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Professor George Deodatis, Columbia University, New York City

Dear Participants of the EMI 2019 Conference,

As | complete my second year of service as President of EMI, | would like to express my sincere thanks to the
extraordinary dedication, commitment and hard work of the Board of Governors, the EMI staff, the technical
committees, and our members in the U.S. and around the globe.

On behalf of EMI, | would like to specifically thank: the Conference Chair, José Andrade (Caltech); the members of
the Conference Executive Committee, Giuseppe Buscarnera (Northwestern University), Marika Santagata (Purdue
University), and Matt Evans (Oregon State University); and the members of the Local Organizing Committee,
Domniki Asimaki, (Caltech), Roger Ghanem (USC), Nadia Lapusta, (Caltech), and Ertugrul Taciroglu (UCLA) for
organizing and hosting this year’s EMI Annual Conference which is reaching an all-time record participation. The
ever-increasing attendance at the EMI conferences reflects EMI’s growing reputation as the premier venue for
engineering mechanics. In addition to the vibrant technical programs offered over the past eleven years at EMI
conferences, our Institute has experienced a healthy increase in its membership and has greatly benefited from
the stellar reputation of our flagship publication, the ASCE Journal of Engineering Mechanics, under the inspiring
editorship of Roberto Ballarini (University of Houston).

I am very excited to announce that EMI will soon launch a diversity initiative for junior faculty/researchers. We will
also soon proceed to update our strategic plan to chart our course over the next five years.

| invite you to get more involved with our institute. EMI will further grow and thrive only if the requisite hard work
is shared among its members. Opportunities for engagement include publication in the ASCE Journal of
Engineering Mechanics and the Lecture Notes in Mechanics Series, active participation on technical committees,
organization of conference sessions and symposia, engagement in the EMI industry collaboration, delivery of
webinars, and seeking leadership roles on committees and the Board of Governors. |invite you to take advantage
of what EMI has to offer. | also invite you to vote in the election for the EMI Board of Governors which is
underway and to take part in the post-conference survey of the attendees. And please, do not hesitate to contact
me, any of the members of the EMI Board of Governors, or EMI staff. | wish you an enjoyable and productive
conference.

Yours truly,

‘%Jq['s G;O?fa s

George Deodatis
EMI President
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Morphing materials in freeform objects, at the micro- and
macro-scales

Wednesday, 19th June - 08:30: Plenary 1 (Beckman Auditorium (1,136)) - Oral - Abstract ID: 798

Prof. Chiara Daraio (California Institute of Technology)

Morphing two-dimensional sheets into three-dimensional objects is a classical problem in mechanics, mathematics
and art, pursued over centuries of human history. Today, the ability to manufacture materials with an almost
arbitrary microstructure, architecture and pre-stress distribution opens the door to new approaches for bending
sheets into complex forms or actuating complex three-dimensional structures. In this talk, I will discuss recent
progress in the design of micro- and macro-scale, nonuniform materials that can bend into freeform objects, in
response to environmental stimuli or with simple application of pointloads. Engineering the distribution of residual
stresses, stiffness gradients and/or cut patterns, we control the sheets’ buckling at both local and global scales. The
designed distribution of responsive materials in the sheets provides a time dependent control of the developing
shapes. Programming 2D sheets into rigid, 3D geometries expands the potential of existing manufacturing tools for
efficient and versatile production of 3D objects and may allow the creation of autonomous soft robots.
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2d Simulation of the Bioinspired Dual-Anchor Burrowing
Mechanism in Dry Sand

Wednesday, 19th June - 09:30: Poster Display (Beckman Mall) - Poster - Abstract ID: 890

Mr. Sichuan Huang (Arizona State University), Prof. Junliang “Julian” Tao (Arizona State University)

The Atlantic razor clam achieves motility with exceptional energy-efficiency through inflating its shelled body and
distal muscular pedal alternatively during locomotion. Basically, the inflated body serves as a penetration anchor,
which provides required reaction force for the protrusion of foot. Similarly, the distal pedal inflates and forms a
terminal anchor for the retraction of the shelled body after shell adduction. Using the 2D discrete element method
modeling, we are able to capture the detailed interaction between a dual-anchor penetrator and the a granular
material at multiple scales. The penetrator is simplified and includes a rectangular ‘shell’ and an equilaterally
triangular ‘foot’. The soil is dry sand with uniformly distributed particle size. Both the vertical and horizontal bur-
rowing situations are considered in the simulation by considering or neglecting the gravitational effect. It is found
that opening of the ‘shell’ compresses the soils around the shell, and simultaneously releases the stress around the
‘foot’. A pressure gradient is created between the low-pressure zone right below the ‘foot’ and the distal undisturbed
zone. Such a pressure gradient causes the dilation of the soil locally around the cone, therefore affects the foot pen-
etration resistance. Increasing the expansion ratio will amplify the stress relief and corresponding soil dilation. On
the other hand, a penetration anchor is formed and sufficient to support a certain amount of foot penetration after
slight uplifting of the shell. The stress relief phenomenon in horizonal burrowing is more obvious compared with
the vertical burrowing, due to negligible impact from gravitational field.
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A Spectral Collocation Method for Finite Deformation Analysis
in Sphere-Like Geometry

Wednesday, 19th June - 09:30: Poster Display (Beckman Mall) - Poster - Abstract ID: 234

Mr. Pei-Chuan Chao (University at Buffalo), Prof. Mettupalayam Sivaselvan (University at Buffalo)

Spectral methods are known to be highly accurate (exponential convergence) for problems with domains of simple
geometry and defined by smoothly varying data. This is true for models of biological cells in flow, where the cell
geometry is often considered as a smooth deformation of the unit sphere (for cells in suspension) or of the unit
hemisphere (for adhered cells). We seek to apply spectral methods to represent entire cells in flow, which for many
purposes has been modeled as a porous medium undergoing finite deformation and sustaining solute transport. As
a first step toward this goal, we apply a spectral method to a finite deformation problem on a sphere-like geometry
in 3D. Spectral methods have been used extensively for the solution of PDEs such as the Poisson equation and the
Navier Stokes equation. However, there are fewer instances of their use is solid mechanics problems. This short
communication is on the spectral method application for finite deformation analysis on the sphere-like domain.
The undeformed geometry and the displacement field are represented as functions in spherical coordinates on
the unit sphere. These functions are approximated by spherical harmonic functions in angular direction and the
Verkley (one-sided Jacobian) polynomials in the radial direction. Given prescribed body force and traction fields
and kinematic boundary conditions, computing the displacement field is formulated as an energy minimization
problem, so that (a) it generalizes readily to the finite deformation case, and (b) kinematic boundary conditions can
be accounted for as constraints.
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Nitsche’s Method for the Shape Deformation of a Single
Component Vesicle

Wednesday, 19th June - 09:30: Poster Display (Beckman Mall) - Poster - Abstract ID: 360

Dr. Tae-Yeon Kim (Khalifa University of Science and Technology), Dr. Wen Jiang (Idaho National Laboratory), Dr. Jeong-Hoon Song
(University of Colorado Boulder)

We present a Nitsche-type variational formulation of the phase-field model to capture the equilibrium shape of a
single component vesicle. The governing equation from the modified phase-field elastic energy is a fourth-order
partial differential equation which requires C1- elements with a conforming Galerkin method. We derive the vari-
ational formulation to discretize the governing equation based on the idea of Nitsche’s method that can be applied
to CO-elements. The continuities of higher order derivatives are weakly imposed by adding extra terms and the
consistency of the variational formulation is verified. The capability of the formulation is demonstrated through
numerical study of equilibrium shapes of axisymmetric single component vesicles along with budding and fission

phenomena.
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Investigation of the Binding Mechanism in Aggrecan Cleavage
Sites: A Molecular Dynamics Approach

Wednesday, 19th June - 09:30: Poster Display (Beckman Mall) - Poster - Abstract ID: 199

Mr. Deng Li (National Taiwan University), Dr. Shu-Wei Chang (National Taiwan University)

Cartilage is an important biomaterial which provides crucial mechanical properties for our body. Many diseases are
associated with abnormal aggrecan degradation in articular cartilage. Aggrecan degradations are mainly controlled
by matrix metalloproteinase-8 (MMP8). MMPS8 cleaves at the catalytic site of Glu®’3-*’#Ala in the aggrecan core
protein, with another potential cleavage site at Glu*'°-*?°Ala, however, left uncut. The binding mechanism of how
the MMP8 recognizes the catalytic site has not yet been revealed.

