  
Pedro Aguado  Associate Professor 

 

Traditional methods for silos design just took into account some
material properties such as the angle of internal friction, the grain
to wall friction coefficient and the specific weight. Currently some of
these methods are still commonly applied in different international
silo design standards. However, with these methods it was not pos-
sible to accurately predict dynamic loads in silos. Since numerical
methods began to be applied to the design of silos it was possible
to better understand the interaction between the grain and the silo
walls. With this technique it was necessary to consider additional
parameters such as the dilatancy angle, the Poissonís ratio and the
modulus of elasticity that describe the behavior of materials usually
stored in silos. Because of the lack of existing data within the liter-
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ature, the goal of this research was to provide values of different
material properties considered in either traditional or more recent
silo design methods. These values will be used in finite element
models recently developed by the authors to study the discharge of
silos.

CONTACT DENSITY - CONFINING STRESS - ENERGY 
TO LIQUEFACTION RELATIONS  

Sabanayagam Thevanayagam  University at Buffalo 
theva@eng.buffalo.edu  

T Kanagalingam  University at Buffalo 
T Shenthan  University at Buffalo 

Soil liquefaction phenomenon involves progressive reorganization
of intergrain contacts, frictional loss of energy, and eventual col-
lapse of soil skeleton. Resistance to liquefaction depends on the
nature and density of active intergrain contacts. Higher the density
of active intergrain contacts (per grain) more resistant is the soil to
liquefaction. Higher is the confining stress higher is the energy loss
along contacts and higher is the resistance to liquefaction. This pa-
per examines this idea analytically and experimentally. A theoreti-
cal framework for estimation of an index of active contact density
for granular mix soil is presented. Theoretical expression for inter-
nal frictional energy loss W is developed. W agrees well with the
measured external energy input. Both theory and experimental
data indicate that the energy required to cause liquefaction increas-
es linearly with initial effective confining stress and increases log-
linearly with intergrain contact density.

Computational Mechanics of Beams, 
Plates and Shells
June 4, 2002 
14:30 
Chair: Ertugrul Taciroglu  UCLA

STRUCTURAL ANALYSIS OF FRAMES WITH MIXED 
VARIATIONAL AND FLEXIBILITY-BASED METHODS  

Ertugrul Taciroglu  UCLA 
etacir@seas.ucla.edu  

Keith Hjelmstad  University of Illinois at Urbana-Champaign  

The need to accurately compute the nonlinear response of structur-
al frames has sparked an interest in the application of mixed varia-
tional and flexibility-based methods to the formulation of beam finite
elements. The so-called Nonlinear Flexibility Methods, notwith-
standing the fact that they have not been extended for geometrical-
ly nonlinear problems, appear to perform well compared to
classical stiffness methods for inelastic beams. Although, most of
these methods appeal to the variational principles, their exact vari-
ational basis has not been made entirely clear. We show that, be-
cause the equations of equilibrium and kinematics can be
integrated directly, a nonlinear flexibility method, in the spirit of
those presented in the literature, can be derived without appealing
to variational principles. The method does not involve interpolation
of the displacement field and there is no need for mesh refinement
to improve the accuracy of the results. The formulation can be im-
plemented as a classical displacement-based finite element meth-
od. Furthermore, it can be shown that this method can be
interpreted algorithmically, as an optimal two-field (Hellinger-Reiss-
ner) variational principle, with minor subtleties.

REALISTIC MODELLING OF COMPOSITE FLOOR 
SLABS UNDER FIRE CONDITIONS  

Bassam Izzuddin  Imperial College of Science, Technology 
and Medicine 

b.izzuddin@ic.ac.uk  
Ahmed Elghazouli  Imperial College of Science, Technology 

and Medicine 
a.elghazouli@ic.ac.uk  

Xiaoya Tao  Imperial College of Science, Technology and 
Medicine 

x.tao@ic.ac.uk  

This paper describes two alternative strategies for modelling the re-
sponse of composite floor slabs under fire conditions. The first
strategy is based on a grillage approximation with 1D elasto-plastic
elements, whereas the second strategy employs a more realistic
representation based on a newly developed 2D flat shell element.
In addition to the modelling of geometric and material nonlineari-
ties, the new 2D shell element incorporates an essential capability
of representing geometrically orthotropic slabs, achieved through
modifying the Reissner-Mindlin hypothesis. Following a description
of the aforementioned 1D and 2D element formulations, a compar-
ative study is undertaken on a composite floor slab subject to am-
bient and fire loading conditions, where consideration is given to
different edge restraint conditions. The study shows that grillage
modelling can significantly overestimate the resistance of the com-
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posite slab in the large displacement range, particularly in the ab-
sence of planar edge restraints. It is therefore suggested that
realistic modelling of composite floor slabs using the newly devel-
oped 2D shell element is a most effective approach for an adequate
response assessment under extreme loading conditions, such as
due to fire.

ADVANCED LARGE DISPLACEMENT ANALYSIS OF 
COMPOSITE FLOOR SLABS  

Bassam Izzuddin  Imperial College of Science, Technology 
and Medicine 

b.izzuddin@ic.ac.uk  

This paper presents a new method for the large displacement anal-
ysis of floor slabs. The proposed method employs a co-rotational
framework, where considerable simplification is achieved in deter-
mining the orientation of the local element axes. The method is de-
veloped for 4-noded quadrilateral elements, where three
translational and two rotational degrees of freedom are considered
for each node in the global reference system. In this respect, further
method simplification is achieved through the choice of two compo-
nents of each of the nodal orientation vectors as rotational degrees
of freedom. Although the proposed co-rotational method can be ap-
plied to a wide range of quadrilateral elements for flat slabs and
even for curved shells, its application is illustrated herein with refer-
ence to a newly developed 4-noded quadrilateral element for flat
composite slabs. Several examples are finally provided which dem-
onstrate the applicability, accuracy and efficiency of the new meth-
od for large displacement analysis of floor slabs.

RESPONSE OF A MULTI-CONNECTED PLATE TO A 
POINT FORCE  

Yuri Melnikov  Professor, Mathematical Sciences 
ymelniko@mtsu.edu  

Max Melnikov  Instructor, Mathematical Sciences 

The response of a plate to a unit transverse point force is usually
referred to as the plate�s influence function. This, in turn, is associ-
ated with the Green�s function (matrix) of a certain boundary value
problem for the equation (system) that simulates bending of the
plate. As to applications in engineering science, the compactness
and computability of Green�s functions are certainly defining is-
sues. Of all the existing representations of influence functions for
thin Poisson-Kirchhoff plates of uniform flexiral rigidity, only a few
are compact enough and directly suitable for immediate computer
implementations. Among those is the classical influence function of
a clamped circular plate.

A modified version of the eigenfunction expansion method has ear-
lier been proposed in [2] for the construction of Green�s functions to
some elliptic boundary value problems that occur in applied me-
chanics. The version appears effective in various areas of continu-
um mechanics including the plate and shell theory. Based on the
version, compact representations of influence functions have later
been obtained for the simply and elastically supported circular
plate.

To accurately compute the response of a multi-connected Poisson-
Kirchhoff plate to a transverse concentrated force, an algorithm is
developed, in this study, as based on the classical method of func-
tional equations [1] that in recent publications is often referred to as
the method of fundamental solutions [3]. The resolving potential
representations are built with the aid of some existing Green�s func-

tions of the biharmonic equation for apropriate simply-connected
regions. Since the observation and the source points of the resolv-
ing potentials occupy different sets, boundary value problems to be
considered reduce to some functional (integral) equations with
smooth kernels. It is shown that not only the deflection function but
also the components of the stress tensor, which are generated by
a point force, are accurately computable within this approach.

References:

1. Kupradze, V.D., Method of Potentials in the Theory of Elasticity, Davey,
New York, 1965. 2. Melnikov, Yu.A., Some applications of the Green�s func-
tion method in mechanics, Int. Journal of Solids and Structures, 13, 1045-
1058, 1977. 3. Goldberg, M.D. and Chen, C.S., Discrete Projection Methods
for Integral Equations, Computational Mechanics Publications, Southamp-
ton-Boston, 1997.

APPLICATION OF ELASTO-PLASTIC THEORIES IN 
MODELING THE BEHAVIOR OF REINFORCED 

CONCRETE BEAMS  
Reza Attarnejad   University of Tehran 

reatar@yahoo.com  
Amir Amirebrahimi  University of Tehran 

amirebrahimi@tablieh.com  
Kh. Fakhrabadi  Iran Scientific & Industrial Investigation Or-

ganization 

In this paper, the load displacement curves of reinforced concrete
beams has been obtained using elasto-plastic theories and a finite
element program. In the program, the beam is modeled in two dif-
ferent ways: a) By using a combination of separate elements for the
concrete and the reinforcement, connected at the respective
nodes. The elements are formulated using the plane stress theory
for concrete, and one dimensional elements for the reinforcements;
and b) By using a layered approach with each layer having it own
material properties. The reinforcement is modeled as one of the
layers. In order to take into account the effects of shear, the Ti-
moshenko Beam Theory has been utilized in this approach. The re-
sults of the model have been compared to experimental results
presented by Scordelis & Bresler. The comparison shows a good
correlation between the results for a substantial portion of the
curves. It is also noticed that the combination approach gives better
results compared to the layered approach.

DIRECT IDENTIFICATION OF DAMAGE IN BEAM 
STRUCTURES USING DEAD LOAD MEASUREMENTS  

Ling Zhao  University of Delaware 
lzhao@ce.udel.edu  

Harry Shenton III  University of Delaware 
shenton@ce.udel.edu  

Changes in local flexibility caused by damage in a structure will
case the internal forces of the structure to redistribute. A method for
damage detection in beam structures is proposed that is based on
measuring the change in redundant forces in the system due to
dead load. Damage is modeled as a hinge plus a rotational spring
that connects two sub-domains of a beam. By solving a nonlinear
least squares problem, the damage location and severity can be
obtained. Two example problems are presented, first, a single-
span beam with partial restraint at each end, and second, a two-
span continuous beam that is fixed at each end. Early laboratory
tests conducted on a 10-foot aluminum beam show promising re-
sults.
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Chair: Nimal Rajapakse  University of British Columbia

SOME NEW RESULTS IN CONSTRUCTING OF 3-D 
GREEN�S MATRICES  

Victor Seremet  State Agrarian University of Moldova 
seremet@uasm.moldnet.md  

This article suggests a new method of constructing of Green�s Ma-
trices in 3D elasticity. The method is based on new integral repre-
sentations for Green�s matrices, their kernels being the Green�s
functions for incompressible influence elements. In general cases,
the Green�s matrices construction leads to the integral equations.
For certain wide classes of mixed problems one theorem is pre-
sented, which expressed Green�s matrices via integrals containing
only Green�s functions for Poissonís equation. As examples, two
new boundary value problems for the octant and for semi-wedge
are solved. The Green�s matrices of these problems were obtained
in elementary functions, that is very important for their numerical
implementations. The method can be developed for regions of any
orthogonal curvilinear co-ordinates, both in elastostatics and elas-
todynamics. As a result, the list of Greenís matrices can be essen-
tially enlarged.

DISPERSIVE BEHAVIOR OF EXTENSIONAL WAVES 
IN PRE-STRESSED IMPERFECTLY BONDED 
INCOMPRESSIBLE LAYERED COMPOSITES 

Anil Wijeyewickrema  Tokyo Institute of Technology 
anil@cv.titech.ac.jp  

Somsak Leungvichcharoen  Tokyo Institute of Technology 
somsak@cv.titech.ac.jp  

Layered elastic composites are widely used in engineering applica-
tions. In general, the interface is assumed to be perfectly bonded
for analysis and design. However, since in practice damage may
occur due to loading or defects in the manufacturing process, the
interface could be considered as imperfectly bonded. In this analy-
sis, the effect of an imperfect interface on harmonic extensional
wave propagation in a pre-stressed, symmetric layered composite
is considered, where the layers consist of isotropic, incompressible,
elastic materials. The shear spring type resistance model em-
ployed to simulate the imperfect interface can accommodate the
extreme cases of perfect bonding and a sliding interface. The dis-
persion relation is obtained by formulating the incremental bound-
ary-value problem and the use of the propagator matrix technique.
Dispersion curves are presented in non-dimensional form and for
the numerical examples where the material has to be prescribed ei-
ther Mooney-Rivlin material or Varga material is assumed. The ef-
fect of the shear spring parameter on the dispersive behavior is
clearly indicated.

3-D FRACTURE DYNAMICS WITH ALLOWANCE FOR 
CRACK EDGE CONTACT INTERACTION  

Vladimir Zozulya  Centro de Investigacion Cientifica de 
Yucatan, A.C.,Merida, Yucatan, Mexico. 

zozulya@cicy.mx  
Alexandr Menshykov  Institute of Mechanics, National 

Academy of Sciences, Kiev, Ukraine. 

In this article the problem of the fracture dynamics with allowance
for unilateral crack edge contact interaction with friction are pre-
sented. A variational formulation of the problem has been given.
Boundary variational inequalities and boundary functionals have
been derived. The boundary integral equations (BIE) method in fre-
quency domains has been used as a solution for the elastodynamic
problem for bodies with cracks. Singularities of the kernels in these
integral equations have been studied. Regularization methods for
the potentials with weakly singular, singular and hypersingular ker-
nels have been considered. Several algorithms for the solution of
the elastodynamic unilateral contact problem for bodies with cracks
have been elaborated. The problem has been solved for plane har-
monic tension-compression wave propagation in space with penny-
shaped, elliptic and rectangular cracks with allowance for unilateral
contact interaction of the crack edges. Dependence of the solution
accuracy on the approximation of coordinates and time, and also of
numbers of terms in the expansion of the stress-strain state com-
ponents into Fourier series, has been investigated. Numerical re-
sults have also been presented.
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Chair: Mohammad Noori  North Carolina State
University

WAVELET TRANSFORMS FOR SYSTEM 
IDENTIFICATION AND ASSOCIATED PROCESSING 

CONCERNS
Tracy Kijewski  University of Notre Dame 

tkijewsk@nd.edu  
Ahsan Kareem  University of Notre Dame 

kareem@nd.edu  

The time-frequency character of wavelet transforms allows in-
creased flexibility ñ as both traditional time and frequency domain
system identification approaches can be adapted to examine non-
linear and non-stationary data. However, a number of additional
processing concerns must be understood to fully exploit the power
of the multi-resolution, dual-domain transform, particularly for the
popular Morlet wavelet. Unfortunately, in prior applications of wave-
let transforms for system identification, the implications of the
aforementioned concerns were often negligible, as these studies
considered mechanical systems characterized by higher frequency
signals. It was the subsequent analysis of Civil Engineering struc-
tures that highlighted the need to understand more fully these pro-
cessing concerns in order to insure successful system
identification. This study identifies a number of these consider-
ations that are a direct consequence of the waveletís multi-resolu-
tion character, including considerations for selection of wavelet
central frequencies and strategies to resolve end effects errors. In
total, this study serves as an overview of these processing consid-
erations for Civil Engineering structures, helping to lessen the chal-
lenges associated with the transition into the time-frequency
domain.

EXPERIMENTAL VERIFICATION OF STRUCTURED 
NEURAL NETWORKS FOR SYSTEMIDENTIFICATION 

AND DAMAGE DETECTION   
Soheil Saadat  North Carolina State University 

ssaadat@eos.ncsu.edu  
Fuh-Gwo Yuan  North Carolina State University 

yuan@eos.ncsu.edu  
Mohammad Noori  North Carolina State University 

mnoori@eos.ncsu.edu  
Gregory Buckner  North Carolina State University 

gbuckner@eos.ncsu.edu  

Accurate spatial and temporal estimation of wind load on structures
plays an important role in design and construction of buildings in
coastal regions and open trains. The common approach to this
problem is using codes and standards obtained from wind-tunnel
tests on isolated structures. The use of artificial neural networks for
finding specific patterns in data obtained from different wind-tunnel/
filed tests has been reported in the literature. In this study localized
radial basis functions neural networks are proposed and success-
fully used for estimation of wind load on a three-story shear building
using state-space model of the structure.