To investigate this, we use a molecular dynamics approach to explore this conundrum. We found that the two
key residues in the vicinity of the catalytic site, arginine in P2’ and glycine in P3’ play an important role in form-
ing a stable binding pose of MMP8-Actual_peptide complex. For the potential cleavage site, the arginine is re-
placed with Threonine and the glycine is replaced with arginine, resulting in the unstable binding pose of MMP8-
Potential_peptide complex. Our results suggest that MMPS is able to recognize the molecular structure of the cat-
alytic site and only cleave Glu*3-*"*Ala in the aggrecan core protein. We hypothesize that the stable binding struc-
ture of the catalytic site of aggrecan core protein makes MMP8 stay in an “active” state, and then hydrolyze the
scissile bond of aggrecan core protein. On the contrary, unstably binding between the potential cleavage site of ag-
grecan core protein and MMP8 makes MMPS stay in an “inactive” state. Our results provide fundamental insights
into the binding mechanism in aggrecan cleavage site at the molecular level.
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Joint Calibration of a Hyper-viscoelastic Model for Brain Tissue

Wednesday, 19th June - 09:30: Poster Display (Beckman Mall) - Poster - Abstract ID: 288

Dr. Patrick Brewick (Naval Research Laboratory), Dr. kirubel teferra (Naval Research Laboratory)

Concurrent with the growing incidence and awareness of traumatic brain injuries (TBI), there has been an increas-
ing emphasis on improved mechanical modeling of brain tissue as a means of understanding these injuries. This
has led to numerous studies performing experimental mechanical tests on (typically porcine) brain tissue samples
from various regions of the brain. In addition, constitutive models are being developed and calibrated to describe
the observed mechanical responses. However, these models typically only utilize samples, possibly from several
different specimens, from a certain region of the brain for model calibration or parameter identification. While
useful, these models fail to address the possible correlations that may exist, e.g., spatial correlations across regions
of the brain.

The results of a study focusing on the development of a Bayesian framework for calibrating the joint posterior distri-
bution function that describes constitutive models for multiple regions of the brain are presented. Mechanical and
rheological data collected from four different regions of the brain (corpus callosum, corona radiata, basal ganglia,
cortex) are used to build the joint posterior distribution of a hyper-viscoelastic model through a Bayesian model
calibration. An initial calibration of model parameters is performed using the Hamiltonian Monte Carlo sampling,
a Markov Chain Monte Carlo technique. The empirical Bayes method is then used to find hyperparameters that de-
scribe the prior distributions of the constitutive model parameters, including the covariance matrix. The behavior
of the model calibration and determination of the joint posterior distribution and its parameters are extensively
evaluated and discussed.
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Molecular Structure of Nanoscale Hydrogel Base on Glycol
Chitosan: Molecular Dynamics and Multiscale Modeling

Wednesday, 19th June - 09:30: Poster Display (Beckman Mall) - Poster - Abstract ID: 307

Mr. Shun-Chieh Hsu (National Taiwan University), Dr. Shu-Wei Chang (National Taiwan University), Dr. Shan-hui Hsu (National

Taiwan University)

Smart hydrogels based on glycol chitosan can serve as promising cell delivery vehicles for wound healing and tissue
regeneration in tissue engineering because of the high water content, as well as the response to various environ-
mental stimuli such as temperature, pH, electric field, light, and enzyme. Chitosan is formed by chitin deacetylation
and consists of p-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine. Glycol chitosan is a chitosan derivative
conjugated with ethylene glycol branches. It is water soluble at neutral and acidic pH values because pendant glycol
branches on the polymer increase the aqueous solubility of the chitosan.

In this study, we aim to explore the molecular structures of glycol chitosan hydrogels with different percentages
of protonation. We use full atomistic simulation to investigate the flexibility and conformation of glycol chitosan
polymer chains in water solutions by measuring the radius of gyration and end-to-end distance. We also measure
the radial distribution functions (RDF) to investigate the arrangement of polymer chains. The number of hydrogen
bonds are analyzed to reveal the effects of pH on the molecular interactions. The fundamental insights into the
molecular structure and mechanism of glycol chitosan hydrogel suggest that they are good hydrogel candidates for
controlled release and drug delivery systems because their properties can be controlled by changing the pH.
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Recovery of Tractions Exerted by Cells in Fibrous Extracellular
Matrices

Wednesday, 19th June - 09:30: Poster Display (Beckman Mall) - Poster - Abstract ID: 1266

Dr. Dawei Song (University of Southern California), Mr. Nicholas Hugenberg (Rensselaer Polytechnic Institute), Prof. Assad Oberai

(University of Southern California)

Tractions exerted by cells on the extracellular matrix (ECM) are critical in many important physiological and patho-
logical processes such as embryonic morphogenesis, cell migration, wound healing, and cancer metastasis. Traction
Force Microscopy (TFM) is a robust tool to quantify cellular tractions during cell-matrix interactions. Most applica-
tions of this technique have heretofore assumed that the ECM is homogeneous and isotropic, although the native
ECM is typically composed of fibrous networks, and thus heterogeneous and anisotropic. In this work, we present
a novel 3D nonlinear TFM approach to recover tractions exerted by cells fully encapsulated in fibrous hydrogel
matrices that mimic the in-vivo environment of living cells. We pose the problem as an inverse problem, with
the objective of determining the traction field that is consistent with the measured displacement field in the ECM.
We formulate the inverse problem as a constrained minimization problem and develop an efficient adjoint-based
minimization technique to solve it. In particular, we account for the fibrous character of the ECM by employing
a homogenization model that links the microscopic features of the fibrous gels to the macroscopic response. We
find that there is a significant difference in recovered tractions between models that account for the underlying
fibrous structure and those that assume a homogeneous and isotropic ECM.
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Acellular epicardial patches for treating myocardial infarction (MI) by increasing the mechanical integrity of dam-
aged left ventricular (LV) tissues exhibit widely scattered therapeutic efficacy. A major challenge in the field is to
develop next-generation patches with minimal risk and maximal efficacy. Guided by finite element simulation, we
introduce a self-adaptive gel point adhesive patch (GPAP) which outperforms many existing patches in reversing
LV remodeling and restoring heart functions in both acute and sub-acute MI in rats. The underlying mechanism of
GPAP results from the so-called gel point (G’=G”) to balance the fluid and solid properties of the patch material. The
fluid property brings the ability for the patch to accommodate the cyclic deformation and the complex geometry
of the ventricle, and therefore resolve the issue of choosing appropriate reference state for deformation. On the
other hand, the solid property provides the necessary stiffness for the mechanical support. Together they achieve
a significantly improved safety and therapeutic efficacy.
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Cracks can develop in concrete at different stages of service, i.e., early stage plastic shrinkage crack and cracks
formed due to thermal cycles, freeze-thaw cycles, and structural loads. While structural cracks directly compro-
mise its load bearing capacity, non-structural cracks indirectly affect the service life by accelerating water and ion
infiltration and associated corrosion. Autogenous fixing concrete cracks helps to improve its longevity. This study
evaluated the potential of bacteria mediated healing of cracks in concrete. The performance of sand as a carrier ma-
terial for concrete crack repair is evaluated. The bacterium Sporosarcina pasteurii is used in the experiment. The
bacteria produce urease, which allows the hydrolysis of urea into ammonium and carbonate that precipitate as cal-
cite in a calcium rich environment. The precipitation of calcite fills the crack space in concrete as well as increases
the roughness and bond force between the particles. The healing performance was observed by the microstructural
and physical characterization by SEM/EDS analysis as well as needle penetration test. DEM model was developed to
simulate the effects of bacteria cementation induced microstructure change on the mechanical properties, where
the strength is evaluated by simulated direct shear tests. The influence of the percentage of bio-mediated cemen-
tation and particle size distribution on the strength of modified sand are analyzed. The results show that bacteria
mediated healing has the potential to mitigate the negative impacts of concrete cracking.
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Systems that move through fluids like boats, submarines, airplanes, and helicopters all benefit from a reduction in
opposing forces, or drag. As a result, there is a significant focus on finding new ways to improve the lift-to-drag
ratios of systems that move through fluids. Nature has proven to be an extremely beneficial source of inspiration
to overcome current technical endeavors. Shark skin, with its low-drag riblet structure, is a prime example of an
evolutionary design that has inspired new implementations of drag reducing technologies. Previously, it has been
shown that denticles have drag reducing properties when applied to airfoils and other surfaces moving through
fluids. Researchers have been able to mimic the structure of shark skin, but minimal work has been done in terms
of optimizing the design of the denticles due to number of parameters involved. In this work, we used a combina-
tion of computational fluid dynamics (CFD) simulations and optimization methods to optimize the size, shape, and
placement of shark skin denticles on the surface of airfoils in order to decrease drag.Results show that by chang-
ing size, shape, and orientation of the denticles, we are able to alter the boundary layer, and thereby reduce drag.
With these tools, we can provide design guidelines for commercial aviation in order to maximize fuel efficiency and
decrease carbon emissions. These drag reducing properties of denticles can be further expanded beyond commer-
cial aviation and can be used to reshape maritime and automotive travel resulting in an even greater reduction in
carbon emissions.

12



2019 Engineering Mechanics Institute and Geolnstitute Specialty Conference

The Mechanics of Bio-Cemented Sands

Wednesday, 19th June - 09:30: Poster Display (Beckman Mall) - Poster - Abstract ID: 259

Mr. Charalampos Konstantinou (University of Cambridge), Dr. Giovanna Biscontin (University of Cambridge)

The reconstitution of a geological material usually requires the characterisation and laboratory replication of the
geological processes that occurred in nature, even if the impossibility of reproducing the effects of geological time
must be recognised. There exist two fundamental requirements for artifically cemented samples: uniformity of
behaviour and the degree of similarity with average natural behaviour. Several methods have been proposed in
literature for creating artificial calcite sandstones. Microbially induced carbonate precipitation (MICP) is a bio-
cementation technique used in the last decade to turn loose sand into calcite cemented sandstone. The cementing
agent holds the sand particles together and an increase in strength and stiffness is observed (Whiffin, 2004). It is
considered be an appropriate method for artificial sandstone preparation because of its relative ability to retain
soil permeability.

A parametric study was conducted to create artificial specimens with mechanical properties through MICP. This
can be achieved by changing the relevant process parameters, such as injection rate, number of injections, concen-
tration of bacteria, and concentration of chemicals. The purpose of this series of experiments was to investigate the
optimum way of producing artificial specimens that have the desired mechanical properties. An increase of calcite
content results in an increase in unconfined compression strength (UCS) and decrease in hydraulic conductivity,
permeability and porosity. The conjugate changes in the mechanical properties were assessed and compared with
the properties of natural weak sandstones.
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This article explores internal curing by pre-soaked bio-char, applied as partial cement replacement in ultra-high per-
formance concrete (UHPC). Bio-char (BC), used in the study was prepared by slow pyrolytic conversion (10°C/minute)
of mixed wood saw dust at 500°C. BC particles below 125 ym were pre-soaked for 24 hours to achieve saturation,
which was then mixed to replace 5% of cement by weight in UHPC mix. Compression tests show that BC addition
lead to comparable strengths at 1-day and 28-days. Scanning electron microscope (SEM) images revealed that pores
of BC serve as nucleation centre for hydration products. This is further confirmed from isothermal calorimetry
(ITC) results, which suggest that presence of BC accelerates hydration kinetics in BC-UHPC mix compared to refer-
ence. Degree of hydration calculated by Bhatty’s method and thermo-gravimetric analysis (TGA) show a substantial
improvement in BC-UHPC mix compared to reference. In summary, the results indicate that bio-char from wood
waste can be a potential mineral admixture in UHPC, which might be effective to reduce cement demand and create
novel avenue for waste valorisation.
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Desiccation cracking of clayey soils is the development of cracks on the geomaterial surface as a result of a gradual
reduction in moisture content. Thus, the decrease in soil surface area owing to the desiccation cracking could have
a severe impact on the performance of clayey soils in various geotechnical, agricultural and environmental appli-
cations. Many efforts have been made to overcome the catastrophic consequences of desiccation cracking, such as
massive financial damages and even the loss of life. The most popular process to enhance soil strength and resis-
tance to cracking is chemical treatment using additives like cement, but its use raises a number of environmental
concerns such as CO, emissions, groundwater contamination, vegetation growth prevention, etc. Therefore, the
demand for green soil improvement alternatives is increasing.

The main aim of this research is the development of eco-friendly soil improvement techniques and the investiga-
tion of their effect on the desiccation cracking behavior. A type of biopolymer, xanthan gum, and recycled nylon
fibers were studied as types of sustainable improvement techniques. Improvement of soil crack resistance by eco-
friendly reinforcement was investigated by conducting 1D and 2D desiccation tests on the treated and non-treated
clay specimens. The soil engineering properties were examined using the unconfined compression and the indirect
tensile tests. MATLAB image-processing was conducted to quantitatively describe the effect of reinforcement on the
geometrical characteristics of crack patterns. The experimental and image analysis results showed that all the soil
improvement techniques significantly enhanced the soil strength and reduced the amount of cracking.
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The application of MICP has been successfully studied in granular soils due their high permeability. However,
in soils with high fines content the injection of MICP has been limited due the difficulty to distribute the additives
because of their low permeability. In the present research, an alternative application of MICP is being studied, were
the biological additive is included into the compaction water, overcoming the difficulty of application by injection
in soils such as silts and clays. Additionally, as a soil improvement method, could help to avoid soil replacement.
Two applications are being studied.

Firstly, a silty-sand residual soil called Maicillo, which is abundant in coastal mountains of Chile. This weathered
material presents significant cohesion in its natural condition. However, once excavated and compacted, shear
strength and stiffness are significantly reduced. Our laboratory experimental results (isotropic and triaxial com-
pression with bender elements) show that MICP on remolded Maicillo improves its mechanical properties, allowing
to recover partially the undisturbed behavior.

Secondly, MICP was applied on a remolded expansive clay. Laboratory consolidation/swelling tests and a field test-
ing facility specially built were used to assess the effectiveness of MICP to reduce swelling. The results suggest that
the chemical process involved in calcite precipitation reduces swelling.