WAVELET-BASED HEALTH MONITORING OF 
RANDOMLY EXCITED STRUCTURES  

Arata Masuda  Kyoto Institute of Technology 
masuda@ipc.kit.ac.jp  

Mohammad Noori  North Carolina State University 
mnoori@eos.ncsu.edu  

Akira Sone  Kyoto Institute of Technology 
sone@ipc.kit.ac.jp  

Yuito Hashimoto  Kyoto Institute of Technology 
hashimoto@viblab.mech.kit.ac.jp  

This paper concerns the wavelet approach for structural health
monitoring in which the wavelet transform is used as a detector for
the singularities in the structural responses, which are caused by
sudden changes in the system parameters. If the system is subject
to broadband random excitation like earthquakes, however, the sin-
gularities could be caused by the excitation process, too. There-
fore, some isolation method is needed to separate the singularities
due to the excitation and the singularities due to the system�s
changes. First, the input-output correlation is investigated in the
wavelet domain in order to explain how the singularities in the input
propagate through the system and affect the output. The derived
equation shows that the wavelet transform of the output at a small
scale can be decomposed into a superposition of the wavelet trans-
forms of the input and the components corresponding to the sys-
tem�s changes. A simple numerical example shows, using this
equation, the influence of the input�s randomness is successfully
removed and the spike indicating the time of the system�s change
is extracted.

TIME-VARYING MODAL IDENTIFICATION BY MONTE 
CARLO FILTER  

Arata Masuda  Kyoto Institute of Technology 
masuda@ipc.kit.ac.jp  

Mohammad Noori  North Carolina State University 
Akira Sone  Kyoto Institute of Technology 

sone@ipc.kit.ac.jp  
Yoshitaka Yamashita  Kyoto Institute of Technology 

yamashita@viblab.mech.kit.ac.jp  

In this paper, changing dynamic characteristics of time-varying sys-
tems, which are modeled in the form of modal decomposition, are
identified using Monte Carlo filters. Extending the ordinary modal
decomposition form to the time-varying case, a time-varying MDOF
system is represented as a superposition of time-varying SDOF
systems, which have time-varying mode shape vectors, time-vary-
ing natural frequencies and time-varying damping ratios. The sys-
tem equations and the non-Gaussian evolution models of modal
parameters are merged into an augmented state space model. The
resultant state space model is nonlinear and non-Gaussian, so that
the state vector needs to be identified using nonlinear non-Gauss-
ian estimators. A Monte Carlo filter is applied, which is one of the
most promising approach to the nonlinear non-Gaussian state esti-
mation problems. Numerical simulations for a simple 2-DOF sys-
tem show that the proposed identification scheme can track the
abrupt change of the modal characteristics even in noisy circum-
stances.
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Experimental Analysis - II 
June 4, 2002 
16:15 
Chair: Laurence Jacobs  Georgia Institute of
Technology

PREMATURE FATIGUE FAILURE OF A HYDRAULIC 
EXCAVATOR AND THE RESULTING FATIGUE 

MONITORING SYSTEM  
John Pearson  Wiss, Janney, Elstner Associates 

jpearson@wje.com  
W. Hannen  Wiss, Janney, Elstner Associates 

Erik Soderberg  Liftech Consultants Inc.  

One of the largest barge mounted hydraulic excavators in the world
experienced substantial fatigue cracking during normal operation.
Fatigue cracking in a similar, smaller, excavator went undetected
long enough for cracks to grow to a critical length resulting in boom
fracture. Because of previous cracking problems in the larger exca-
vator, the owner of the excavators sought advice to mitigate the
risks associated with the fatigue problem.

To better understand the excavator boom stresses, a visual exam-
ination was performed, strain gages were installed at critical loca-
tions and strains were measured during static tests and normal
dredge operations. The results were used to develop a structural
maintenance program, which included a permanent computer mon-
itoring system. The computer system continuously monitored the
boom strains and calculated the accumulated fatigue damage at
each gage location using an approximation of the reservoir method.
The system allowed engineers to determine when to schedule crit-
ical inspections and was equipped with an alarm to warn the oper-
ator when high stresses occurred during the dredge operation.

EXPERIMENTAL STUDY ON THE PRESSURE OF 
CEMENT BASED MATERIALS AGAINST FORMWORK  

Sofiane Amziane  Universite de Bretagne Sud 
Sofiane.Amziane@univ-ubs.fr  

Ny Riana Andriamanantsilavo  Universite de Bretagne Sud  
Philippe Baudeau  Universite de Bretagne Sud  

An experimental study on the pressure of cement paste against
formwork is reported. The object of the investigation was to exper-
imentally determine the evolution of pore water and lateral pres-
sures of cement paste until the form is removed. An original
experimental device equipped with two special transducers was
designed. These transducers make it possible to measure the pres-
sure due to 1 and 0.05 meter depth of cement paste. Tests are car-
ried out with four types of cement pastes, the water/cement (W/C)
mass ratio ranging between 0.30 and 0.45. The results show that
the kinetics of the pore water pressure and of lateral pressure are
strongly affected by the W/C ratio and the level of stress to which
the cement based materials is subjected. In all cases, initially we
obtain levels of total and interstitial pressures equal to a theoretical
hydrostatic pressure exerted by homogeneous fluid having the
density of the mixture. Then, they decrease in a perfectly identical
way toward zero. We record then interstitial depressions whose
maximum value can reach tens of kPa.

CHARACTERIZATION OF INFILTRATION PHENOMENA 
IN THE VADOSE ZONE  

Gandola Franck  LTHE,UMR 5564 - CNRS, Grenoble, France 
Grenoble, France- 

F.Gandola@mailbox.gu.edu.au  
Nor-Edine Abriak  Ecole des Mines de Douai 

abriak@ensm-douai.fr  
Randel Haverkamp  LTHE,UMR 5564-CNRS,Grenoble, 

France 
randel@hmg.inpg.fr  

Chris Matthews  Griffith University, Australia 
C.Matthews@mailbox.gu.edu.au  

Dye tracer and visualization techniques have been widely used for
describing water flow patterns in soils and particularly, for determin-
ing the volumetric water content in one and two dimensional labo-
ratory experiments. The present study describes a three
dimensional laboratory experiment (axi-symmetrical condition) us-
ing color image analysis for determining the spatial distribution of
the water content. The infiltration of a dye (fluorescein) mixed with
water is achieved under axi-symmetrical condition in a Plexiglas
chamber filled with an initially wet sand. Both infiltration and drain-
age processes are visualized under blue light filter and recorded on
videotape. The image analysis technique used for determining the
saturation state is based on the use of a limited color palette which
allows us to quantify the evolution of the saturation state in the
sand. Simultaneously,nine tensiometers connected to a data acqui-
sition system, are used to determine the negative water pressure in
the sand. The measurements of the suction confirm the existence
of a second wetting front (after the dye solution flow) due to the ini-
tial mobile water content in the sand.

ELASTIC FOUNDATION MODEL-BASED TDCB 
SPECIMEN FOR MODE-I FRACTURE OF BI-

MATERIAL BONDED INTERFACES  
Jialai Wang  The University of Akron 

Qiao@uakron.edu  
Pizhong Qiao  The University of Akron 

qiao@uakron.edu  
Julio Davalos  West Virginia University  

A modified beam theory is developed to predict compliance rate
change of Tapered Double Cantilever Beam (TDCB) specimens for
Mode-I fracture of hybrid interface bonds. The analytical model
treats the uncracked region of TDCB specimen as a tapered beam
on generalized elastic foundation, and the effect of crack tip defor-
mation is incorporated in the formulation. A closed-form solution is
obtained, in which the compliance and compliance rate change of
TDCB specimens can be easily computed. The Tapered Beam on
Elastic Foundation (TBEF) model is verified with finite element
analyses and experimental calibration data for wood-wood and
wood-composite bonded interfaces, and good agreements of com-
pliance and compliance rate change are achieved for a specific
range of crack length. The linearity of compliance crack-length re-
lationship of the specimen is further validated and can be used with
experimental measured critical fracture loads to determine the re-
spective critical strain energy release rates or fracture toughness of
interface bonds. This study indicates that the developed analytical
model which accounts for the crack tip deformation can be efficient-
ly and accurately used for compliance and compliance rate change
predictions of TDCB specimens and reduce the experimental cali-
bration effort, and the constant compliance rate change for linear-
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slope TDCB specimens can be applied with confidence for Mode-I
fracture tests of hybrid material interface bonds.

NEW METHODS FOR DESIGN AND EVALUATION OF 
CRACK EXPERIMENT  

K.-L. Du  Concordia University, Montreal, Canada 
kldu@ece.concordia.ca  

Jia-Bin Lu  Guangdong University of Technology, Guang-
zhou, China 

C.Y. Tang The Hong Kong Polytechnic University, Hong 
Kong, China 

In this paper, we propose two methods for experiment study of
cracks on the basis of Rice�s criterion (Rice, 1992). These methods
are from the viewpoints of energy and stress, respectively, and are
in good compliance with former theories and experiments. They
can be used to design experiment, to interpret and predict experi-
mental results. Analysis exhibits that a pure load mode is unfavor-
able to dislocation emission and dislocation emits more easily in the
presence of other load component. Another finding is that disloca-
tion emission direction is selective, that is, not any specified direc-
tion possesses the possibility of dislocation emission by adjusting
load direction.

Reliability and Analysis of Stochastic 
Structural Systems 
June 4, 2002 
16:15 
Chair: Erik Johnson  University of Southern California

DEVELOPMENT OF SEISMIC FRAGILITY CURVES 
FOR TALL BUILDINGS  

Michael Tantala  Princeton University 
mtantala@princeton.edu  

George Deodatis  Columbia University 
deodatis@civil.columbia.edu  

This study focuses on the reliability assessment of tall buildings
subjected to earthquake loadings. The vulnerabilities of these tall
structures are expressed with the development of fragility curves,
which provide the probability of exceeding a prescribed level of
damage for a wide range of ground motion intensities. The method-
ology to develop these curves follows a Monte Carlo simulation ap-
proach incorporating uncertainties in ground motion and in
structural characteristics. Uncertainty of ground motion is intro-
duced by modeling it as a stochastic process, with a prescribed
power spectrum, duration and marginal probability distribution
function. The effect of the assumption of Gaussianty and the role of
duration of strong ground motion are also evaluated. Deviations
from Gaussianity can have significant detrimental effects on the
structural response. Duration can also have a significant effect on
the response, as a nonlinear model involving stiffness degradation
is used. Uncertainty of structural characteristics is introduced by
modeling different material properties as random variables at criti-
cal locations of the structure.

RELIABILITY ANALYSIS OF MULTIGIRDER STEEL 
BRIDGES DESIGNED BY LRFD  

Chunhua Liu  Parsons Brinckerhoff Quade & Douglas, Inc. 
liuchunhua@hotmail.com  

The reliability level of steel girder bridges designed by AASHTO
LRFD Strength I limit state for flexure is examined. The reliability
analysis is based on the stochastic finite element method (SFEM).
The bridges are modeled as grillage beam systems. Basic design
variables include dead and live loads, as well as sectional and ma-
terial properties. Steel girder bridges are designed in accordance
with AASHTO LRFD Strength I limit state for flexure of AASHTO
LRFD Specifications (1998). Bridge span varies from 30 ft (9.14 m)
to 120 ft (36.58 m) and girder spacing varies from 4 ft (1.22 m) to
12 ft (3.66 m). The reliability level corresponding to load modifier of
0.90, 0.95, 1.0, 1.05, and 1.1 is investigated using the SFEM. The
results obtained in this study indicate that the reliability index is very
sensitive to the lateral distribution of live load. Due to overestimat-
ing the lateral distribution of live load, the AASHTO LRFD Specifi-
cations for Strength I limit state for flexure results in a conservative
design of steel girder bridges.
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EFFICIENT RELIABILITY METHODS FOR 
AUTOMOTIVE STRUCTURAL SYSTEMS  

Tong Zou  Vanderbilt University 
sankaran.mahadevan@vanderbilt.edu  

Sankaran Mahadevan  Vanderbilt University  
Zissimos Mourelatos  General Motors Corporation  

This paper proposes an efficient method for the reliability analysis
of a vehicle body-door subsystem with respect to one of the impor-
tant quality issues -- the door closing energy. The developed meth-
od combines optimization-based and simulation-based
approaches. The proposed approach consists of two major parts.
In the first part, an optimization-based method is used to search for
the most probable point (MPP) on the limit state. This is achieved
by using an adaptive response surface constructed through an op-
timal symmetric Latin hypercube design of experiments and a trust
region update approach. In the second part, a multi-modal adaptive
importance sampling method improves the reliability estimate, us-
ing the MPP information from the first part as the starting point. A
generalized framework for reliability estimation is then established
for problems with a large number of random variables and implicit
limit states.

DIFFERENTIAL SETTLEMENTS OF STRUCTURES 
FOUNDED ON HETEROGENEOUS SOILS  
George Frantziskonis  University of Arizona 

frantzis@email.arizona.edu  
Denys Breysse  CDGA, Universitè Bordeaux I  

The paper studies the problem of interaction of a structure with spa-
tially varying soil properties. In particular, the problem of the inter-
action of a two-span continuous beam founded on a
heterogeneous soil is solved analytically. The geometrical and stiff-
ness characteristics of the structure interact strongly with the spa-
tial properties of the heterogeneous soil. For a certain value of the
correlation distance, a feature of the heterogeneous soil formation,
the uncertainty and the risk of high values, not predicted with deter-
ministic models, in estimating differential settlements and forces
(bending moments, shear forces, etc.) on the structure becomes
maximum. The analytical solution uses a series expansion of the
soil properties relative to those of the structure. The error in the so-
lution, due to the truncation of the series expansion, is estimated by
relevant numerical results.

Recent Advances in Materials Character-
ization and Modeling of Pavement Systems 
IV 
June 4, 2002 
16:15 
Chair: Eyad Masad  Washington State University 
Co-Chair: Thomas Papagiannakis  Washington Statre
University

MICROSTRUCTURAL ANALYSIS OF THE 
VISCOELASTIC BEHAVIOR OF ASPHALT 

CONCRETES  
Ala Abbas  Washington State University 

pappa@wsu.edu  
A. Papagiannakis  Washington State University  

Eyad Masad  Washington State University  

Asphalt concretes are composite materials consisting of inter-
spersed aggregates, asphalt binder and air voids. Their constitutive
behavior depends largely on the interaction of the aggregates and
the binder, which have drastically different stiffnesses. This behav-
ior is further complicated by the non-linear viscoelastic behavior of
the binder. The paper at hand presents a fundamental methodolo-
gy for describing the constitutive behavior of asphalt concretes. It
involves three main steps. The first step involves the development
of mechanistic binder models from rheological measurements and
their implementation into stress-strain relationships suitable for
FEM modeling. Binder non-linearity is treated in a piece-wise linear
fashion, whereby the binder model constants are assigned as a
function of strain level. The second step involves capturing the mi-
crostructure of asphalt concretes trough imaging techniques and
processing the images to translate them into FEM grids. The third
step involves verification of these asphalt concrete models by com-
paring predictions of shear modulus and phase angle to the prop-
erties measured in the laboratory using a Simple Shear Test (SST).