Preliminary microstructural characterizations on treated clays indicates a change in the evaporation water temper-
ature on Temperature Programmed Desorption (TPD) and a slight change in the pore distribution with the Nitrogen
adsorption-desorption test.
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A method for the topology optimization of nonlinear frame structures based on hysteretic finite element modeling is
presented. Topology optimization is a mathematical framework to design efficient material layouts while consider-
ing engineering constraints that has been mostly limited to linear-elastic for systems composed of discrete elements.
A novel method for the topology optimization of structural systems that are expected to undergo inelastic deforma-
tions is presented. The method is introduced in the context of frame structures composed of beam elements. The
core of the methodology is a hysteretic finite element modeling scheme in which the inelastic deformations are
governed by principles of mechanics in conjunction with smooth, first order, nonlinear ordinary differential equa-
tions facilitating the derivation of a closed-form gradient. The method is demonstrated for two different design
philosophy, specifically one seeking volume minimization with a displacement constraint (e.g. drift) such that the
optimized design has sufficient stiffness and a second seeking a design that maximizes energy absorption for a
fixed volume and a prescribed displacement constraint. The method is demonstrated through application to the
design of cantilever and beam structures with numerical examples to illustrate the resulting topologies for volume
minimization formulation and strain energy absorption with limiting displacement constraint.
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Topology optimization is a powerful computational design tool that has led to discovery of highly efficient structures.
The optimization process for lattice structures, such as frames, usually begins with a dense mesh of interconnected
elements. An iterative process then allows for simultaneous resizing and removing of elements throughout the de-
sign domain. In recent years there has been a surge in the number of studies that include stochastic variabilities,
e.g. uncertainty in external forces, material properties, and geometric imperfections, in the optimization process
to avoid sub-optimal or impractical designs under real-world engineering conditions. This study extends our pre-
vious work on topology optimization of frame structures under geometric imperfections in the form of elemental
crookedness. To avoid the brute-force Monte Carlo approach, an efficient uncertainty quantification engine based
on stochastic perturbation is used. Robust design is formulated via the inclusion of variance (to control the vari-
ability of performance) which is approximated using up to second order terms in stochastic expansions. To avoid
complex topologies and hair-like elements that often emerge as a result of robust topology optimization, manufac-
turability constraints are enforced through a SIMP-like method to push the outcome toward a more manufacturable
yet efficient structure. The effects of the uncertainties are illustrated by comparing the performance of optimized
topologies to that of their deterministic counterpart. The functionality of the manufacturability constraints is also
examined.
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Topology optimization has undergone significant improvements and has evolved along a number of different di-
rections in recent years. Today, the technique is the most widely used computational free-form design tool for
discovery of novel structures and material microarchitectures. One of the most common applications of topology
optimization is in design of light stiff structures. This includes design in both continuum and discrete domains
and design at both structural and microstructural scales. In this presentation we explore the impact of hierarchy
in weight-stiffness driven design. We seed different levels of hierarchy in topologically optimized designs trough
rationing the weight of the structure at multiple length-scales and examine the potential loss in stiffness and gain
in other mechanical performance measures such as strength and toughness. We illustrate the application of the
proposed framework for a few benchmark problems.
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Thermomechanical coupling problems of a board range of engineering applications are of great interest today.
When studying the life of aircraft structures, the generated heat subjected to the aerodynamic heating results in the
gradient of the temperature field on the surface of the structures, and therefore, produces stress and deformation
due to the thermal field. Among all the applications in Multiphysics coupling problems, contact problems are clas-
sic in various engineering areas, ranging from the cooling process of microelectronics to metal forming processes.
Therefore, a robust and efficient computational method which can model the contact problems is essential. To
model the interfaces and the corresponding failure modes such as debonding at the interfaces under the existence
of thermal stress and the resulting thermal contact resistance, a Discontinuous Galerkin (DG) framework with the
jump of both displacement and temperature field at interfaces are proposed. A finite strain primal interface for-
mulation with the fully coupled thermo-mechanical field is developed to model the effects of the thermal field on
the interface in a dynamic environment. Employing ideas for Variational Multiscale (VMS) based stabilization, the
analytical expression for artificial Lagrange multipliers are extracted via edge bubble functions with the thermal
and dynamic features fully embedded. Stability parameters are derived following the ideas of VMS framework, and
comparisons are drawn with both penalty method and Nitsche type method. The proposed method is applied to a
class of numerical test problems with the discontinuity at the interfaces, and good comparison with analytical and
experimental data is achieved.
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We present a modeling framework to study the response of a plastic material due to the presence and transport
of a chemical species in the host material. Such a modeling framework is important to a wide variety of prob-
lems ranging from Li-ion batteries, moisture diffusion in cementitious materials, hydrogen diffusion in metals, to
consolidation of soils under severe loading-unloading regimes. The mathematical model incorporates some of the
experimental observations reported in the literature on how (elastic and plastic) material properties change due to
the presence and transport of a chemical species. We then present a robust computational framework to solve the
resulting coupled partial differential equations. We also establish the need to obtain non-negative concentrations
for the diffusant, which is not the case with many popular numerical formulations. These unphysical violations
will be particularly predominant when the diffusion process is anisotropic. The proposed computational frame-
work employs an optimization-based numerical approach that will ensure that the concentrations of the chemical
species are non-negative. Representative numerical examples will be provided to quantitatively and qualitatively
describe the effects of concentration on the degradation of the solid undergoing either small or large plastic de-
formations. Based on these numerical examples, we also discuss the evolution of plastic zones due to damage or
material degradation. The performance of the computational framework (with respect to optimization iterations,
time-to-solution) will also be discussed.
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Tramways are an important means of transport in many urban areas. There, mechanical failures of tramway rails
can adversely affect daily life. Surprisingly, studies elucidating the stress states in tramway rails which lead to
cracks or even fractures have been neglected so far. Here, we aim at filling this gap. Based on enhanced beam
theory, we have developed a versatile, and computationally efficient numerical tool, allowing to quantify stress
states throughout tramway rails considering representative boundary and loading conditions. In particular, not
only the operation-related loading conditions imposed onto the rail through wheel-rail contact are considered, but
also temperature effects, as well as production- and operation-induced eigenstresses. Furthermore, the effect of a
non-uniform track bed is taken into account. To that end, a displacement ansatz allowing for consideration of axial,
bending, shear, and (primary as well as secondary) torsional loading is formulated, and translated, via the principle
of virtual power, into corresponding equilibrium conditions. The such derived system of equations is numerically
solved by means of the Finite Element method, in sequential manner: First, force quantities are computed along
the beam axis, after which, using these quantities as input, stress and strain distributions are computed in specific
Cross sections.

Evaluating the model, critical boundary and loading conditions can be identified, potentially leading to rail failures.
Compared to full 3D Finite Element simulations, our approach offers the advantages of substantially increased
computational efficiency, without compromising the accuracy of the computed quantities.
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Intermodal freight shipping containers have multi-functionalities, they can be used for commerce and general stor-
age applications or more specifically for the military as Life Support Areas or Tactical Operations Centers in contin-
gency operations. During these operations, the ISO containers can be subjected to an impulsive load. Consequently,
it is important to understand the effects of blast loads on the containers in order to improve the protection of the
assets. The primary focus of this research was to develop and validate a finite element model (FEM) of an ISO
container with internal finishings subjected to blast loads. The numerical model was validated based on full-scale
experimental field tests conducted a-priori and they agree reasonably. The maximum deformation of the ISO con-
tainers’ reflective wall confirms the deformation experienced during the full-scale experimental test.
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Efforts towards improved understanding of progressive collapse have drastically increased since high-profile events
such as the collapses of the Alfred P. Murrah Federal Building and the World Trade Center towers. Following the
initial damage and instantaneous structural response after an extreme event, one might speculate the possibility
of further damage leading to a delayed collapse. This implies time dependency of load-redistribution mechanismes,
further related to various time-dependent material behaviors. In case of reinforced concrete (RC) buildings, such
behaviors include viscoelasticity and/or subcritical crack growth in concrete and/or along the steel-concrete inter-
face. To study the effects of time-dependent properties of concrete on a possible delayed structural collapse, a study
is performed by proposing a coarse-scale reduced-order computational mode: a set of nonlinear elements is used
to model the behavior of potential damage zones in RC structural components. The concrete time-dependent con-
stitutive relation is developed based on a coupled viscoelasticity and static-fatigue damage mechanism. Numerical
results of the nonlinear element under constant static loading show continuous loss of stiffness and strength in the
material due to accumulated damage over time. This eventually leads to element failure, contributing to overall
structural deterioration and ultimately, collapse. Future model extension incorporating the time-dependent bond-
slip behavior will contribute to the development of analysis tools for simulating progressive collapse of structural
subassemblies and full scale RC buildings. Such tools are not only instrumental for advancing performance-based
structural design, but also to guide safe rescue measures in the aftermath of events that have resulted in partial
collapse.
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The ability to retrofit existing structures against extreme dynamic loads such as blast is a critical need for military
engineers. A quick survey of the literature shows that reinforced concrete (RC) structural elements retrofitted with
fiber-reinforced polymer (FRP) have increased flexural strength and blast resistances. There is little research effort
investigating the anchorage behavior in large-scale RC systems retrofitted with FRP subjected to blast. To bridge this
gap, two different mechanical anchorage techniques for concrete structures using carbon fiber-reinforced polymer
(CFRP) layers were subjected to explosive loading to investigate system behavior with the different mechanical
anchorage retrofits: a steel strap retrofit system and a smaller steel plate retrofit system. The results of the two
tests were used to develop the initial single degree of freedom (SDOF) analysis and finite element (FE) analysis
approaches. These approaches will provide insight into future computational research needed to accurately model
the observed behaviors. The FE analysis successfully captured the general behavior of the blast retrofit, which
allows for future analyses to be conducted.

Keywords: blast, CFRP, reinforced concrete, debonding, FEA, SDOF
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The Natural Hazard Engineering Research Infrastructure (NHERI) Wall of Wind (WOW) Experimental Facility (EF)
at Florida International University (FIU) has teamed up with the NHERI Lehigh EF to further the development of
Real-Time Hybrid Simulations (RTHS) for wind engineering applications. The developments include utilizing a wind
tunnel facility for RTHS of structural systems, where both experimental substructure is coupled with a numerical
structure to model the behavior of a complex systems under wind action.

As an example structure used to initiate this collaboration, the teams are applying RTHS in studying the wind re-
sponse of a 40 m high rooftop telecommunication tower atop a 40-story high-rise building. This example structure
has been carefully chosen due to the challenges faced by the industry of rooftop communication towers. The hy-
brid simulation is based on developing a 3D FEM for the building and the telecommunication mast. In parallel,
an aerodynamic experiment, using a relatively small length scale of 1:150, is conducted at the NHERI WOW EF to
estimate wind pressure distributions on the building and the mounted mast. Outcomes of the test are time histories
of wind pressures that are then used to perform time domain dynamic analysis on the building-model using FEM
analysis. Later, FIU and Lehigh teams will establish a hybrid simulation testing setup to investigate the response of
the mast tower at a larger scale of 1:25 using an aero-elastic model while simulating the building roof displacements
by means of actuators fixed at the base of the monopole communication tower.
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Real-Time hybrid simulation (RTHS) is an attractive and cost-effective method for testing of structures subjected to
dynamic loading. It allows the representation of a structure into partitioned physical and numerical sub-structures.
The displacements of the degrees of freedom (DOF) are obtained through a time-step numerical integration method
and the physical sub-structure is subjected to these displacements through an actuator. The stability and accuracy
of the simulation is affected by the inevitable delay introduced by actuator dynamics during the simulation and for
the participation of high-frequency modes in the response of the structure, especially for structures with large num-
ber of DOF. Different robust tracking controllers are investigated for delay compensation and their performance
has been evaluated considering noise treatment, actuator control, assessment criteria and stability analysis using
a benchmark problem of a three-story building with one-DOF in a virtual RTHS. This paper presents a compari-
son of numerical integration methods suitable for RTHS when the numerical sub-structure and the performance of
the tracking controller using adaptive time series (ATS) compensation are evaluated for each approach. The pro-
posed methodology uses a realistic virtual RTHS provided by the benchmark problem considering numerical and
experimental components subjected to earthquake loadings.

27



2019 Engineering Mechanics Institute and Geolnstitute Specialty Conference

A Reproducing Kernel Particle Finite Volume Method for Linear
and Nonlinear Mechanics

Wednesday, 19th June - 09:30: Poster Display (Beckman Mall) - Poster - Abstract ID: 916

Mr. SAILI YANG (The Pennsylvania State University), Prof. Mike Hillman (Penn State)

In the past 20 years, significant effort has been devoted to developing the weak form based Galerkin meshfree meth-
ods and the strong-form based collocation meshfree methods. For instance, many treatments have been developed
to overcome issues of imposing essential boundary conditions, instability in nodal integration, and quadrature in
general. Strong form based meshfree methods do not have these issues, but require other techniques to avoid com-
puting higher order derivatives which incurs a non-trivial cost.

A finite volume method based on the reproducing kernel approximation is proposed and developed for linear and
nonlinear mechanics. This method follows the global Petrov-Galerkin formulation with a conforming Heaviside
test function. The divergence theorem is applied to transfer the integration to be on the cell boundaries, which
avoids higher order derivatives. The variational consistency conditions are inherently satisfied, and it attains op-
timal convergence rates with low-order quadrature. Furthermore, the essential boundary conditions can be easily
imposed by direct collocation, and no instability is observed despite it being a purely node-based method. Finally,
the formulation carries an attractive physical interpretation of the balance of linear momentum of each cell. The
proposed approach is developed for linear elastodynamics, as well as nonlinear mechanics under the Total and Up-
dated Lagrangian frameworks. Several benchmark examples are presented to demonstrate the efficiency, accuracy,
and stability of the method.
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After years of research, the French National Radioactive Waste Management Agency (Andra) has determined that
the Callovo-Oxfordian formation of eastern France was a good option for radioactive waste storage. One of its
most important characteristics is the ability of its claystone to act as a geological barrier against the release of
radionuclides in the biosphere. In order to ensure that the claystone indeed plays its expected role, it is necessary
to take into account the evolution of pattern and opening of cracks, which will be created by the excavation process,
during the resaturation of the post-closure phase.

In this context, we previously proposed a simplified model of the Compression of the Damaged Zone (CDZ) exper-
iment. The cracked claystone was represented by a homogeneous effective medium using the tools of microme-
chanics, and an analytical solution was found. We then sought to improve on the relevance of our results. First
we investigated the performance of several classical homogenization schemes against numerical simulations on
3D representative elementary volumes in terms of homogenized stiffness as well as strain localization in the crack
domain. Then, we implemented the non-linear homogenized behavior of the cracked claystone so as to perform
numerical simulations at the scale of the drift in the finite element code Cast3M. This allowed to investigate the
effects of crack patterns that are closer to those actually observed in situ on the variations of crack closure upon
hydration,and to assess the relevance of the different simplifying assumptions previously made.
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Abstract:

In this study, the mixed mode fracture of composite sections reinforced with graphene nano-platelets (GnP) is con-
sidered in linear elastic region. Crack opening displacement (COD) and stress intensity factor (SIF) are determined
at the very crack tip. A robust Bézier-based multi-step method is developed and suggested as a numerical solu-
tion to find the stress and displacement fields of the cracked anisotropic elastic media. In point of fact, this novel
method is extended to be capable of solving the related nonlinear complex partial differential equation (PDE) pro-
posed by Lekhnitskii (1963). Furthermore, the applied GnP is assumed to be uniformly and randomly dispersed in
the composite mix-proportion, with the proposed random checkerboard configuration. In addition, a probabilistic
approach is developed using an efficient Monte-Carlo simulation technique for randomly oriented GnP, and the cor-
respondent elastic moduli of the composite sections are determined for different GnP volume fractions. Comparing
the evaluated numerical results with that provided from the experimental data suggests the stability and accuracy
of the current methodology. A Bayesian technique was coupled with the checkerboard homogenization results to
support its superiority over the commonly used micromechanical models including the Halpin-Tasi theory for the
elastic moduli estimation of the reinforced media.