CONTINUUM DAMAGE MODEL FOR PERMANENT 
DEFORMATION OF ASPHALT MIXES  

Laith Tashman  Civil and Environmental Engineering, Wash-
ington State University 

ltashman@wsunix.wsu.edu  
Eyad Masad  Civil and Environmental Engineering, Washing-

ton State University 
masad@wsu.edu  

Hussein Zbib  Mechanical and Material Engineering, Wash-
ington State University 

zbib@mme.wsu.edu  
Dallas Little  Civil and Environmental Engineering, Texas 

A&M University 
d-little@tamu.edu  

Permanent deformation is one of the most significant distresses
that cause severe damage in asphalt pavements. It is caused by
high traffic loads associated with high field temperatures. It is be-
lieved that permanent deformation develops at small rate and ac-
celerates with the initiation of microcracks in asphalt pavements. A
viscoplastic continuum damage model is developed to describe the
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permanent deformation of asphalt pavements. The model is based
on Perzyna�s formulation with Ducker-Prager yield function modi-
fied to account for the material inherent and induced anisotropy.
The material anisotropy parameter is measured through micro-
structural analysis of two-dimensional sections of asphalt mixes.
The change in the material anisotropy parameter during loading is
shown to be a function of aggregate properties. A damage param-
eter is included in the model in order to quantify the development of
microcracks. Experimental procedures are outlined to determine
the model�s parameters. The model is used to predict the creep re-
sponse of several mixes subjected to uniaxial loading.

A POROUS ELASTOPLASTIC COMPACTION MODEL 
FOR ASPHALT MIXTURES WITH PARAMETER 

ESTIMATION ALGORITHM  
Murat Guler  UW-Madison, Civil & Env. Engineering 

bosscher@engr.wisc.edu  
Peter Bosscher  UW-Madison, Civil & Env. Engineering 

Michael Plesha  Dept. of Engineering Physics  

Estimation of compaction energy to reach a certain field density is
essential when predicting construction costs for asphalt concrete
pavements. A compaction model can be used to predict the re-
quired compaction energy and optimize the design requirements
for field conditions. A mechanical model is developed to simulate
laboratory compaction of asphalt mixture specimens. Gurson-Tver-
gaard porous material model with elastoplastic matrix is assumed
to describe compaction of an uniaxial cylindrical specimen under a
prescribed compaction pressure and cyclic shear strain induced by
the Superpave Gyratory Compactor. Plastic strains are integrated
from an incremental elastoplastic constitutive equation. Three mod-
el constants are estimated to determine measured deflections by
means of Levenberg-Marquardt parameter estimation algorithm.
Statistical correlations are constructed to evaluate effects of mix-
ture properties on the estimated model constants. The proposed
constitutive model accurately predicts the volume change of spec-
imens undergoing continuous gyratory compaction. Estimated
model constants proved strong correlations with mixture volumetric
properties.

VISCOPLASTICITY MODELING OF ASPHALT 
CONCRETE  

Charles Schwartz  University of Maryland 
schwartz@eng.umd.edu  

Nelson Gibson  University of Maryland 
nelgib@glue.umd.edu  

Richard Schapery  University of Texas 
schapery@uts.cc.utexas.edu  

Matthew Witczak  Arizona State University 
witczak@asu.edu  

A constitutive model based on an extended form of the Schapery
continuum damage formulation (Ha and Schapery, 1998;
Schapery, 1999) is currently being evaluated and developed as a
comprehensive material model for asphalt concrete. This model
considers the viscoelastic, damage, and viscoplastic components
of asphalt concrete behavior over the full range conditions of inter-
est for the mechanistic prediction of flexible pavement distresses.
The focus of the present paper is limited to the viscoplastic re-
sponse component at intermediate and high temperatures. The re-
sults confirm earlier findings (Schwartz et al., 2002) that asphalt

concrete in compression is a thermorheologically simple material
well into the large strain viscoplastic regime at elevated tempera-
ture. The study demonstrates that the proposed viscoplastic model
component provides a good representation of the viscoplastic re-
sponse of asphalt concrete in uniaxial unconfined compression.
Given the validity of time-temperature superposition for viscoplastic
response, the viscoplastic material parameters can be calibrated
from a limited number of uniform time and uniform load creep and
recovery tests. Typical viscoplastic material parameters are de-
rived for a representative asphalt concrete mixture.
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Multi-Scale Modeling of Materials - II 
June 4, 2002 
16:15  
Chair: George Voyiadjis  Louisiana State University 
Co-Chair: Rami Haj-Ali  Georgia Institute of Technology

THE INFLUENCE OF POROSITY ON FRACTURE 
CHARACTERICTICS IN MORTAR STRUCTURES.  

Khalil Haidar  Ecole Centrale de Nantes 
khalil.haidar@ec-nantes.fr  

Gilles Pijaudier-Cabot  Ecole Centrale de Nantes  

The purpose of this paper is to quantify the influence of microstruc-
tural degradations, namely a variation of porosity on the mechani-
cal properties of heterogeneous quasi-brittle materials (mortar,
concrete). The study deals with this problem on a model mortar ma-
terial. The porosity is controlled by the introduction of inclusions of
weak mechanical characteristics (polystyrene) in a matrix having a
reduced porosity. Mass densities ranging from 2.3 to 1.4 can be
achieved with a good spatial distribution of the inclusions. Experi-
mental investigation on this material in compression, bending,
emission acoustic measurements and their analysis are detailed.
The experiments show that the elastic modulus, the compressive
strength and the tensile strength decrease with the mass density.
The brittleness of the structures as well as the fracture energy (ob-
tained by applying Bazant�s size effect law) are decreased too.
Comparaison with leached mortar beams are also presented

EFFECT OF MORPHOLOGY ON THE MECHANICAL 
BEHAVIOR OF HETEROGENEOUS NONISOTROPIC 

MICROBEAMS  
Ronen NAKASH  Technion - Israel Institute of Technology 

nakash@tx.technion.ac.il  
Eli ALTUS  Technion - Israel Institute of Technology 

altus@tx.technion.ac.il  

In many microstructures, the size of the subelement (grain, chain
bundles, fillers), is not negligible as compared to the overall scale
(thickness, length) and the random morphology is expected to
cause an inherent statistical dispersion of the structural response,
and even affect the average structural behavior. These features
have a direct influence on both the design and reliability of micro-
system performance. In this work, we study analytically the effects
of various microstructure morphology characteristics like grain size,
shape, location, module and statistical correlations on the general-
ized displacements of statically determinate beams. The analysis
includes shear deformation effects, nonisotropic material tension-
shear coupling, and their relation to structural coupling, like tensile-
bending-torsion deformations. Generalizing previous studies of iso-
tropic heterogeneity, the beams in this analysis are made of ran-
dom nonisotropic elastic elements, including heterogeneity inside
the cross section. Although the beams are externally determinate,
the nonisotropic behavior imposes additional internal compatibility
(indeterminacy) degrees of freedom, which cannot be neglected.

HOMOGENEOUS OPTIMAL DESIGN OF A FINITE 
ELASTIC STRIP SUBJECTED TO TRANSIENT LOADING  
Ani Velo  Army Research Labs, MD/US Military Academy, NY 

aa0349@exmail.usma.army.mil  
George Gazonas  Army Research Labs, MD  
Michael Scheidler  Army Research Labs, MD 

We investigate wave propagation in a finite elastic strip subjected
to free-fixed boundary conditions. Our goal is to find a design of
functionally graded materials (FGMs) that provides the smallest
amplitude of stress during the wave propagation along the strip. We
are able to show that within a class of FGMs, the homogeneous de-
sign provides the smallest stress amplitude. In the special case of
two layers, we identify the class of all optimal designs and the time
intervals when the stress reaches its peak values. The benefit of
this work is that it provides general practical observations for man-
ufacturing of multilayered lightweight armor. The results obtained
here are used to validate a purely numerical scheme using finite el-
ements.

DETAILED 3D SIMULATION OF BOLTED PULTRUDED 
COMPOSITE CONNECTIONS  

Ahmet Citipitioglu  Georgia Institute of Technology 
rami.haj-ali@ce.gatech.edu  

Rani El-Hajjar  Georgia Institute of Technology 
Rami Haj-Ali  Georgia Institute of Technology 

An experimental and analyitical study is carried out to investigate
the response of bolted pultruded composite connections using non-
linear material and detailed 3D structural finite element (FE) mod-
els. A new 3D micromechanical model for the fiber reinforced
plastic (FRP) pultruded composite material is used to generate the
effective nonlinear response at each Gaussian material point within
the 3D FE model. The constitutive model is calibrated by specifying
the fiber and matrix elastic and nonlinear parameters. The fiber ma-
terial is linear isotropic while the matrix is nonlinear plastic. The ma-
terial parameters are determined from coupons taken from the
pultruded beams. The effect of slip between the components and
the bolts on the overall response of the connection is included by
explicitly recognizing contact and friction between all the compo-
nents. Pull tests are also performed in order to compare the predic-
tion ability of the overall combined material and structural
framework.

MICRO-MECHANICS IN SOILS AND SHEAR BANDS  
Chung Song  Sambo Engineering Co., Ltd., Seoul, Korea

crsong@hanaro.net  
George Voyiadjis  Louisiana State University, Baton Rouge, 

LA 
voyiadjis@eng.lsu.edu  

Shear bands cause localized large shear strains. At such strains,
the strain rate in the shear band is much higher than that outside
the band. This unique phenomenon brings out some uncommon
micro-mechanical behaviors of the material. They are mainly rate
dependency, rotation of grains, grain interaction, and soil-pore fluid
interaction. These micro-mechanical behaviors are typically con-
sidered separately. However, the real behavior of the natural soil is
a kind of mixed and coupled output of all those factors. This study
presents the coupled micro-mechanical behavior of soils consider-
ing all four factors for the geo-materials. Rate dependency is incor-
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porated through visco-plasciticity, rotation of grains is incorporated
through the plastic spin, grain interaction is incorporated by the use
of the gradient theory, and soil-pore fluid interaction is incorporated
by the coupled theory of mixtures.

A MICROMECHANICAL FRAMEWORK FOR 
NONLINEAR VISCOELASTIC ANALYSIS OF 

PULTRUDED COMPOSITES  
Anastasia Muliana  Georgia Institute of Technology 

rami.haj-ali@ce.gatech.edu  
Rami Haj-Ali  Georgia Institute of Technology 

This study introduces a new three-dimensional (3D) micromechan-
ical modeling approach for the nonlinear viscoelastic response of
pultruded composites. The pultruded fiber reinforced plastic (FRP)
composites under consideration include combinations of roving
and continuous filament mat (CFM) reinforcements. The proposed
framework can be easily integrated with a finite element (FE) soft-
ware for the analysis of pultruded structures. The proposed 3D
framework consists of three nested and independent models for the
roving layers, CFM layers, and a sublaminate model used to gen-
erate the overall 3D effective continuum response. The roving layer
consists of unidirectional fibers embedded in the matrix; it is ideal-
ized as doubly periodic array of fiber with rectangular cross sec-
tions. The CFM layer consists of long, swirl, and in-plane randomly
oriented filaments. This system is idealized using the average re-
sponse of two alternating layers with limiting fiber orientations. A 3D
nonlinear multi-axial viscoelastic constitutive behavior is formulated
using Schapery�s integral form. This model is implemented only for
the isotropic matrix at the lower level of the nested modeling frame-
work. The fiber medium is considered as transversely isotropic and
linear elastic. Stress-update algorithms are needed at all levels of
the framework in order to satisfy the nonlinear constitutive and mi-
cromechanical relations between the average stresses and strains
in the subcells. New iterative numerical algorithms with predictor-
corrector type steps are derived to achieve the correct stress and
strain states. Experimental tests are performed to calibrate and
predict the nonlinear viscoelastic response. These tests include
creep and recovery at different loading levels.

Fluids - Modeling of Natural Hazards 
June 4, 2002 
16:15 
Chair: Michelle Teng  University of Hawaii at Manoa 
Co-Chair: Hayley Shen  Clarkson University

POLLUTANT DISPERSION NEAR A LOW HILL UNDER 
A TURBULENT WIND  

Natalia Lai  The University of Hong Kong 
tunnam@hotmail.com  

Andy Chan  The University of Hong Kong 

A methodology is developed to study the pollutant concentration
distribution in a turbulent shear flow over a two dimensional hill with
small slope. As in a typical boundary layer problem, the flow do-
main is divided into an inner and an outer region. With the velocities
obtained from the Navier-Stokes and continuity equations, the dif-
fusion equation for the pollutant concentration is readily solved. A
variational method with adjustments to the streamline coordinate
system is used in order to obtain an accurate solution of the con-
centration in the downwind region. Closed form analytical solutions
of the pollutant dispersion patterns and concentration distributions
are determined. It is shown that when there is an upwind source lo-
cated in the outer region, the concentrations decrease with dis-
tance along the upwind side of the hill and tend to be a constant
rapidly near the hilltop. This diffusion model can be applied to any
realistic flow field once the streamlines can be specified through the
velocities.

MULTIPLE SOLUTIONS OF SMOKE LAYERS IN 
BUILDING FIRES AND NATURAL VENTILATION  

Hugh Leung   
leungh@hkusua.hku.hk  

Yuguo Li   
Z. D. Chen    

This paper studies the buoyancy-driven flow in a building with three
displaced openings for building fires and natural ventilation. These
solutions are used to analyze the effect of the vertical location and
the area of middle opening upon the thickness of smoke layer
(stratification level) and the performance of natural ventilation.
Three possible flow patterns in the building and two possible flow
directions at the middle opening are first identified for all possible
conditions in the building and the analysis is based on each condi-
tion. This paper focuses on the analysis of the smoke layer height
in building fires. The performance of buoyancy-driven natural ven-
tilation is also investigated. Interestingly, multiple solutions of the
heights of smoke layers and the ventilation flow rates are found for
a certain range of geometry parameters.

A MODEL FOR URBAN FLOOD DISASTER 
PREVENTION  

Nikolaos Katopodes  U of Michigan 
ndk@umich.edu  

We present a model that can predict flood wave propagation on city
streets with enough resolution that individual buildings can be re-
solved in the computational grid. Storm sewers are incorporated as
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distributed point sinks. Basement flooding is also included as in-line
storage. Automobiles are handled as prolate spheroids and are al-
lowed to move and rotate according to the local flow field. The
mathematical basis for the simulation is based on a two-dimension-
al shallow-water scheme capable of handling wet and dry cells and
arbitrary topography. Debris transport is accomplished by a
Lagrangian technique and post-processing of the velocity and vor-
ticity fields after each time step. The shallow-water equations are
solved by a finite-volume scheme while the debris stransport is car-
ried out by solution of a large system of ordinary differential equa-
tions.

CONTAMINANT TRANSPORT IN THE SUBSURFACE 
AT THE PORE-MICROPORE INTERFACE  

Don Kim  Columbia University 
abagtzog@civil.columbia.edu  

Amvrossios Bagtzoglou  Columbia University  

The field of contaminant transport and remediation has achieved a
great deal of advancements in recent years. However, practice has
shown that remediation efforts are often plagued by extremely long
breakthrough curve tails, an indication of almost infinite time re-
quirements for the remediation efforts to bring the level of contam-
inants below the regulatory standards. It has been postulated that
this is due to the effect of micropores. This paper proposes a meth-
od to forecast effects of micropores on contaminant transport at
both macroscopic and microscopic levels and to establish a link be-
tween the two different approaches.

NUMERICAL SIMULATION OF STORM SURGE 
GENERATED BY HURRICANE IWA IN HAWAII  

Edison Gica  University of Hawaii at Manoa 
gica@wiliki.eng.hawaii.edu  

Michelle Teng  University of Hawaii at Manoa 
teng@wiliki.eng.hawaii.edu  

The ADCIRC finite element model was applied to solve the depth-
averaged shallow water equations to simulate storm surge gener-
ated by the 1982 Hurricane Iwa in Hawaii. This study is a follow-up
to the recent study by Gica et al. (2001) where the storm surge gen-
erated by the 1992 Hurricane Iniki in Hawaii was simulated. The ob-
jective of the present study is to further investigate the effects of
barometric pressure and wind stress in generating storm surge in
the Pacific insular environment in the absence of continental
shelves. Our simulated results were compared with the surge
height recorded by a tidal gage in Nawiliwili Bay of Kaua�i Island in
Hawaii. The results agreed well with the recorded data and this ver-
ifies our simulation. In addition, our results further confirmed that,
for the Hawaiian coastal waters where water depth increases rap-
idly offshore, the barometric pressure was the dominant forcing in
generating storm surge while the effect of wind stress was negligi-
ble.