Keywords:Bézier-based multi-step, Crack Opening Displacement (COD), Stress Intensity Factor (SIF), Random
Checkerboard model, Graphene Nano Platelets (GnP), Bayesian Technique.
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Many studies of dynamic shear ruptures seek to shed light on local physical behavior using averaged quantities
from remote observations, such as static stress drop and radiation efficiency in seismology. These inferences rely
on the use of idealized rupture models, whereas the actual spatial distribution of slip and local stress change may
vary substantially throughout the ruptured area. The relationship between observationally-inferred average rup-
ture characteristics, such as breakdown energy and radiation efficiency, and their actual values is therefore not
directly evident. We explore this relationship using fully dynamic simulations of sequences of seismic and aseis-
mic slip incorporating Dieterich-Ruina rate-and-state friction as well as enhanced shear-heating-induced dynamic
weakening.

We find that standard energy considerations inspired by dynamic fracture mechanics generally hold for simulations
that produce crack-like shear ruptures, in which the local slip is proportional to the overall rupture duration. In
contrast, the standard energy budget does not apply to simulations that result in self-healing pulse-like ruptures,
which are characterized by much shorter local rupture durations and different characteristic stress variations. If
large earthquake ruptures propagate as such self-healing pulses, as have been suggested by a number of studies,
then inferences about their energy budget need to be reconsidered.
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Buckling is an important failure mode in columns under a load. This phenomenon occurs when mathematically
the beam effectively loses all its transverse stiffness at a certain value of the compressive load, called the critical
buckling load. Furthermore, to determine a structure’s behavior under dynamic loading, it is crucial to find its
natural frequencies. The research proposes a semi-analytical integral-equation based method which uses the Euler-
Bernoulli beam theory for determining the buckling load and natural frequencies of a periodically supported beam.
The proposed method involves application of the Fredholm-Volterra integro-differential equations to satisfy both
the essential and natural boundary conditions using a boundary kernel and thus solve for a multiple-bay simply
supported non-prismatic rectangular cross-section beam problem. The results were verified with those available in
the literature and with those obtained from a commercial finite element method (FEM) software, NASTRAN, to study
the effectiveness of the proposed method. The results from FEM agreed with that from the semi-analytical method
within 2%. The effect of variation of taper ratio on the non-dimensional critical buckling load, both in width and
height, were also investigated. The findings also suggested singularity as the taper ratio reaches close to unity. The
proposed method help determine shear and moment distributions, however, the method itself involves complex
computations, which can limit the application of the method to specific problems.
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The aim of this study is to investigate effect of curing, residual stresses on buckling and post-buckling behaviour of
thin-walled composite columns. Under inspection will be taken two types of shapes of thin-walled columns: with
open and closed cross-section. The choice are channel and square cross-sections, respectively. Moreover, in the
study, it is assumed that composite is made of 8-layer GFRP and several combinations of commonly manufactured
ply orientations is taken into account. FEM study is divided into two parts. First one is thermal analysis which target
is to mirror the curing process and evaluate residual stresses in the laminate. Scope of the second simulation is to
investigate buckling and post-buckling behaviour of the structures. The tubes are subjected to static compression
and two models are prepared: one including curing prestress calculated in first simulation while the second one
not. Comparison of results from two aforementioned models will enable to draw conclusions how shape of the
columns affects residual stress distribution and, as a consequence, its buckling properties.
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The construction of earth retaining structure in order to ensure a safe and economic design demands knowledge of
earth pressure theories and rupture surface development pattern. Experimental investigations pertaining to prop-
agation of rupture surface and its shape are scarce. Visualisation of rupture planes through horizontal dyed sand
strips being a crude process fails to render accuracy and precision. In this context, an experimental programme is
designed to investigate the failure pattern using Particle Image Velocimetry in a backfill soil supported by a rigid
retaining wall when wall is made to rotate about its base. The test is conducted on a 600 mm high retaining wall
backing 700 mm long backfill soil with six soil pressure transducers mounted centrally on the wall to record the
earth pressure. An open source MATLAB module, GeoPIV_RG generating a full field displacement profile of soil
media through a series of images acquired behind transparent window at a chosen interval during test is being
used for present image analysis. The obtained strain contours reveals that the rupture surface is no longer linear
as suggested by classical theories rather it is curvilinear in shape. The failure surface extends up to backfill length
of 0.33H for the active case at 50% RD. The rupture plane also makes an agle of 74" with horizontal. The test data
shows that the pressure tends to decrease with the wall deflection and eventually becomes constant at a critical
rotation of 1x10* radian. The recorded earth pressure shows a nonlinear distribution with depth.
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Dynamic recrystallization (DRX) is often observed in conjunction with adiabatic shear banding (ASB) in polycrys-
talline materials. The recrystallized nanograins in the shear band have few dislocations compared to the material
outside of the shear band. We reformulate the recently developed Langer-Bouchbinder-Lookman (LBL) continuum
theory of polycrystalline plasticity and include the creation of grain boundaries. While the shear-banding instabil-
ity emerges because thermal heating is faster than heat dissipation, recrystallization is interpreted as an entropic
effect arising from the competition between dislocation creation and grain boundary formation. We show that our
theory closely matches recent results in sheared ultrafine-grained titanium. The theory thus provides a thermody-

namically consistent way to systematically describe the formation of shear bands and recrystallized grains therein.
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Experimental investigations of channel-section profiles subjected to compression after low-velocity impacts lead-
ing to global failure are presented. The columns under discussion were made of an eight-layer GFRP laminate
with quasi-isotropic, quasi-orthotropic and angle ply arrangements of layers. An influence of the impact position
and the layer arrangement on buckling and failure phenomena, post-buckling behaviour for impacted and non-
impacted columns was thoroughly examined and described. It was found that the local degradation introduced by
low-velocity impacts did not affect the global behaviour of the analysed structures to a considerable extent. More-
over, it was noted that the failure mechanism was initiated in the impact location in none of the cases analysed.
Additionally, it was stated that a number of fracture points did not have any significant impact on the capacity
reduction.

36



2019 Engineering Mechanics Institute and Geolnstitute Specialty Conference

Application of Plastic-Damage Model for Stress-Strain Modeling
of FRP-Confined Repaired Concrete Columns

Wednesday, 19th June - 09:30: Poster Display (Beckman Mall) - Poster - Abstract ID: 1252

Mr. Ibrahim Ajani TIJANI (City University of Hong Kong), Prof. Yu-Fei Wu (RMIT University, Melbourne, Australia), Prof. CW Lim
(City University of Hong Kong)