Computational Mechanics - Computational 
Dynamics 
June 4, 2002 
16:15  
Chair: Si-Hwan Park  University of Hawaii at Manoa

THE USE OF RITZ VECTORS IN A COMPARATIVE 
STUDY FOR VIBRATORY ANALYSIS OF DAM-

FOUNDATION SYSTEMS 
Moussaoui Salah Eddine  UNIVERSITE DE MOSTAGANEM 

msalaheddie@yahoo.fr  
Tiliouine Boualem  ECOLE NATIONALE POLYTECHNIQUE 

tiliouine@enp.edu.dz  
Achour Belkacem  UNIVERSITE DE MOSTAGANEM 

wredadz@yahoo.fr  

Finite element modelling of complex systems for the purpose of
studying the effects of soil structure interaction usually lead to a
large number of degrees of freedom. The change of basis from the
physical coordinates of the finite element model to a generalized
coordinate system may thus become unavoidable. The present pa-
per is concerned with a numerical investigation of free vibration be-
haviour of soil-dam systems using two generalized coordinate
reduction procedures. Two soil-dam dynamic interaction models
and two criteria for the evaluation of the rate of convergence of the
coordinate reduction procedures are used for that purpose. The re-
sults obtained show clearly that the load dependent Ritz vectors
provide a more performing mathematical basis than that of the ex-
act eigenvectors in terms of accuracy and convergence. Further-
more, an empirical rule is proposed in order to accurately estimate
the number of the first P eigenmodes of the complete system.

A DISCONTINUOUS GALERKIN METHOD FOR 
MODELING TRANSIENT WAVE PROPAGATION IN 

UNBOUNDED LAYERED MEDIA  
Si-Hwan Park   University of Hawaii at Manoa 

sihwan@hawaii.edu  
John Tassoulas  The University of Texas at Austin  

An absorbing boundary condition based on the discontinuous
Galerkin method is applied to transient analysis of elastic wave
propagation in unbounded layered media. The boundary condition
is exact in the finite-element sense, and the associated computa-
tional cost is an order of magnitude lower than for conditions based
on Green functions. Furthermore, an implicit time-stepping scheme
in conjunction with this boundary condition appears to lead to an
unconditionally stable transient analysis procedure. Problems of
foundation dynamics involving horizontally layered media are con-
sidered to demonstrate the performance of the condition.
97

mailto:abagtzog@civil.columbia.edu
mailto:
mailto:gica@wiliki.eng.hawaii.edu
mailto:teng@wiliki.eng.hawaii.edu
mailto:msalaheddie@yahoo.fr
mailto:tiliouine@enp.edu.dz
mailto:wredadz@yahoo.fr
mailto:sihwan@hawaii.edu
mailto:


DYNAMIC RESPONSE OF A LONG, DISCRETELY 
SUPPORTED BEAM  

Thomas Price  City College of New York, CUNY 
tprice@ce.ccny.cuny.edu  

Mohsen Shaaker  City College of New York, CUNY 
mohsen@ce.ccny.cuny.edu  

This paper describes a computational model of a long beam resting
on discretely-located flexible supports. The model is suitable for as-
sessing certain types of vibrations in building floors, and for various
aerospace and other applications. The model is efficient and yields
a numerically exact solution when the joist spacing is small (i.e.,
continuous). The beam configuration is completely described using
a fundamental frequency, a characteristic length, and the distribu-
tion of the joist stiffnesses, as well as two damping ratios and a di-
mensionless rotatory inertia parameter. The model is applied to
vibration serviceability behavior of floors. When a floor plate is geo-
metrically regular and supported by identical, equally spaced joists
or beams, vibration can propagate in the direction transverse to the
joists. Such "vibration transmission" can lead to the perception of
poor behavior. Two response regimes are identified for the floor
system, determined by a characteristic length and the relative dis-
tribution of joist stiffnesses. The practice of varying the stiffness dis-
tribution of the supporting joists as a vibration mitigation strategy is
also assessed.

TIME-CONTINUOUS COHESIVE INTERFACE FINITE 
ELEMENTS IN EXPLICIT DYNAMICS  
Katerina Papoulia  Cornell University 

vavasis@cs.cornell.edu  
Stephen Vavasis  Cornell University 

Cohesive zone modeling is one of the most widely used techniques
for modeling fracture of brittle and quasibrittle materials. It is predi-
cated on the fact that in quasibrittle fracture, a process zone forms
ahead of the crack front, in which material softening or decohesion
takes place. Cohesive zone modeling idealizes the process zone
with a weak interface of thickness zero.

Decohesion is usually modeled by a relationship between the trac-
tion across the interface and the relative displacement between the
two faces of the interface pointwise. We identify two pathologies
with initially rigid traction-displacement cohesive relationships used
in explicit dynamics in the previous literature, namely, division by
zero and nonconvergence in time. These problems arise partly
from the attempt to extend uniaxial traction-displacement relation-
ships to multiaxial loading. We also argue that any attempt to fix
these pathologies in a functional traction-displacement setting
leads to two new pathologies, namely, encoding and traction lock-
ing. We exhibit an example of a law that fixes division by zero and
time discontinuity but still suffers from encoding and traction lock-
ing.
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Chair: Ahsan Kareem  University of Notre Dame

STUDY OF THE JOINT OPENING EFFECTS ON 
DYNAMIC RESPONSE PROPERTIES OF AN EXISTING 

ARCH DAM  
Yukihiro Toyoda  CRIEPI 
toyoda@criepi.denken.or.jp  

Minoru Ueda  Chubu Electric Power Company 
Ueda.Minoru@chuden.co.jp  

Hiroo Shiojiri  Nihon University 
shiojiri@civil.cst.nihon-u.ac.jp  

This paper presents the experimental and finite element studies on
the effect of discontinuous behavior at the vertical contraction joints
on the dynamic response of the existing arch dam. The variation of
the resonant frequencies as a function of the reservoir water level
is investigated. The measured dynamic properties are compared to
predictions from finite element models, for which the nonlinear be-
havior due to the discontinuities of the vertical contraction joints are
both included and neglected. Based on both test and computed re-
sults, it is found that the arch action due to higher hydrostatic pres-
sure under almost full reservoir condition, tighten the contraction
joints, and caused the overall dam body to behave more like as a
continuous structure. According to the computed results, it is con-
cluded that the contraction joints open and close during the shak-
ing, under less than 75 per cent of the full reservoir condition, and
such a varying tightness of the contraction joints really did affect the
resonant frequencies of the fundamental vibrational mode.

AN IMPROVEMENT IN NONLINEAR ANALYSIS  
Aram Soroushian  University of Tehran 

aramsoro@shafagh.ut.ac.ir,aramsoro@yahoo.com  
Jamshid Farjoodi  University of Tehran 

jfarjood@chamran.ut.ac.ir  

When studying the nonlinear behavior of engineering structures, in-
cremental iterative analysis is indispensable. According to the na-
ture of iterative computations their results can never be exact. To
control the additional errors, using nonlinearity tolerances is essen-
tial. However, because of the limited computers� capabilities small
tolerances can not always be applied. Hence almost in all of the
well-known analysis softwares, the maximum number of iterations
is bounded to an additional parameter. This parameter is generally
selected merely by computational practice, and thus may lead to
low accuracy if the selected values are very small, or divergence of
iterations if the selected values are high. To overcome this problem,
a technique for automatically controlling the number of iterations is
presented in this paper. Based on the number of significant digits
that can be considered by computers, this technique not only omits

one of the analysis parameters, but also ensures that if computer
capabilities allow, nonlinearity residual errors would be as small as
requested. The improvement is verified by applying the suggested
technique to a nonlinear dynamic problem.

A PHENOMENOLOGICAL MODEL OF A BOLTED 
JOINT  

Yaxin Song  University of Illinois 
ysong5@uiuc.edu  

Christian Hartwigsen  University of Illinois 
hartwigs@uiuc.edu  

Lawrence Bergman  University of Illinois 
lbergman@uiuc.edu  

Alexander Vakakis  National Technical University of Athens 
vakakis@central.ntua.gr  

Mechanical joints can have a significant effect upon structural re-
sponse, causing localized nonlinear stiffness and damping chang-
es. As many structures are assemblies, incorporating the effects of
joints is necessary to produce predictive finite element models. In
this paper, we present an adjusted Iwan beam element (AIBE) for
non-linear dynamic response analysis of beam structures contain-
ing joints. The adjusted Iwan model consists of a combination of
springs and frictional sliders that exhibits nonlinear, hysteretic be-
havior due to the stick-slip behavior of the sliders. The beam ele-
ment consists of two adjusted Iwan models arranged to correspond
to the usual arrangement of degrees-of-freedom, transverse dis-
placement and rotation at each of the two nodes. The resulting el-
ement requires six parameters, which need to be initially
determined. The parameter identification constitutes an inverse
problem that will be discussed in a later paper. By using AIBE, a
nonlinear dynamic response analysis is implemented for a beam
structure with a bolted joint. The effectiveness of AIBE is assessed
by comparing the numerical solution with experimental measure-
ment.

CHARACTERIZATION OF AN ESSENTIALLY 
NONLINEAR 2-DOF VIBRATION TEST APPARATUS 

D. Michael McFarland  University of Illinois 
lbergman@uiuc.edu  

Darien Gipson  University of Illinois 
Alexander Vakakis  National Technical University of Athens 

Lawrence Bergman  University of Illinois 

As part of a study of energy pumping in nonlinear multi-degree-of-
freedom systems, a 2-DOF test rig comprising a linear, SDOF pri-
mary system weakly coupled to a nonlinear energy sink (NES) has
been built to operate on an existing bench-top air track. The static
and dynamic behavior of the various components and of the system
as a whole has been measured to facilitate comparison of experi-
mental and simulated responses. Several of the subsystems are
linear and have been characterized by conventional modal analy-
sis, for example by hammer tests, but the proper functioning of the
NES depends upon the generation of an essentially nonlinear re-
storing force; the design and calibration of the cubic-hardening
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nonlinear spring used for this purpose are discussed in detail. This
paper presents the nominal and measured values of all the system
parameters.

EXPERIMENTAL VERIFICATION OF THE 
PERFORMANCE OF A NONLINEAR ENERGY SINK

D. Michael McFarland  University of Illinois 
lbergman@uiuc.edu  

Alexander Vakakis  National Technical University of Athens 
Lawrence Bergman  University of Illinois 

The phenomenon of energy pumping, in which vibratory energy is
transferred irreversibly within a nonlinear, multi-degree-of-freedom
system with the goal of reducing the transient response of the pri-
mary substructure, has recently been investigated analytically and
through numerical simulations. This paper describes the first efforts
to demonstrate energy pumping in the laboratory, using a 2-DOF
test rig comprising a linear, SDOF primary system weakly coupled
to a nonlinear energy sink (NES). Following a brief review of the pa-
rameters of the apparatus, we focus on the simulated and mea-
sured responses of the primary and sink subsystems.

Symposium on Computational Inelasticity - 
Soil-Structure Interaction 
June 5, 2002 
9:45 
Chair: Majid Manzari  The George Washington University 

EXAMINATION OF MODELS FOR TIME DEPENDENT 
BEHAVIOR OF SOILS  

Anders Augustesen  Aalborg University, Denmark 
i5aa@civil.auc.dk  

Morten Liingaard  Aalborg University, Denmark 
i5ml@civil.auc.dk  

Poul Lade  Aalborg University, Denmark 
Lade@civil.auc.dk  

Various constitutive relations have been proposed to represent
time-dependent deformation behavior of soils. They can be divided
into (1) Empirical models (2) Rheological models and (3) General
stress-strain time models. In this paper special emphasis is placed
on elasto-viscoplastic models that combine inviscid elastic and time
dependent plastic behavior. Elasto-viscoplastic models belong to
the category General stress-strain-time models and they can main-
ly be divided into (1) Models based on the concept of overstress
and (2) Models based on the concept of non-stationary flow surface
theory. A short presentation of the theories is given. Furthermore,
the structure of the theories is described and compared. Finally, it
is concluded that existing models in principle are able to model
clay, whereas time effects for sand cannot be described by means
of existing models.

OBSERVED TIME DEPENDENT BEHAVIOR OF SOILS  
Morten Liingaard  Aalborg University, Denmark 

i5ml@civil.auc.dk  
Anders Augustesen  Aalborg University, Denmark 

i5aa@civil.auc.dk  
Poul Lade  Aalborg University, Denmark 

Lade@civil.auc.dk  

Time-dependent behavior of soils has been investigated extensive-
ly through one-dimensional and triaxial test conditions. The phe-
nomena associated with time effects in soils are creep, relaxation,
strain rate effects and accumulated effects. Most of the observa-
tions presented in the literature have focused on the determination
of time-dependent behavior of clayey soils, whereas the reported
experimental studies of granular materials are few. Nevertheless,
time effects in granular materials such as sand are not negligible.
This paper presents a concise review of results from triaxial tests
on sand and clay. The purpose of the tests was to examine strain
rate effects and accumulated effects. From the tests it can be con-
cluded that clay to some extent shows isotach behavior whereas
sand exhibits non-isotach behavior. This fact has major importance
in connection with modeling of sand and clayey soils.
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NONLINEAR DYNAMIC SINGLE PILE-SOIL 
INTERACTION ANALYSIS  

Jigang Zhang  Johns Hopkins University 
jigang.zhang@jhu.edu  

Gunaratnam Gnanaranjan  Johns Hopkins University 
Gnana@jhu.edu  

A. (Rajah) Anandarajah  Johns Hopkins University 
Rajah@jhu.edu  

Nonlinearities due to both strain-induced and pore water pressure
induced softening are important aspects in dynamic pile-soil inter-
action. While the model of beam on Winkler foundation is widely
used for its analysis, the above nonlinearities have not yet been
satisfactorily represented in such models. This paper presents a
method to take into account of these effects, in which the soil re-
sponse is expressed in terms of multiple steady state modal shape
functions. By using adequate number of these steady-state shape
functions, the time-domain response is captured. The soil (i.e., ex-
terior) domain is divided into a number of sub regions in performing
the integrations involved in evaluating the stiffness and damping
matrices, thereby, accounting for the spatial variation of these prop-
erties. An approximate pore water pressure model is developed
and used in calculating the cyclic pore water pressure.

DETAILED MODELING OF FACING FOR REINFORCED 
SOIL WALLS  

Victor Kaliakin  University of Delaware 
kaliakin@ce.udel.edu  

Montri Dechasakulsom   
montri@ce.udel.edu  

Traditionally, the construction of mechanically reinforced soil struc-
tures has involved the use of free-draining granular backfill soil. In
recent years, financial considerations have led to an increased in-
terest in using cohesive backfill soil. The numerical simulation of re-
inforced soil structures with cohesive backfill is complicated by the
fact that now not only the reinforcement, but also the backfill soil ex-
hibits time-dependent response.

Recently, a laboratory instrumented geosynthetically reinforced
wall with cohesive backfill (Wu, 1992) was modeled numerically
and analyzed using the finite element method (Dechasakulsom,
2000). A series of parametric studies was performed that showed
the importance of properly accounting for the time-dependent re-
sponse of the backfill soil.

The mathematical models created for the aforementioned studies
combined several robust methodologies. In particular, the cohesive
backfill soil was characterized using the elastoplastic-viscoplastic
bounding surface constitutive model (Kaliakin and Dafalias, 1990).
The soil-reinforcement and soil-facing interfaces were modeled us-
ing a kinematically consistent zero-thickness interface element
(Kaliakin and Li, 1995) that has been shown to overcome the defi-
ciencies of other elements of the same type. Finally, the response
of the reinforcement was represented by constitutive models of
varying complexity, ranging from time-independent elastoplastic
ones to a simple model that accounts for both creep and relaxation
of the reinforcement. The latter model was calibrated using the re-
sults of previous creep and relaxation experiments (Leshchinsky et
al., 1997).

One of the areas identified as requiring further study was the simu-
lation of the wall facing. In particular, it was unclear how important
the detailed modeling of the structural elements comprising the fac-

ing was to the performance of the mathematical models of the rein-
forced wall under consideration. The proposed paper will describe
the results of subsequent analyses in which the wall facing was
modeled with varying degrees of complexity.

References Dechasakulsom, M., PhD Dissertation, Department of Civil and
Environmental Engineering, University of Delaware, 2000.

Kaliakin, V. N. and Dafalias, Y. F., "Theoretical Aspects of the Elastoplastic-
Viscoplastic Bounding Surface Model for Cohesive Soils," Soils and Founda-
tions, 30(3), 1990, 11-24.

Kaliakin, V. N. and Li, J., "Insight Into Deficiencies Associated with Common-
ly Used Zero-Thickness Interface Elements," Computers and Geotechnics.
17(2), 1995, 225-252.

Leshchinsky, D., Dechasakulsom, M., Kaliakin, V. and Ling, H., "Creep and
Stress Relaxation of Geogrids," Geosynthetics International, 4(5), 1997, 463-
479. Wu, J. T. H., Geosynthetic-Reinforced Soil Retaining Walls, Proceed-
ings of the International Symposium on Geosynthetic-Reinforced Soil Retain-
ing Walls, Balkema, 1992.
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Aerospace General Topics 
June 5, 2002 
9:45 
Chair: Ramesh Malla  University of Connecticut 
Co-Chair: Gautam Dasgupta  Columbia University

PROBABILISTIC CREEP-FATIGUE LIFE PREDICTION 
OF AIRCRAFT ENGINE BLADES  

Sankaran Mahadevan  Vanderbilt University 
sankaran.mahadevan@vanderbilt.edu  

Hongyin Mao  Vanderbilt University  
Dan Ghiocel  STI Technologies, Inc.  

Fatigue and creep are two major failure mechanisms for aircraft en-
gine structures operating at high temperature. Fatigue is one of the
principal failure mechanisms of structures under cyclic loading. Cy-
clic loading causes fatigue damage in an accumulative manner that
may lead to fracture. Creep is another major failure mechanism for
structures operating at high temperature under sustained load. The
interaction between different fatigue loading levels may have large
impact on the fatigue life. Also, the interaction between creep and
fatigue has been found to have significant effect on the creep-fa-
tigue life prediction.

Different models have been developed in the past for creep and fa-
tigue damage evaluation and life prediction. The damage is as-
sumed to be irreversible, and continuum damage mechanics is
used to evaluate the damage evolution in the materials under fa-
tigue and creep loading. Crack is assumed to initiate when the ac-
cumulated damage reaches the critical value. Most of these models
are deterministic and do not include the interaction effect between
creep and fatigue during the procedure of damage evaluation.
Some probabilistic models used creep life under constant stress
level and fatigue life under constant stress amplitude as random
variables. However, these are secondary variables. It is preferable
that the basic uncertainties in material and load be addressed di-
rectly in life prediction and reliability analysis.

This paper develops a probabilistic approach to incorporate the ba-
sic source of uncertainties in creep-fatigue life prediction. Stress
histories are simulated to include the uncertainties in loading to
model the varying stress levels in practical problems. Uncertainties
in material properties are introduced in the fatigue life calculation
for each stress level and propagated through the procedure of dam-
age evaluation. These uncertainties are propagated through a con-
tinuum damage mechanics model to simulate the uncertainty in
creep-fatigue life. The interaction effect on fatigue between differ-
ent loading levels, and the interaction effect between creep and fa-
tigue are included. Creep and fatigue damage are evaluated
simultaneously according to the simulated loading histories. This
also helps to consider the loading sequence effect. Different mean
stress correction methods are investigated. The effect of mean
stress on the creep-fatigue life is studied with numerical examples.

Life prediction of a generic engine blade is illustrated with proposed
method. The varying stress cycles due to pilot maneuvers produce
fatigue damage, and the holding times cause creep damage in the
component. Due to the uncertainties in loading and material prop-
erties, predicted crack initiation occurs at different times. The cor-
responding creep-fatigue life is a random variable. The PDF of
crack initiation life is computed using the proposed method. There

exists scatter in the predicted fatigue life due to the uncertainties in
the material properties and loading. The predicted fatigue life ap-
pears to follow a lognormal distribution.

THREE NODE CURVED FINITE ELEMENTS  
Gautam Dasgupta   
gd18@columbia.edu  

Finite element discretization of an arbitrary two-dimensional region
with curved boundary segments is considered. The interior is cov-
ered with convex polygons of n-sides, vide ref.[1]. In thermo-me-
chanical problems, the finite element shape functions for the
interior elements should be able to reproduce the constant temper-
ature and strain fields exactly in regions with piecewise linear
boundary segments, i.e., each such element must pass the patch
test.

In order to attain higher precision, the curved boundary is not ap-
proximated with piecewise linear segments. When the interior is
covered with Wachspress polygonal elements, curved elements
are merely "glued" only on the boundary of convex n-gons. Such
curved elements (since they are restricted only to the boundary) do
not enter in any arbitrary patch hence are exempt from the repro-
duction of linear displacement fields associated with constant
strains.

[1] Wachspress, E. L.: A Rational Finite Element Basis, Academic
Press, NY, 1975.

PERFORMANCE OF THE CARBON FIBER 
REINFORCED POLYMER (CFRP) BONDED TO 

CONCRETE  
Wieslaw Binienda  The University of Akron 

wbinienda@uakron.edu  
Selim Baraka  The University of Akron 

Stephan Tysl  Master Builders, Inc. 

Linear elastic stress analysis was used to investigate the state of
stress in double lap-strap test (DLST) specimens. The DLST spec-
imens are constructed by bonding carbon fiber reinforced polymer
(CFRP) to concrete prisms with epoxy adhesive. FEM was per-
formed to investigate the effects of the CFRP thickness, overlap
length, and temperature on the performance of the graphite/epoxy
composite/concrete interface. Results indicate that the shear mod-
ulus has the greatest influence on the overall behavior of the double
lap-strap specimen. Analysis of the CFRP to concrete interface
showed that the resulting stress distribution is dependent on CFRP
stiffness and CFRP thickness. Temperature dependent Critical
Strain Energy Release Rate Gcr of the interface is obtained using
crack closer model of the delaminating composite and experimen-
tal results.

FOUR-NODED TRIANGULAR FINITE ELEMENTS  
Elisabeth Malsch  Columbia University 

malsch@civil.columbia.edu  

The limits and extents of the isoparametric formulation for a four-
noded finite element are derived by transforming the parametrized
shape function from eta-zeta to x-y coordinates. This analytic inver-
sion results in a quadratic equation. The coefficients of this equa-
tion dictate whether the form of the shape function is a polynomial,
a rational polynomial or an expression containing a square root.
Furthermore, in x-y coordinates the C0 shape function for a trian-
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gular element with a mid-side node can be derived. Consequently,
this study extends the class of elements for which closed form
shape functions can be constructed. In 1975 E. L. Wachspress in-
troduced a rational polynomial formulation for finite elements which
applies consistently to any convex n-sided polygon; it does not ap-
ply to elements with a mid-side node. Combining these results, con-
vergent shape functions and consistent strain matrices can be
formulated for all non-concave quadrilaterals. The associated ener-
gy density function can be integrated exactly using the divergence
theorem.

EXPERIMENTAL AND ANALYTICAL STUDIES OF 
FULL-SCALE AMBERLITE WATER DE-IONIZING BED 

FOR SPACE APPLICATIONS  
Ramesh Malla  University of Connecticut, Storrs, CT

mallar@engr.uconn.edu  
Jagdeesh Gopal  GM2 Associates, Inc., Glastonbury, CT

j.gopal@gm2inc.com  

A critical component in the oxygen generation assembly for long
term human habitation system in space is the de-ionizing (DI) bed
- a packed bed of ion-exchange resin beads - that purifies water by
removing ions (dissolved salts and organic impurities) from re-
claimed water. The DI bed shrinks during the course of its opera-
tion. For the bed to work satisfactorily in microgravity environment,
it is required that the bed is kept compressed and this is done with
the aid of a compressed spring mechanism placed at one end. The
objective of this current research work is to study the behavior of
the full-scale DI bed experimentally in order to gain an understand-
ing of how a force applied at one end is transmitted along the length
of the bed and to determine an analytical model that fits experimen-
tally obtained data. A series of experimental investigations was car-
ried out in several lengths of full-scale DI bed made of Amberlite
IRN-78 ion exchange resin to determine load- deflection character-
istics of the bed, including the friction force characteristics between
the resin bed and the inner wall of the housing cylinder. Stress be-
haviors (creep and stress relaxation), possibly through particle re-
arrangement, were observed in the DI bed. It was also observed
that the friction between the DI medium and the wall of housing cyl-
inder plays crucial role in the transmission of load from one end of
the DI bed to the other. An analytical model similar to that used for
determining stresses in silos, incorporating deformation effects and
density changes, was developed and found to fit experimental data
reasonably well. An equation normally used for stress relaxation in
soils was found to fit the stress relaxation curves that were obtained
experimentally.

Experimental Analysis III 
June 5, 2002 
9:45 
Chair: Laurence Jacobs  Georgia Institute of
Technology

INVESTIGATION ON ICE FORCES ON FIXED 
PLATFORM STRUCTURE: FROM THE IN-SITU 

MEASURED DATA ON JZ20-2-1 PLATFORM IN 
CHINA BOHAI SEA  

Zhongdong Duan  Harbin Institute of Technology,P.R.China 
duanzd@hotmail.com  

Jinping Ou  Harbin Institute of Technology,P.R.China 
Bill Spencer  University of Notre Dame 

spencer@nd.edu  

The design ice force formulas are assessed and dynamic ice force
modes are identified by in-situ measured data on the JZ20-2-1 plat-
form located in Liaodong Bay of the China Bohai Sea. Two com-
monly used methods for determining design ice forces, namely the
Korzhavin-Afanasev and Schawz formulas, are analyzed and com-
pared to the measured ice forces data on the leg of the platform.
These two formulas may underestimate design ice force for ice
thickness below 20 cm, while giving reasonable predictions for 20-
30 cm ice thickness. The modified Schawz formula for the Bohai
structures produces reasonable results for thin ice and may largely
overestimates forces for thick ice. The dynamic ice force modes
and ice failure patterns are identified. Self-excited ice forces are
found happen to this structure by investigating the characteristics
of ice force in frequency domain. The frequency of occurrence of
each ice force mode and ice failure pattern are roughly estimated.
For this structure, the dominant ice force mode is forced mode, and
the main failure pattern of ice is crushing.

EXPERIMENTAL TECHNIQUE AND THEORETICAL 
MODELING TO STUDY OF CONTACT LOAD RATIO - 

FRICTION FUNCTION 
Jamil Abdo  The Hashemite University 

jdabdo@yahoo.com  
Kambiz Farhang  Southern Illinois University at Carbondale 

This paper considers the mechanical interaction due to surface
roughness and examines the surface theories using the classical
definition of coefficient of friction: the tangential-to-normal load ra-
tio. The aforementioned postulation for maximum static friction is
used to experimentally evaluate the contact models. For this pur-
pose a pin-on-disk test apparatus is employed with the capability of
measuring tangential and normal forces for a frictional contact. The
tests involve pairs of disk and specimen, i.e. Steel-on-Steel and
Aluminum-on-Aluminum contacts. In each case profilometer mea-
surements are performed on the disk and the Greenwood and Wil-
liamson parameters are determined. Using the parameters the
theoretical estimates of normal and tangential loads are obtained.
The theoretical values of tangential-to-normal contact force ratios
are compared with those obtained from measurements for various
applied normal loads. The tests utilizing a pin-on-disk apparatus
showed that reasonable agreements between experimentally ob-
tained load ratios and those predicted using the theoretical elastic
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and elastic-plastic contact. The agreement was found to be most
favorable in the case of elastic-plastic model.

DYNAMIC LOAD SIMULATOR (DLS): STRATEGIES 
AND APPLICATIONS  

Swaroop Yalla  Exponent Failure Analysis Associates Inc., 
(formerly Research Assistant, NatHaz Modeling Laboratory, 

University of Notre Dame)
syalla@exponent.com  

Ahsan Kareem  University of Notre Dame

This paper describes the development of a new type of testing fa-
cility for simulating dynamic loads referred to as Dynamic Load
Simulator (DLS). The DLS uses multiple actuators to simulate dy-
namic loading conditions and can be used as an alternative to con-
ventional facilities such as wind tunnels, wave tanks and shaking
tables for special applications. The system is envisioned as a low-
cost dynamic testing simulator, which can be readily assembled us-
ing existing equipment in typical structural dynamics laboratories.

Control of multiple-actuators is difficult due to the inherent problem
of cross-coupling, which implies that each actuator affects the dy-
namics of other outputs. In order to compensate for these interac-
tions, a new type of coupled control system using the nonlinear
control system toolbox in MATLAB has been developed in this
study. This technique solves the time-domain control parameter-
tuning problem as a constrained optimization problem. A suite of
loading protocols which include sinusoidal, wind loading with high
and low correlation, earthquake loading and Non-Gaussian type
loading are simulated and verified experimentally on the DLS sys-
tem.

Optical Diagnostics for Soil and Structures 
June 5, 2002 
9:45  
Chair: Masoud Ghandehari  Polytechnic University 
Co-Chair: Amy Rechenmacher  Johns Hopkins Univer-
sity

DISPLACEMENT FIELD MEASUREMENT IN 
TRANSPARENT SOILS  

Magued Iskander  Polytechnic University 
Iskander@poly.edu  

Samer Sadek  Parsons Brinkerhoff 
Sadek@pbworld.com  

Jinyuan Liu  Polytechnic University 
Liu@poly.edu  

Model tests to measure 3D deformations within a soil mass are lim-
ited by soil sensors not providing a continuous image of the mea-
sured continuum. Additionally, soil sensors exhibit static and
dynamic characteristics, which are different from those of the sur-
rounding soils, and therefore can change the response of the mea-
sured continuum. The fundamental premise of this research is that
transparent synthetic soil surrogates can be used to overcome
these difficulties using optical techniques. A system consisting of a
laser source and a line-generating lens was used to optically slice
transparent synthetic soil models. A digital camera was used to
capture speckle images of the laser slices before and after defor-
mation. Next, digital image correlation (DIC) was performed by
comparing the two images to obtain the displacement field in the
transparent soil model. The accuracy of DIC was evaluated. An ex-
ample model consisting of a strip footing on transparent amorphous
silica gel is presented, where deformations in the model were mea-
sured using the proposed methodology and compared to finite ele-
ment analysis.