Existing studies have identified that Concrete Damaged Plasticity Model (CDPM) is capable of modeling the stress-
strain behavior of confined concrete. Nevertheless, the accuracy of the model largely depends on the parame-
ters of the model. Up to date, most research works mainly focus on the identification and modification of the
parameters for fiber reinforced polymer (FRP) confined concrete prior to damage. It has been established that the
FRP-strengthened concrete behaves differently to FRP-repaired concrete. This work presents a modified plastic
damage model within the context of concrete damaged plasticity model in ABAQUS for modeling of a uniformly
FRP-confined repaired concrete under monotonic loading. The distinct feature of damaged concrete is elastic stiff-
ness reduction; this is included in the model. The dilation model is expressed as a function of the lateral stiffness
of the FRP-jacket. The finite element predictions are shown to be in close agreement with the obtained test results
of the repaired concrete.
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This paper aims to investigate the application of Tire-Derived Aggregates (TDA) in lightweight concrete slabs con-
taining expanded clay (EC) aggregates, used in road pavements and bridge decks serving non-auto traffic, such as
bicycle routes. Application of EC and TDA as green, durable, and economically-efficient materials, enhances the
sustainability of transportation infrastructure. The TDA, which is obtained from recycles tires, replaces mineral
aggregates in concrete. Tires are made of very durable engineered materials in order to provide reliable, safe, and
predictable behavior while on the wheels of vehicles. Using these durable materials in combination with EC will
lessen the maintenance and rehabilitation needs of concrete products. Further, this application will divert waste
tires from landfills. The application of rubberized concrete panels cushions effectively the impact with the ground
in case of falls and therefore ensures a safe non-auto transportation system. In this paper, an experimental study
has been undertaken to first estimate mechanical properties of lightweight rubberized concrete using 0%, 80%, and
100% TDA replacements by the volume of the coarse EC aggregates. Next, a series of half-cyclic static and impact-
fatigue dynamic tests were performed, respectively on simply-supported beam specimens and slab assemblies, to
measure their modulus of rupture and durability when subjected to the applied loads. The results confirmed lower
flexural strength of the specimens containing TDA; however, they sustained large plastic deformations up to their
failure. Using this experimental data, a life-cycle cost analysis was carried to investigate long-term benefits of con-
structing green and durable infrastructure on transportation investments.
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This research presents our recent studies and advancements on the robustness-based design optimization of un-
derground structures in the face of uncertainty. Here the design robustness is achieved by carefully adjusting the
“easy-to-control” design parameters to make sure that the system response of the structure is insensitive to (or
robust against) the variation in the “hard-to-control” uncertain parameters. Design robustness measure is an es-
sential element in the success of the robustness-based optimization framework. This research will present various
robustness measures that can be used in robustness-based optimization including variation of the system response,
signal-to-noise ratio (SNR), feasibility robustness, gradient-based sensitivity index, and weighted sensitivity index.
These measures can indicate the robustness of the system performance against uncertainties, including soil and
material variability, load uncertainties, model uncertainties, and construction noises.

These robustness measures will be illustrated with examples for design optimization of underground structures
such as supporting systems for deep excavations and tunnels. In the design optimization, the robustness measure
will be integrated into a multi-objective optimization framework considering the safety, cost-efficiency and robust-
ness simultaneously. Such optimization often results in a set of “non-dominated” designs and the desire to enhance
the design robustness is often accompanied with the increase in the cost. A “knee point” concept will be used to
select the most preferred design based on the gain-sacrifice relationship between cost and robustness among the
non-dominated designs. The merit of various robustness measures will be examined through design examples and
recommendations regarding the choice of robustness measures will be made.
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Elastic crack propagation is modelled with minimal remeshing. First, a variational description of the cracked region
is established by the subregion generalized variational principle. It divides the whole region into two subregions,
a rectangular complementary energy subregion around the crack tip and a potential energy subregion for the rest.
Then the asymptotic stress field of the Williams’ solution, including the adequate high-order terms, is adopted for
the computation of the complementary energy and the standard bilinear finite elements are employed for the com-
putation of the potential energy. After applying the variational principle, the stress intensity factor (SIF) is extracted
directly from the coefficients of the stress field with high accuracy. Based on the crack propagation criteria, the crack
initiation condition and propagation direction are determined. Finally, once the crack starts propagation, a local
minimal remeshing is implemented to repeat the previous computations until the entire crack path is obtained.
This proposed approach is validated by modelling several benchmark problem:s.
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Hydraulic fracturing is a technique used to increase the permeability of rock formations, therefore allowing the
extraction of gas/oil entrapped within shale reservoirs as well as the harvest of heat in enhanced geothermal systems
(EGS). In these applications, the surface roughness of the hydraulic fractures is a parameter that plays a major role in
the efficiency of hydraulic fracturing operations, as it directly affects the fluid flow in the stimulated rock reservoirs.
In this study, the effect of three different triaxial states of stress on the surface roughness of hydraulically-induced
fractures produced in granite specimens with pressurized pre-fabricated flaws was investigated. These stress states
consist of vertical loads of 1MPa, 2MPa and 4MPa and constant lateral loads of 2 MPa. After being tested, the
specimens were scanned using a micro-computed tomography scanner to produce micro-CT images, from which
3-dimensional surfaces of the hydraulic fractures were obtained. Using these surfaces, the directional roughness
profiles (i.e., parallel to the pre-fabricated flaw and perpendicular to the pre-fabricated flaw) and their arithmetical
average roughness (Ra) and root mean square roughness (Rq) were calculated in the two directions.

The results show that the surface roughness varies depending on the direction considered and tends to decrease
from the point of fracture initiation to the edge of the specimens. It was also observed that the surface roughness
parallel to the pre-fabricated flaw varies inversely with the magnitude of the vertical load applied.
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Embedding elastic heterogeneities into matrix materials has been applied as an effective way to toughen engineer-
ing materials for a long time. From the point of view of fracture mechanics, the interaction between inclusions
and cracks brings in various effective toughening mechanisms, such as crack deflection, crack arrest, etc. A rule of
thumb in this field is that a softer/stiffer inclusion attracts/repels the crack during its propagation and trigger se-
quential toughening mechanisms. In this study, through integrated theoretical analysis and numerical simulations,
we demonstrate that, surprisingly this interaction trend could be tuned and even reversed by applying a constant
stress field parallel to the crack plane, i.e. the so-called T-stress field. Using the Eshelby’s equivalent inclusion
method, we have analyzed the effect of the T-stress on a heterogeneous inclusion in the vicinity of a crack. The
results suggest that T-stress can alter the crack tip driving force only via the presence of inclusion. And under a
relatively strong compressive T-stress, the crack can experience a driving force that deflects it away from/towards
a soft/hard inclusion in the vicinity. The theoretical predictions have been validated by FEM simulations. This study
can throwlight on understanding and tuning fracture process in particulate composites, especially those underlarge
compressive stress states, such as composite electrodes in lithium-ion batteries and gas/oil shales underground.
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Gelatin hydrogel has been used for medical applications for years, but it is rarely used for infrastructure purposes
due to its low mechanical stiffness and strength compared to synthetic polymer resins. In this study, a novel type
of lightweight composite that uses dehydrated and hardened gelatin as a scaffold to bind fine aggregates was de-
veloped. The feasibility of reinforcing the gel scaffold through MICP was studied in the presence of Synechococcus
sp. PCC 7002 (Syn7002), which can naturally precipitate calcite, or Escherichia coli bacteria, which was genetically
engineered by introducing genes from urease pathway. Specifically, tensile and shear bond tests were used to de-
termine the binding strength of the gel scaffold. Also, compression of cubes and three-point flexure of notched
beams were carried out to assess compressive strength and fracture energy of the gel-scaffolded composites. SEM,
EDX, and XRD were conducted to characterize the microstructure and failure mode of the composites. The results
indicate that the new composites achieved a compressive strength of 4 MPa and fracture energy of 300 N/m with a
light-weight density of 1800 kg/m>. On the micro-scale, tensile rupture of the gel scaffold controlled the failure of the
composites. These findings substantiate that MICP effectively toughened the gel and thus enhanced the mechanical
performance of the composites.
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Many architectural solutions and creative structures tend to use column systems as main loadbearing structural
system. In general, columns are structural members that transmit predominantly compressive loads. The column
length and slenderness considerably influence the load capacity and trigger different failure mechanisms at differ-
ent stress levels. Short columns mostly fail due to material failure when the imposed stresses exceed the material
strength (i.e. concrete). Unlike short beams, long and slender columns can fail at lower stress levels due to buckling,
as aresult of sudden lateral deformation. This contribution focuses on the non-linear analysis of slender reinforced
concrete (RC) columns. Several RC columns were cast for normal strength concrete and were axially loaded with
various load eccentricities until failure. The analysis is carried out using the Lattice-Discrete Particle Model (LDPM).
The model parameters are calibrated on material tests, as well as on data of column test of one size. The model val-
idation is performed on column data of different configurations with a very good prediction quality. This validated
model is used to investigate (a) the existence of a potential influence of casting direction and aggregate placement
(initial imperfections, wall effect), (b) the time-dependent capacity of slender columns due to concrete aging, and
(c) reductions in load capacity due to creep and shrinkage phenomena.
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Motivation. Traditionally, seismic waves are deployed for subsurface characterization thanks to their interaction
with buried heterogeneities and discontinuities. Existing seismic imaging solutions, however, rely mostly upon
significant assumptions on the nature of wave motion in the subsurface where multiphasic aspects are typically
ignored and data interpretation is based on propagation modes affiliated with an isotropic elastic solid.