FRACTURE PROCESSES IN CONCRETE STUDIED 
WITH SUBREGION-SCANNING COMPUTERVISION  

John Lawler  Wiss, Janney, Elstner Assoc. 
jlawler@wje.com  

Surendra Shah  Northwestern University  

An understanding of the fracture process of concrete and other ce-
mentitious materials is necessary for thier design and utilization
since cracking characterizes their failure. Subregion Scanning
Computer Vision (SSCV) is an effective tool for observing this pro-
cess in an experimental setting. SSCV, based on Digital Image
Correlation (DIC), is a full-field technique for quantitatively examin-
ing the development of cracks, with 0.5 micron resolution. DIC uti-
lizes a cross-correlation alogrithm to measure sub-pixel
displacement in a sequence of digital images captured of a speci-
men undergoing failure. Using this technique, the complete behav-
ior of specimens with multiple cracks at incremented levels of
fracture can be investigated. SSCV improves on single-image DIC
by dividing the specimen into 56 smaller subregions, each of which
is imaged separately and so much improves measurement resolu-
tion. Examples of the results obtained in studies of crack growth in
a model concrete under compressive loading and in a fiber-rein-
forced mortar under tensile loading are discussed.
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DETECTION OF CLOSED DELAMINATION IN 
COMPOSITES WITH FIBER OPTIC SENSORS  

Ying Xu  Hong Kong University of Science and Technology 
cexyx@ust.hk  

Christopher Leung  Hong Kong University of Science and 
Technology 

ckleung@ust.hk  
Pin Tong  Hong Kong University of Science and Technology 

pintong@ust.hk  
stephen Lee  Hong Kong University of Science and Technol-

ogy 
stevelee@ust.hk  

Delamination is a common mode of failure in laminated composites
and it is often difficult to detect. This paper presents a simple fiber
optics based technique for the detection of delamination location
and size. The integrated strain along a fiber that is embedded or
surface-attached to the composite is measured as a function of
load position. By comparing the integrated strain vs load position
curve, or its second derivative, for undamaged and delaminated
members, the delamination location and size can be determined. In
this paper, both theoretical and experimental results will be pre-
sented to demonstrate the feasibility of the proposed technique to
detect delaminations that may close under the applied load. Finite
element analysis incorporating contact between the delaminated
surfaces is performed to identify the trend of strain perturbation for
delaminated members under different support conditions. Experi-
ments are then carried out for composite specimens with different
delamination locations and sizes. The results show that relatively
small delaminations can be detected with this technique.

OBSERVING THE MULTIPLE CRACKING OF FRC 
COMPOSITES BY ELECTRONIC SPECKLE PATTERN 

INTERFEROMETRY  
Yilmaz Akkaya  istanbul technical university 

yilmaz_akkaya@yahoo.com  
Masoud Ghandehari  Polytechnic University  

Surendra Shah  Northwestern University  

Electronic Speckle Pattern Interferometry technique is used to
record the location of crack initiation, sequence of the multiple
cracking and recording the cracking stresses of the fiber reinforced
cement composites. Microstructural parameters at each crack loca-
tion are quantified by statistical methods. The size of the fiber free
areas are measured and percantage of fiber clumping are calculat-
ed at the crack surfaces. Relation between the microstructural pa-
rameters and mechanical performance is invesigated. It is found
that increase in the size of the fiber free areas in the composite de-
creases the cracking stresses. It is shown that the toughness of the
composite depends on the fiber clumping at the first crack cross-
section.

APPLICATION OF ESPI-TECHNIQUE FOR THE 
ASSESSMENT OF MINERAL BUILDING MATERIALS  

Karim Hariri  iBMB/TU Braunschweig 
K.Hariri@tu-bs.de  

Most of the mineral building materials are quasi-brittle. In deforma-
tion controlled axial tensile tests of e.g. concrete prisms, one ob-
serves a gradual softening after reaching the maximum load. The
reason for this softening is primarily caused by the heterogenity of
concrete. In contrast to linear elastic fracture mechanics, the tensile
fracture of concrete is not combined with a discrete crack but with
a fracture process zone (FPZ), a densely microcracked volume. If
one is interested in debonding of CFK-lamellas or sheets, the het-
erogenity of concrete makes the analytical assessment of the deb-
onding very complicated. Therefore experimental work is
necessary.

In the paper, the recording of the deformation and post-peak strain
distributions of plain concrete are carried out by means of the high
sensitive laser speckle interferometry. The Electronic Speckle Pat-
tern Interferometry (ESPI) is a contactless, continuous and reper-
cussionless whole-field measurement technique with a high
resolution. The in-plane displacement components of the speci-
men�s surface are measured and are transformed into isostrain-
fields. The width of the FPZ in the post-peak tensile response of
concrete is determined from these strain fields. ESPI is also used
to measure debonding lengths of concrete elements on which CFK-
lamellas have been glued.

Besides the presentation of the optical facility and the test set-ups,
the results of flexural tests conducted on single-edge-notched flex-
ural concrete specimen at early ages (2d, 7d and 28d) will be
shown as well as results of debonding experiments conducted on
externaly reinforced concrete prisms. First results of experiments
conducted on small masonry samples will be presented.

DIGITAL IMAGE CORRELATION (DIC) TO EVALUATE 
PROGRESSION AND UNIFORMITY OF SHEAR 

BANDS IN DILATIVE SANDS
Amy Rechenmacher  Johns Hopkins University 

alr@jhu.edu  
Nidal Abi Saab  Johns Hopkins University 

nidal@jhu.edu  

Digital Image Correlation (DIC) has been used to measure local de-
formations in dense sands to evaluate deformation patterns asso-
ciated with shear band formation and the uniformity of deformation
within persistent shear bands. Displacement vectors and contours
of specimen behavior were produced and quantitatively illustrate
the patterns of deformation associated with the evolution of dis-
placement from uniform to localized. Results indicate a consistent
pattern of uniform deformation, followed by shearing along conju-
gate planes which eventually yield to one persistent shear band.
The wealth of displacement data produced by a typical DIC allowed
analysis of strain uniformity along the length of a shear band. Re-
sults indicate erratic volumetric behavior along the length of the
shear band prior to critical state, and fairly uniform deformation dur-
ing and after critical state is achieved.
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FIBER OPTIC CHEMO-SENSING FOR CIVIL 
INFRASTRUCTURE  

Masoud Ghandehari  Polytechnic University 
Masoud@poly.edu  

Cristian Vimer  Polytechnic University  

Fiber optic pH sensors based on the evanescent field spectroscop-
ic technique are studied. Portions of poly-methyl methacrylate (PM-
MA) cladding of polymer clad silica (PCS) optical fibers are
replaced with new cladding composed of PMMA doped with a pH
sensitive chromophore. Methyl Red, Thymol Blue, Thymolphtalein
are used for sensing pH at the acid, neutral and base levels, re-
spectively. Changes in the pH of the sensing environment are de-
tected by measuring the absorption spectrum of the new cladding
in the sensing region of the optical fiber.

Environmental Fluid Mechanics 
June 5, 2002 
9:45  
Chair: Vincent Chu  McGill University

LARGE-EDDY SIMULATION OF WIND FLOW AND 
POLLUTANT DISPERSION IN AN URBAN STREET 

CANYON
Anton Wong  The University of Hong Kong 

atchan@hku.hk  
Ellen So  The University of Hong Kong 

Andy Chan  The University of Hong Kong 

The local wind climate and the mode of pollutant dispersion in an
urban district are highly dependent on the structural and geometric
configuration of street canyons. The atmospheric flows within the
canopies and above roof level differ significantly as the relative
height and width of canopies varies. The inflow condition can also
have a significant role to play in the development of recirculating
flow within the canyon.

A 2-D finite difference model based on the Marker and Cell (MAC)
method using techniques of Large Eddy Simulations (LES) has
been developed to study the different flow regimes and pollutant
dispersion characteristics within an urban street canyon. The sys-
tem contains two sub-models: the flow-distribution model based on
the steady Reynolds averaged Navier-Stokes Equations (RANS),
and the concentration diffusion model. The flow distribution within
the street canyon is first developed and the concentration distribu-
tion is then solved using the flow information obtained. The code is
developed with the method of composite domain with uneven stag-
gered grid in an object-oriented sense for future development in
parallel processing. A 3rd order upwind scheme is added into the
calculation to ensure numerical stability. The main focus of the
study is to investigate the relationship between the different flow re-
gimes and the pollutant dispersion characteristics generated under
different canyon height and width.

It is concluded that the pollutant concentrations have higher mag-
nitudes on the leeward side than the windward side, which agrees
with findings in the literatures. It is also found that when the canyon
height and width varies, different pollutant dispersion mode is ex-
hibited in the form of �isolated roughness flow�, �skimming flow� and
�wake interference flow� regimes as in the flow pattern. The results
obtained can provide useful guidelines on dispersion patterns for
future development.

ENTRAINMENT MODELLING OF PLANE SURFACE 
JET IN WEAK CO-CURRENT  

R. Baddour  University of Western Ontario 
rbaddour@uwo.ca  

A. Zaghloul  University of Western Ontario 
R. Martinuzzi  University of Western Ontario 

The entrainment characteristics of plane surface jets on the free
surface of an irrotational co-current in a channel are studied exper-
imentally and modeled analytically. The entrainment data were ex-
tracted from LDV measurements of longitudinal mean jet velocities
obtained under different ambient current conditions. Two entrain-
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ment models were examined. The first model applied the entrain-
ment coefficient, as defined by Morton, Taylor and Turner (1956)
and the second model applied the entrainment coefficient, as de-
fined by Townsend (1956). The results have indicated that Morton
et al�s coefficient decreased with distance along the jet, while
Townsend�s coeffcient was constant.

SIMULATION OF HORIZONTAL TURBULENCE IN 
SHALLOW RECIRCULATING FLOWS  

Masoud Nassiri  McGill University 
babarutsi@macdonald.mcgill.ca  

Vincent Chu  McGill University  
Sofia Babarutsi  McGill University  

The Large Eddy Simulation method is employed in this study to
compute shallow recirculating flows in an open channel. The depth-
averaged equations are solved to calculate the large-scale horizon-
tal turbulence. Sub-depth-scale viscosity and sub-grid-scale vis-
cosity are determined by a modified Smagorinsky model. The
computations were conducted for a range of friction effect from
deep to shallow water depth. Flow parameters, such as the length
of the main recirculating zone, the length of the secondary recircu-
lation area, the wake width, the recirculation flow rate, the Reynolds
stresses, the mean and fluctuations of a tracer concentration, are
computed and are compared with the experimental data. The sim-
ulations are in agreement with the experimental data when optimal
value of the Smagorinsky coefficient, Cs, is selected for the simu-
lations. The optimal value of this coefficient is not constant but de-
pends on the bed-friction number effect. It decreases rapidly from
Cs = 0.26 to 0.14 as the bed-friction number increases from S =
0.027 to 0.25, respectively.

HEATED CIRCULAR CYLINDER IN CROSS FLOW 
USING SEVERAL FINITE-DIFFERENCE SCHEMES 

Salem Bouhairie  McGill University 
salemb@civil.lan.mcgill.ca  

Vincent Chu  McGill University 

A simulation of the heat transfer from a cross flow over a heated cir-
cular cylinder was conducted using three advection-diffusion
schemes: (1) central differencing, (2) power-law, (3) QUICK. The
calculations were performed for a range of Reynolds numbers sig-
nificantly higher than those previously performed on the same flow
configuration. All three schemes provided correct boundary-layer
separation and accurate heat flux through the front and back sur-
faces of the cylinder. The far-field vorticity and temperature distri-
butions varied with respect to the selection of the scheme. The
QUICK scheme appears to give the optimum compromise between
the numerical instabilities of the central-differencing scheme and
the false numerical diffusion of the power-law scheme.

GRAVITY STRATIFIED FLOWS BY LAGRANGIAN 
BLOCK METHOD  

Vincent Chu  McGill University 
Vincent.Chu@mcgill.ca  

Wihel Altai  McGill University 

In Large Eddy Simulations (LES) of turbulent flows, the required
viscosity for energy dissipation at the sub-grid scales is quite small.
The sub-grid viscosity is comparable in order of magnitude to the
numerical viscosity produced by most of the numerical computa-

tional schemes. The need for numerical accuracy is even more im-
portant when the buoyancy force is involved in the numerical
simulation. Buoyancy is carried by the velocity of the turbulence
motion that in turn is driven by the force of the buoyancy. Accurate
simulation of the turbulent stratified flows is entirely dependent on
the ability of numerical scheme to simulate the chaotic advection of
the buoyancy. Because the process is advection dominated, the
numerical method must be relatively free of the problems of the nu-
merical diffusion and the unphysical oscillations that many conven-
tional computational schemes have been affected. In this paper,
the turbulent plume is simulated by a highly accurate advection
scheme known as the Lagrangian Block Method (LBM).
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Deterministic and Probabilistic Approach-
es to Stability Design 
June 5, 2002 
9:45 
Chair: Hayder Rasheed  Kansas State University 
Co-Chair: Ben Schafer  Johns Hopkins Univ.

STABILITY OF COLUMN SUPPORTING FLAT SLAB 
WITHOUT BEAM GRID  

George Lin  California State University, Fullerton 
geolin@fullerton.edu  

Column stability of braced and unbraced building framing systems
have been widely studied and very well established. But, stability of
column supporting two-way flat slab without beam grid is still rather
sparse. It is the intention of this study to carry out a detailed study
of stability of column, which support reinforced concrete flat slab
building system. Computer-aided analysis based on three-dimen-
sional finite element model consisting of columns and two-way flat
slab to be used for carrying out stability studies.

The buckling analysis of braced and unbraced column supporting
flat-slab building may be generalized to a similar framing building in
which portion of flat-slab stiffness is replaced by the stiffness of hor-
izontal beam. It requires analytical analysis in order to decide which
portion of flat slab can be counted to substitute for the stiffness of
replaced beam grid. The purpose of this study is to carry out de-
tailed analysis in an attempt to formulate a practical process for the
buckling strength of columns supporting flat slab building system.

FEM IMPLEMENTATION OF KOITER�S ASYMPTOTIC 
POST-BUCKLING PREDICTION WITH APPLICATION 

TO STOCHASTIC POST-BUCKLING ANALYSIS 
Benjamin Schafer  Johns Hopkins 

schafer@jhu.edu  
Lori Graham  Johns Hopkins 

lori@jhu.edu  

In proper structural design it is critical to consider not only the elas-
tic buckling behavior, but also the postbuckling response. Koiter
showed the importance of postbuckling response parameters for
better understanding strength and imperfection sensitivity of struc-
tures. Koiter�s perturbation method provides an efficient prediction
of the postbuckling path for elastic structures. More recent work has
focused on a finite element implementation of Koiter�s method that
is more convenient for typical computational structural analyses.
When considering the effects of inherent randomness in the struc-
tural parameters on the postbuckling path of a structure, this con-
venience and efficiency is particularly critical. In this work, Monte
Carlo simulation techniques are used to study the effects of random
elastic moduli on the postbuckling response of some simple frame
structures. This analysis provides a deeper understanding of the
variability in anticipated postbuckling response that could provide
highly valuable design considerations. A first-order analytical ap-
proximation to the mean and variance of the postbuckling behavior
is proposed as a means of curtailing the need for a high number of
sample simulations.

THE PROBLEMS OF PROBABILITY APPROACHES TO 
STRUCTURAL STABILITY  

Jindrich Melcher  Brno University of Technology 
melcher.j@fce.vutbr.cz  

In this paper the contemporary problems of linking between struc-
tural stability analysis and design code procedures are discussed
especially from the point of view of the probabilistic approaches that
in general are assigning for resulting specified level of structure re-
liability. From results of probabilistic parametric study presented in
this paper some general conclusions can be drawn, namely: For
variable ratio of permanent and variable action of compression
steel member the reliability is not steady and well-balanced; the dif-
ference in the value of reliability index can for certain arrangement
of partial safety factors in the design criterion reach the range of ∆1
= 0.7 . Among various arrangements of design criteria the differ-
ence can be up to ∆2 = 0.6 . The selection of the basic design cri-
terion can discriminate or prefer constructional systems with
predominant permanent or variable type of loading actions. Thus
the reliability calibration of design criteria needs permanent and
stronger attention.

ISSUES RELATED TO THE PROBABILISTIC SAFETY 
ASSESSMENT OF STEEL STRUCTURES IN THE 

STABILITY DOMAIN.  
Pavel MAREK  Academy od Sciences of the Czech Republic, 

Prague 
marekp@itam.cas.cz  

Leo VACLAVEK  Technical University VSB TU Ostrava, 
Czech Republic 

leo.vaclavek@vsb.cz  

The safety assessment of a steel frame containing leaning columns
is indicated using a probabilistic simulation-based reliability as-
sessment method SBRA. Special attention is given to the loading
effects resulting from the second order theory analysis of the sys-
tem, and to the application of APT (arbitrary-point-in-time) and MLE
(maximum load effects) approaches to the load effect combination
analysis of a system exposed to earthquake. The combination of
earthquake effects and of all remaining loads is performed. The as-
sessment procedure consisting of steps ìassignment - identification
of the frame - specification of loads - specification of all input vari-
ables - selection of the transformation model based on the second
order theory - analysis of the safety function containing all variables
using direct Monte Carlo simulation - application of the safety crite-
rion Pf < Pdì is demonstrated on the pilot example. In order to prove
the safety, the obtained probabilities of failure Pf of the investigated
cross-section (exposed to axial force and bending moment) are
compared with the target probabilities Pd.
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DENTIFICATION OF FACTORS OF INSTABILITIES 
AND THEIR INTEGRATION IN A MODEL OF 

RUPTURE : AN METHOD OF EVALUATION OF 
SAFETY COEFFICIENT 

El Khattabi Jamal  PhD Student 
jamal.el-khattabi@fsa.univ-artois.fr  

Boulemia Chèrif  Associate Professor 
 

Carlier Erick  Professor 
 

SEDKI Samia  PhD Student 
 

In the study of stability of natural or road slopes, the safety coeffi-
cient Fs assessment depends on several parameters. The preci-
sion in the choice of these parameters thus constitutes a major
stake. This study constituted one of the research orientations which
is applied to the north Moroccans slopes. This search is undertaken
in collaboration with the General Direction of Hydraulic (Morocco),
and is based on a multidisciplinary approach involving simulta-
neously geotechnics, geology and hydrogeology. The principal aim
is to define the causes and the mechanisms which generate the
deep landslides in order to better evaluate in the risks in this area.
The analysis of instability factors allowed to identify those which
have an effect on release of the phenomenon and their associated
mechanisms. For example, the underground flows strongly take
part in the destabilization of natural slopes. Their correlation to the
deep plane landslides of the area reveals the same direction and
strong hydraulic gradients (apart from the littoral zone). With that
add fluctuations of the deep water table. Indeed, two hydrogeologic
fields are distinguished between upstream and downstream. Sev-
eral flows equations are defined. Those depend on the distance, on
the time and especially on the hydrodynamic parameters. The eval-
uation of safety coefficients is developed by using MatLab&#8217;s
program (according to a model of design at failure by sections and
slope at given height), enables to integrate as variables the various
factors identified during the analytical phase. Thus, 2d and 3d sim-
ulations were carried out by taking account of mechanical parame-
ters which vary according to geological and hydrogeological
conditions, of natural slopes and substrate slope, of water levels in
particular by intermediary of the defined flows equations... Much in-
formations are drawn from this modelling which enables us either
to confirm our previous conclusions or to supplement them. Finally,
a card of risks based directly on the evaluation of Fs and inspired
by the model tested, is under development. In addition to traditional
evaluation of risks, simulations according to rainy seasons at origin
of the fluctuations of the deep water table are possible.

Probabilistic Methods - III 
June 5, 2002 
11:30 
Chair: George Deodatis  Columbia University

VARIABILITY RESPONSE FUNCTION FOR THE 
BEAMS WITH RANDOM ELASTICITY AND RANDOM 

CROSS SECTION  
Mladen Mestrovic  Faculty of Civil Engineering, University of 

Zagreb 
mestar@grad.hr  

The concept of variability response function based on the weighted
integral method and the local average method is extended to the
beam bending problem with random elasticity and random cross
section of the beam. The elastic modulus and the height of the
beam are considered to be one-dimensional, homogenous, non-
correlated, stochastic fields. The stochastic stiffness matrix is cal-
culated by using standard cubic finite element. The stochastic ele-
ment stiffness matrix is represented as linear combination of
deterministic element stiffness matrix and 3 random variables
(weighted integrals) with zero-mean property.

The concept of the variability response function is used to compute
upper bounds of the response variability. The first and second mo-
ment of the stochastic elastic modulus and the stochastic height of
the beam are taken as input quanitities for description of the ran-
dom variables. The response variability is calculated using the first-
order Taylor expansion approximation of the variability response
function.

The use of variability response function based on the weighted in-
tegral method is compared with the use of variability response func-
tion based on the local average method in the sense to show the
influence of reducing the computational effort on the loss of accu-
racy. The use of local average method gives approximation with
small loss of accuracy with only one random variable per each finite
element. Numerical examples are provided for both methods and
for different boundary and loading conditions, different wave num-
bers, different number of the finite elements and different relation
between variation of the elastic modulus and variation of the height
of the beam. It has been shown that variation of the response de-
flection could be much larger than variation of the each input quan-
tity.

SERVICEABILITY CRITERIA FOR DESIGN OF 
REINFORCED CONCRETE STRUCTURES  

Young Hak Lee  The Pennsylvania State University 
axs21@psu.edu  

Andrew Scanlon  The Pennsylvania State University 

Improved analysis procedures and the use of high strength materi-
als have resulted in structural members that are more slender and
lighter than in the past. This has resulted in a need to pay closer at-
tention to design for serviceability including design for deflection
control. Current design criteria for serviceability are essentially em-
pirical in nature and there is a need to base serviceability design on
a more rational foundation. This paper addresses the issue by ap-
plying concepts of utility theory and structural reliability to the prob-
lem of deflection control in reinforced concrete structures. A
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framework for applying such concepts is developed and simple ex-
amples are used to demonstrate the application of the proposed
procedures in structural design. The incorporation of such an ap-
proach in design codes is discussed in concept.

(1)Graduate Student, Department of Civil and Environmental Engi-
neering, The Pennsylvania State University, University Park, PA
16802 (e-mail yil100@psu.edu) (2)Professor of Civil Engineering,
The Pennsylvania State University, University Park, PA 16802 (e-
mail axs21@psu.edu)

HYDROLOGIC INVERSION USING MARCHING-JURY 
BACKWARD BEAM EQUATION AND QUASI-

REVERSIBILITY METHODS  
Daniel Cornacchiulo  Columbia University 

abagtzog@civil.columbia.edu  
Amvrossios Bagtzoglou  Columbia University 

Juliana Atmadja  TAMS Consultants, Inc. 

In this paper, a comparison between the Marching-Jury Backward
Beam Equation (MJBBE) and the Quasi-Reversibility (QR) meth-
ods to perform hydrologic inversion and, more specifically, to re-
construct conservative contaminant plume spatial distributions is
presented. Spatially uncorrelated and correlated, non-stationary,
heterogeneous dispersion coefficient fields were generated using
the Bayesian Nearest Neighbor Method (B-NNM). The MJBBE is
found to be robust enough to handle highly heterogeneous param-
eters and is able to preserve the salient features of the initial input
data. On the other hand, the QR method is superior in handling cas-
es with homogeneous parameters and with initial data that are
plagued by uncertainty but it performs very poorly in cases with het-
erogeneous media.

DESIGN DETAILS ON INTEGRAL BRIDGES  
Eugenia Roman  Stevens Institute of Technology 

shassiot@stevens-tech.edu  
Yaser Khodair Stevens Institute of Technology 

Sophia Hassiotis  Stevens Institute of Technology 

Integral bridges have been found to outperform jointed bridges, de-
creasing maintenance costs, and enhancing the life expectancy of
the superstructures. However, a standard design method for inte-
gral bridges does not exist. Several factors must still be investigat-
ed to gain a better understanding of the behavior of integral
abutments, and the factors that influence their analysis, design, de-
tailing, and construction. In this paper, we will be investigating the
deck-stringer-abutment continuity details.

Most connections are designed as rigid by using adequate rein-
forcement detailing between the slab, girders and abutment. How-
ever, 1) cracking on the deck has been observed, 2) the detailing
may vary as a function of structure geometry. In this work, we are
evaluating design details that have been standardized for a variety
of applications, and we are suggesting the next step in research
that will result in final design specifications for integral abutments.

Symposium on Computational Inelasticity - 
Theory and Implementation 
June 5, 2002 
11:30 
Chair: Victor Kaliakin  University of Delaware 
Co-Chair: Boris Jeremic  University of California

A NONLINEAR FULLY COUPLED ELECTRO-THERMO-
MECHANICAL ANALYSIS OF PIEZOELECTRIC 
MATERIALS INVOLVING DOMAIN SWITCHING  
Wenjun Zeng  The George Washington University 

zwjun@seas.gwu.edu  
Majid T. Manzari  The George Washington University 

manzari@seas.gwu.edu  
James D. Lee  The George Washington University 

lee@seas.gwu.edu  
Yin-Lin Shen  The George Washington University 

shen@seas.gwu.edu  

Coupling of electrical, mechanical and thermal effects is a natural
outcome of the general formulation of the response of piezoelectric
materials to mechanical loading, electrical fields, or thermal gradi-
ents. The presence of polarization vector in the equations for bal-
ance of linear momentum makes them inherently nonlinear.
Moreover, domain switching is the cause of significant nonlinearity
in the response of piezoelectric materials to mechanical and elec-
trical effects. In this paper, the response of piezoelectric solid is for-
mulated by coupling thermal, electrical, and mechanical effects.
The constitutive equations are nonlinear. The resulting governing
equations become highly nonlinear. The corresponding nonlinear
finite element equations are derived and solved by using an incre-
mental technique. The developed formulation is first verified
against some benchmark problems for which a closed-form solu-
tion exists. Next, a cantilever beam made of PZT-4 is studied to
evaluate the effect of domain switching on the overall force-dis-
placement response of the beam. A number of interesting observa-
tions are made with respect to the extent of nonlinearity and its
progressive spread as the load on the beam increases.

THREE DIMENSIONAL STRAIN LOCALIZATION IN 
PRESSURE-SENSITIVE MATERIALS  

Richard Regueiro  Sandia National Laboratories, CA 
raregue@sandia.gov  

Craig Foster  Stanford University 
Ronaldo Borja  Stanford University 

A three-dimensional finite element implementation of a simple non-
associative Drucker-Prager plasticity model with strong discontinu-
ity mode of localized deformation is formulated for small
deformations. A strong discontinuity mode of localized deformation
represents slip along a surface of zero measure, whereas a weak
discontinuity mode of localized deformation represents shear within
a band of finite thickness. A numerical algorithm that detects onset
of localization for three-dimensional stress states and the possible
normals to slip planes within a three-dimensional finite element is
demonstrated. An enhanced strain hexahedral finite element ac-
counting for the various slip-plane cutting conditions is described.
This model and finite element lead to mesh-independent solutions
110

mailto:abagtzog@civil.columbia.edu
mailto:
mailto:
mailto:shassiot@stevens-tech.edu
mailto:
mailto:
mailto:zwjun@seas.gwu.edu
mailto:manzari@seas.gwu.edu
mailto:lee@seas.gwu.edu
mailto:shen@seas.gwu.edu
mailto:raregue@sandia.gov
mailto:
mailto:


Wednesday -  June 5
with regard to mesh refinement and mesh alignment. A simple
three dimensional numerical example demonstrates the numerical
algorithm for determining onset of localization.

POST LOCALIZATION ANALYSIS OF SOIL SLOPES  
Majid Manzari  George Washington University 

manzari@seas.gwu.edu  

Analysis of soil slopes is of great importance to geotechnical engi-
neers and is often achieved by using simplified techniques such as
those based on limit equilibrium method. The classical finite ele-
ment method has also been used with varying degree of success.
But a major difficulty facing the classical continuum approach is the
loss of the well posedness of the boundary value problem due to
the onset of localization in the underlying elastoplastic constitutive
model that generally follows a non-associative flow rule. In the past
few years, different regularization techniques have been proposed
to remedy the problems associated with the post localization anal-
ysis of elastoplastic solids. Here we discuss the application of one
of these regularization techniques, i.e. the weak discontinuity ap-
proach. It is shown that the slope stability analysis can be carried
out far enough, so that the effect of soil volume change on stability
can be carefully examined. It is further confirmed that such volume
change effects could be quite significant and omission of these ef-
fects would lead to unsafe design of soil embankments and slopes.

Dynamics - Isolation and Dissipation Sys-
tems 
June 5, 2002 
11:30 
Chair: Nicos Makris  U.C. Berkeley

DUAL MODE VIBRATION ISOLATION BASED ON 
NONLINEAR MODE LOCALIZATION  

Xiaoai Jiang  University of Illinois 
xjiang1@students.uiuc.edu  

Alexander Vakakis  Dept. of Mechanical & Industrial Eng. 
(Adjunct), University of Illinois 

avakakis@uiuc.edu, vakakis@central.ntua.gr  

We study a nonlinear vibration isolation system capable of, (a) iso-
lating its upper part (the �machine�) from periodic disturbances gen-
erated at its base; and (b) simultaneously isolating its base from
periodic disturbances generated at the level of the machine. By
making use of essentially nonlinear (e.g. nonlinearizable) stiffness
elements we completely eliminate resonances close to linearized
modes, thus achieving vibration isolation over an extended fre-
quency range. Instead, we prove the existence of branches of lo-
calized steady state motions in the frequency domain. Indeed,
these localized forced motions are principally responsible for fulfill-
ing the dual mode vibration isolation objective of this work.

A PARAMETRIC ANALYSIS OF A NOVEL SHOCK 
ISOLATION SYSTEM  

D. Michael McFarland  University of Illinois 
lbergman@uiuc.edu  

Yumei Wang  University of Illinois  
Alexander Vakakis  National Technical University of Greece  

Lawrence Bergman  University of Illinois  

A new kind of seismic isolation system incorporating energy local-
ization and a nonlinear restoring mechanism in one unit has been
described in recent papers. Parametric studies have been carried
out to examine the behavior of the primary structure (i.e., the struc-
ture being isolated) and the auxiliary mass of the proposed shock
isolator. The simulated responses of the structure with and without
the isolator to ground motions are examined in this paper. The en-
ergy spectral response of the SDOF structure is also described. It
is concluded that this nonlinear passive control system induces a
strongly localized nonlinear normal mode that is partially confined
to the secondary substructure. It performance is found to be effec-
tive in limiting structural response.
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NON-LINEAR BEHAVIOUR AND DYNAMIC STABILITY 
OF A VIBRATION SPHERICAL ABSORBER  

Jiri Naprstek  Institute of Theoretical and Applied Mechanics 
naprstek@itam.cas.cz  

Miros Pirner  Institute of Theoretical and Applied Mechanics 

Wind excited vibrations can be reduced using passive or active vi-
bration absorbers. If there is available only a limited vertical space
to install such a device, a spherical absorber can be recommended.
It is a semi-spherical horizontal dish in which a sphere of a smaller
diameter is rolling. Theoretical modeling, laboratory experiments
and experimental measurement in situ are presented. Using
Lagrange equations, governing strongly nonlinear differential sys-
tem is derived. The solution procedure combines analytical and nu-
merical processes. Analytical methods are focussed to
investigation of qualitative properties of the system. Numerical pro-
cesses (MATHEMATICA) are used for evaluation of particular cas-
es. The function and effectiveness of the absorber was examined
in the laboratory. The dimensions were identical with those of
spherical absorbers installed at the existing TV towers. Exciting
harmonic forces were supplied using one or two MTS hydraulic ac-
tuators. The response spectrum demonstrates a strongly non-lin-
ear character of the absorber. An absorber installed at the TV tower
reduced response amplitudes to 15-40% of its original values.

ANALYTICAL AND EXPERIMENTAL STUDY OF 
VIBRATION BEHAVIOR OF FRP COMPOSITE I-

BEAMS
Pizhong Qiao  The University of Akron 

Qiao@uakron.edu  
Guiping Zou  The University of Akron 

Gangbing Song  The University of Akron 

Advanced and innovative materials and structures are increasingly
used in civil infrastructure applications, and by combining the ad-
vantages of composites and smart sensors and actuators, adaptive
or smart composite structures can be created and be efficiently
adopted in practical structural applications. In this paper, a com-
bined analytical and experimental characterization of vibration be-
havior of a cantilever FRP I-beam is presented. The FRP I-beams
are made of E-glass fibers and polyester resins, and the smart sen-
sors and actuators used are piezoelectric ceramic patches. Both
theoretical and numerical (finite element modeling) modal analyses
are conducted to reveal the fundamental modal frequencies and
shapes of FRP I-beams. Based on a Vlasov-type linear hypothesis,
beam stiffness coefficients, which account for the material anisot-
ropy of the section as well as the geometrical shape of the struc-
ture, are obtained; an explicit formula of beam modal frequencies
based on the Hamilton principle is provided. The results based on
the theoretical prediction and numerical simulation compare with
the data obtained from experimental modal testing using piezoelec-
tric sensors, and a good correlation is obtained. The presented
modal analyses, which mainly concern the eigen-vibration proper-
ties of FRP I-beams, can play a major role in the active dynamic
control.

SPECTRAL FINITE ELEMENT MODELING OF A 
WAVE PROPAGATION IN SANDWICH PLATE ROWS 

WITH PERIODIC HONEYCOMB CORE 
Luca Mazzarella  Catholic University of America 

tsopelas@cua.edu  
Massimo Ruzzene  Catholic University of America 
Panos Tsopelas  Catholic University of America 

The wave propagation of sandwich plates with cellular core is anal-
ysed and controlled. Honeycomb core materials of different geom-
etry placed periodically along the structure introduce the proper
impedance mismatch necessary to obstruct the propagation of
waves over specified frequency bands (stop bands). The location
and the extension of the stop bands can be optimised by proper se-
lection of the geometrical and physical properties of the core. An
optimal configuration of the core can be identified to design passive
sandwich structures, which are stable and quiet over desired fre-
quency bands. A Spectral Finite Element Model (SFEM) describes
the wave propagation in a three-layered sandwich plate simply sup-
ported along the longitudinal edges. The method uses dynamic
shape functions derived from the solution of the distributed param-
eter model and allows for predicting the behaviour of the structure
with a reduced number of elements. The numerical model is used
to formulate the transfer matrix of the considered structure and to
predict its dynamical response. The transfer matrix allows for iden-
tifying the stop bands for various core configurations. The influence
of the core periodic properties on the stop bands and on the plate
vibration is assessed through a series of simulations. The results
demonstrate the simplicity and the effectiveness of the proposed
treatment whereby the transmission of waves and the vibration
over specified frequency bands can be significantly reduced with-
out requiring additional passive or active control devices. The
unique characteristic of cellular solids therefore can be used to de-
sign light-weight composite panels that behave as mechanical fil-
ters. The filtering capabilities of such passive composite panels
may be easily changed and optimised to reduce their transmissibil-
ity over a desired frequency range without compromising the size
and the weight of the structure.
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University

DYNAMIC FINITE ELEMENT ANALYSIS OF PILE-
POROUS MEDIA INTERACTION.  

Taecil Choi  Georgia Institute of Technology 
emacari@nsf.gov  

Emir Macari  National Science Foundation 

The dynamic response of saturated soil deposits is governed by the
effective stres state of the soil skeleton as it interacts with the pore
fluid (porous soil mixture) and the structural elements. The phe-
nomenon, known as "set-up" or "freeze" develops as pore pres-
sures generated during driving of piles into these types of soil
deposits begin to dissipate, hence allowing the effective stress to
increase. From the modern porous media theories, the governing
equations of soil mixture are described from the general context of
finite deformations, where effective stresses evolve from the ther-
modynamic restrictions on soil mixture, resulting in the derivation of
the couple field equations for the soil. The elasto-plastic bounding
surface constitutive model with a generalized form of damage evo-
lution, on the cohesive properties of the soils, is described as an in-
cremental relation between the changes of effective stress and
strain of the soil. Finite element spatial discretization follows a hy-
brid updated lagrangian formulation to allow for changes in volume
(void ratio) with time. The dynamic response of piles driven into sat-
urated clayey deposits are analyzed and simulated based on find-
ings of full-scale field studies. The numerical simulations are
compared with the field data.

IDENTIFICATION OF THE DYNAMIC RESPONSE OF 
SOIL SYSTEMS  

Caglar Oskay  Rensselaer Polytechnic Institute 
oskayc@rpi.edu  

Mourad Zeghal  Rensselaer Polytechnic Institute 
zeghal@rpi.edu  

Massive geotechnical systems exhibit a broad range of complex re-
sponse patterns under seismic excitations. A thorough monitoring
of the whole response of such systems may not be technically pos-
sible, and would generally be prohibitively expensive. A sparse
monitoring of distributed soil systems generally does not provide
enough information to uniquely and accurately identify local re-
sponse mechanisms based on boundary value problem analyses.
This paper presents an effective point-wise identification technique
to locally analyze the constitutive response of soil systems using
acceleration records. The identification algorithm consists of:
(1)~evaluation of strain time histories from the motions recorded by
a multi-dimensional array of closely spaced accelerometers,
(2)~estimation of stress tensors corresponding to the evaluated
strains, (3)~computation of accelerations associated with the esti-
mated stresses, and (4)~evaluation and calibration of an optimal
model of soil response by minimizing discrepancies between the
recorded and computed accelerations. Computer simulations and
experimental data analyses showed that the proposed technique

provides an effective tool to identify local soil characteristics and
properties.

NONLINEAR EARTHQUAKE RESPONSE ANALYSIS 
OF 2-D UNDERGROUND STRUCTURES WITH SOIL-
STRUCTURE INTERACTION INCLUDING SEPARATION 

AND SLIDING AT SOIL-STRUCTURE INTERFACE
Jun-Seong Choi  Hanyang Univ. 

choijs69@yahoo.co.kr  
Jong-Seh Lee   Hanyang Univ.  

Jae-Min Kim  Yosu National Univ. 

The paper presents an effective analytical method for SSI systems
which can have separation or sliding at the soil-structure interface.
The method is based on a hybrid approach which combines a linear
SSI code KIESSI-2D in frequency domain with a commercial finite
element package ANSYS to obtain nonlinear dynamic responses in
time domain. The method is applied to a 2-D underground box
structure which experiences separation and sliding at the soil-struc-
ture interface. Material nonlinearity of the concrete structure is also
included in the analysis. Effects of the interface conditions are ex-
amined and some critical factors affecting the seismic performance
of underground structures are identified.
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VERTICAL VIBRATIONS OF A RIGID CIRCULAR DISK 
ON A MULTI-LAYERED POROELASTIC MEDIUM

T. Senjuntichai  Chulalongkorn University, Bangkok, Thai-
land 

rajapakse@mech.ubc.ca  
Y. Subsathiarn  Chulalongkorn University 

N. Rajapakse  University of British Columbia, Canada 

This paper considers the time-harmonic vertical vibrations of a rigid
circular disk resting on the surface of a multi-layered poroelastic
half space. The half space under consideration consists of a num-
ber of layers with different thickness and material properties. The
interaction problem is analyzed by dividing the contact surface be-
tween the disk and the layered half space into a number of concen-
tric annular rings with uniform traction distribution. Nodal points are
selected at the center of each annular element. A flexibility equation
system is established to determine the intensity of contract trac-
tions at different nodal locations by imposing the appropriate rigid
body displacement boundary conditions. The influence functions
required to establish the flexibility equation system correspond to
the displacement Green�s functions of a multi-layered poroelastic
half space based on Biot�s elastodynamic theory for porous media.
Selected numerical results for vertical compliance of a rigid disk on
different poroelastic media are presented to portray the influence of
poroelastic effects on the interaction problem.

ANISOTROPIC CHEMO-POROELASTICITY WITH ION 
TRANSFER  

Adel Diek  University of Oklahoma 
adel_diek@ou.edu  

Ahmad Ghassemi  University of North Dakota 
ahmad_ghassemi@mail.und.nodak.edu  

This paper presents a linear chemo-poroelastic model for predict-
ing shale deformation in transversely isotropic media. The theory
incorporates the stresses and pore pressure with four coupled
transport processes of fluid and solute: hydraulic conduction,
chemical osmosis, chemical solute diffusion, and pressure solute
diffusion. The fluid is considered compressible and consisting of a
binary electrolyte solution (solute and diluent). The total stresses
and variation of fluid content are linearly related to the strains, pore
pressure, and solute mass fraction through anisotropic material co-
efficients. The derived Navier-type equations couple the elastic
strains to the pore pressure and the solute mass fraction. The other
field equations express the couplings of the fluid and solute diffu-
sions with the elastic strains. To show the impact of the physico-
chemical processes on the pore pressure and stress fields around
a wellbore, an example of a vertical well drilled in an isotropic shale
formation is presented. Results indicate that although the osmoti-
cally-induced reduction in the pore pressure tends to stabilize the
borehole, ion diffusion into the formation can cause the formation

to fail in tension.

VARIATIONAL FORMULATION OF FLUID 
INFILTRATED POROUS MATERIAL IN THERMAL AND 

MECHANICAL EQUILIBRIUM  
Alexander Cheng  University of Mississippi 

acheng@olemiss.edu  
Serguey Lopatnikov  University of Delaware 

lopatnik@ccm.udel.edu  

The mechanics of fluid infiltrated porous bodies is investigated us-
ing variational principles. The energy statement is constructed us-
ing macroscopic state parameters obtained from microscopic
averaging. As a first step, we restrict the investigation to static, re-
versible processes without external field. Using a quadratic energy
form, which implies linear behavior of phase materials, the defor-
mation of porous medium is shown to be nonlinear due to geomet-
ric nonlinearity in porosity deformation. The theory can be fully
linearized, which is then found to be consistent with the well-known
Biot model.nd to be consistent with the well-known Biot model.
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SENSITIVITY STUDY OF A 2ND ORDER 
TURBULENCE MODEL IN A STRATIFIED TIDAL 

RIVER  
Wenrui Huang  ASCE 

whuang@eng.fsu.edu  

Eddy viscosity calculated from the turbulent model has significant
effects on vertical stratification. In this study, a 2nd order turbulence
model was applied to a strongly stratified tidal river. Using the de-
fault turbulent model parameters model predictions overestimate
current and salinity stratification. In order to improve the perfor-
mance of the turbulent model, a correction factor of eddy viscosity
was proposed to allow the slight adjustment of the turbulent eddy
viscosity that is very sensitive to the calculation of the vertical strat-
ification. Sensitivity study was conducted determine the optimal
correction factor within the range between 1.0 to 1.2. Results show
that the increase of the turbulent eddy viscosity to a 1.12 factor re-
sults in the best agreement between model predictions and obser-
vations. Using the proposed correction factor of the eddy viscosity
will provide a useful approach for modelers to turbulent model per-
formance in predicting turbulent mixing in the stratified flow.

EFFECTS OF DIFFERENTIAL DIFFUSION ON MIXING 
EFFICIENCY IN A DIFFUSIVELY-STABLE, 

TURBULENT FLOW  
Patrick Jackson  University of Illinois at Urbana-Champaign 

prjackso@uiuc.edu  
Chris Rehmann  University of Illinois at Urbana-Champaign 

Laboratory experiments are used to evaluate the conditions under
which differential diffusion exists and its effect on the mixing effi-
ciency. Experiments are conducted using a linearly stratified sys-
tem, which is stably stratified with both heat and salt to ensure
equal Richardson numbers and Reynolds numbers are seen for
both scalars as the system is stirred using horizontally oscillating
vertical rods. Both the work done on the system and the potential
energy change of the system are directly measured to compute the
mixing efficiency?defined as the ratio of the potential energy
change to the work done. The eddy diffusivities of heat and salt are
presented as a function of turbulence intensity (defined using an
oceanographic turbulence intensity parameter). The results of this
study suggest that differential diffusion exists for turbulence inten-
sities below 300 and above a turbulent Richardson number of 0.1.
These experiments also verify that the density ratio can have as
large an influence on the mixing efficiency as the stratification
strength and the process generating the turbulence.

TURBULENT ENERGY BUDGET OF WAVE 
INTERACTIONS WITH A RECTANGULAR BARGE  

Kwang Hyo Jung  Texas A&M University 
kchang@tamu.edu  

Kuang-An Chang  Texas A&M University 
kchang@tamu.edu  

Hamn-Ching Chen  Texas A&M University 
Erick Huang   

This study presents an experimental study on wave interactions
with a rectangular barge in a beam sea condition. Regular waves
with a wave period the same as the natural frequency of the barge
were used in the experiments due to the fact that the barge is prone
to capsize under such waves. The barge was fixed on the free sur-
face and no wave overtopping was assumed. Particle Image Ve-
locimetry (PIV) was employed to measure the full-field two-
dimensional flow velocity. The phase-averaging method was used
to extract the mean flow and turbulence properties. The mean ve-
locity and vorticity and turbulent property were analyzed to quantify
the mechanism of the interactions. The advection, transport, pro-
duction, and dissipation terms in the transport equation for turbu-
lent kinetic energy budget were obtained from the experiments.

THE VELOCITY FIELD OF A DUCKBILL VALVE (DBV) 
JET IN COFLOW  

Joseph Lee  The University of Hong Kong 
hreclhw@hkucc.hku.hk  

C.P. Kuang  The University of Hong Kong 
ckuang@hkucc.hku.hk  

H.C. Chan  The University of Hong Kong 
chcchan001@hotmail.com  

A systematic three-dimensional numerical study using k-e model
and laboratory measurement by laser-doppler anemometry (LDA)
on a duckbill valve (DBV) jet with varying large aspect ratios in co-
flow is presented. The turbulence model parameters are calibrated
against detailed experimental data (Sfeir 1978). The DBV jet is tak-
en as a rectangular jet with the same aspect ratio and valve open-
ing area; an assumed small inward lateral (z-) velocity (varying from
0.1 Uj at the edge to zero at the centerline) is adopted in inlet
boundary for simulation of the secondary flow caused by DBV. The
numerical computations and LDA measurements show that: i) the
jet spreading in the major and minor axes are distinctly different in
the near-field; a strong �axis-switching� firstly appears in this region
at X/D ª 1.5-2; ii) the velocity distribution in the major and minor axis
planes can be well-approximated by a Gaussian distribution for X/
D > 4; iii) the cross-sectional turbulent intensity distribution is dou-
ble-peak shaped in the near field with maximum value of around
0.23.
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MEASUREMENT OF SOAP FILM FLOWS USING COLOR 
PIV  

Shenq-Yuh Jaw  National Taiwan Ocean University, Taiwan, 
R.O.C. 

shjaw@se.ntou.edu.tw  
Yousef Haik  Florida A&M University ñ Florida State Univer-

sity 
haik@eng.fsu.edu  

Ching-Jen Chen  Florida A&M University ñ Florida State Uni-
versity 

cjchen@eng.fsu.edu  

Color Particle Image Velocimetry (CPIV) is applied to measure a
variety of flows in a continuous flowing vertical soap film channel.
The channel width is typically 5 to 10 cm in laboratory experiments
and its height is 3 m. The soap film is between 2 to 6 thick and trav-
els between 0.5 and 4 m/s, depending on the fluid injection rate.
The CPIV method invokes color CCD camera to record different
color, multi-exposure particle images on a single frame. The time
interval between exposures can be specified as required. A multi-
color particle image can be easily separated into unique color, se-
quential images. Both the magnitude and direction of the velocity
vectors can be determined from the unique color, sequential parti-
cle images using cross correlation analysis. A series of flow past
circular cylinder, such as flow past double circular cylinders, flow
past circular cylinder in confined channel flows, etc., were investi-
gated. Very detailed velocity and pressure distributions for these
ideal two-dimensional fluid motions were obtained.
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