Objective. In this talk, a holistic waveform tomography platform is developed that makes use of poroelastic sensory
data - consisting of not only seismic wave measurements but also pore pressure data, for active 3D reconstruction

of interfaces and fractures in multiphasic subterranean domains in unconventional reservoirs.

Methodology. The objective is accomplished through the recently developed paradigm of the Generalized Linear
Sampling Method (GLSM) applied to poro-elastodynamics. The direct scattering problem is formulated in the fre-
quency domain where the fracture surface is illuminated by a set of surface excitation and point sources in a poroe-
lastic background governed by the coupled Biot’s equations. Thus-induced scattered wavefield is captured in terms
of pore pressure and seismic wave field over a designated observation surface and will be used to formulated the
GLSM cost-functional whose minimizer can be computed without iterations. Such minimizing solutions are then
used to construct a robust fracture/interface indicator function, whose performance is illustrated through a set of
2D and 3D numerical experiments.
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Background of this research

The purpose of this study is to show an optical method to measure gravity wave profiles which are longer than the
capillary waves in experiment.

Methodology

When sunlight waves travel into the interface between water and air a part of the sunlight waves refracts at this
interface and the fringe pattern in brightness can be observed on the sandy bottom in coast. These fringe patterns
related to wave profiles are recorded at the observation board below the acrylic or transparent glass test channel
using an artificial light experimentally inside a laboratory. It is possible to calculate the wave profile by applying the
light energy balance and the refraction rule, Suzuki-Sumino method to this fringe pattern. It is useful to collaborate
an optical method using a plano-convex lens and a calibration method using a capacitance-type wave meter. As the
spherical waves illuminated from a single point light source are changed to parallel waves after passing through
this lens.

Results and discussion (Numerical simulation and experimental approach)

In order to investigate the results of the Fourier and Inverse Fourier transformations the fringe patterns expressed
as a sinusoidal function are supposed. The experiments are also performed. Furthermore it is introduced the correc-
tion technique to select the same value at the two ends of calculation range in applying the Fourier transformation,
spatial-frequency-process and the Inverse Fourier transformation.

Conclusions

This method is capable to measure the gravity water wave profiles accurately by calibrating the obtained data by
the capacitance-type wave meter.
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Gas hydrate-bearing sediments are known to exhibit stiffer, stronger and more dilatant behavior than the host sed-
iments. This is because the solid-phase gas hydrate happening in soil pores effectively densifies the host sediments,
leading to the increase in the interlocking. Upon hydrate dissociation, the solid-phase gas hydrate turned into gas
and water and, in terms of geomechanics, two key features occur. One is that the aforementioned mechanical char-
acteristics of gas hydrate-bearing sediments diminish and converge to the those of the host sediments. The other is
that the effective stresses carried by the solid hydrates are released, resulting in stress relaxation under constant
strain. Neglecting the stress relaxation term could therefore lead to an inaccurate deformation prediction. This
study demonstrates the importance of stress-relaxation term for subsidence through simulation of a cased well

heating.
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Methane gas extraction from deep wells installed in the hydrate formations in the deep water and permafrost re-
gions is a coupled thermo-hydro-chemo-mechanical (THCM) process. Many simulators have been developed to
optimize the hydrate production in recent years. To quantify geotechnical and production risks, a nonlinear THCM
model is implemented in the Partial Differential Equation (PDE) and Structural Mechanics modules of the COM-
SOL Multiphysics® finite element program. This paper describes the implementation method of a nonlinear fully
coupled THCM governing equations particularly, with a thermodynamic-based constitutive model, then simulates
the multiphysical responses of hydrate-bearing sediment during gas production. The performance of the code was
tested by comparing the calculation results with the test data and other simulation results. Many key findings from
the production trials and lab tests were modeled using this code.
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A new multi-functional triaxial testing system for hydrate bearing sediment is developed. The confining pressure
is designed to change automatically with the gas pressure so that the net confining pressure is unchanged when the
gas is consumed during the hydrate formation. CO, was used to form hydrate in artificial clayey sand, in which the
particle size distribution is similar to the sediment in Shenhu area, northern South China Sea. The hydrate bearing
samples are consolidated isotropically under the net confining pressure of 1, 2 and 4 MPa, and then triaxial tests are
conducted. The result of isotropic consolidation shows that the swelling index is independent of hydrate saturation
while the yield pressure is significantly influenced by hydrate saturation. The strength are obtained from the triaxial
tests, showing that the internal friction angle is independent of hydrate content while the cohesion increases as
hydrate saturation increase. Volume contraction and dilatancy, strain hardening and softening occur in the tests
and the mechanism is analyzed. The unified hardening (UH) model, a critical state constitutive model, is extended
to the hydrate bearing sediment. The modeled results agree well with the experimental results, showing that the
extended model captures the main mechanical behaviors of hydrate bearing sediment, such as volume contraction,
dilatancy, strain hardening and strain softening.
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Gas and water permeability through hydrate-bearing sediments essentially governs the economic feasibility of gas
production from gas hydrate deposits. Characterizing a reservoir’s permeability can be difficult because even col-
located permeability measurements can vary by 4-5 orders of magnitude, due partly to differences between how
various testing methods inherently measure permeability in different directions and at different scales. This study
reports the development of a flow anisotropy cell to investigate the permeability anisotropy (i.e., horizontal, ky,
to vertical, ky, permeability ratio) in hydrate-bearing sediments. Two cores recovered during India’s National Gas
Hydrate Program Expedition 02 (NGHP-02) are tested, and their permeability anisotropy at in-situ effective verti-
cal stress of 02 MPa is approximately ky/ky = 1.86 for the “seal core” (from a fine-grained non-reservoir overburden
sedimentary section) and ky/ky = 4.24 for the gas hydrate reservoir core with tetrahydrofuran hydrate saturation
Sh =0.8. Permeability anisotropy increases exponentially with vertical effective stress in an oedometer condition.
The results imply the measured permeability from permeameter tests with vertical flow may underestimate the
reservoir’s flow performance, which is mainly horizontal (radial) toward a vertical well.
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The non-synoptic wind events such as downbursts present violent impacts on the long-span bridges located in the
thunderstorm-prone areas. To investigate the full-scale, non-synoptic wind-induced long-span bridge response, an
efficient three-dimensional (3D) fluid-structural interaction (FSI) simulation approach is utilized in this study. To
this end, the bridge motions are solved by 3D computational structural dynamics (CSD), and the downburst wind
field, in which the entire structure is immersed, is generated using the finite volume method-based computational
fluid dynamics (CFD) and discretized into a series of two-dimensional (2D) slices. The 2D CFD slices are dynami-
cally coupled through the motion of the 3D structure. Compared to the available semi-empirical engineering mod-
els for wind field, the CFD-based scheme could capture the downburst unsteady features associated with massive
flow separations and reattachments. Compared to the fully-coupled 3D FSI simulation, the 2D CFD-3D CSD analysis
framework greatly reduces the computational cost while remains a high accuracy. The developed 2-D CFD-3D CSD
FSI analysis framework offers a usable, reliable methodology, which can simultaneously incorporate the oncoming-
wind nonstationarity, aerodynamic and aeroelastic nonlinearity, and structural nonlinearity in the simulation of
extreme wind effects on flexible structures at relatively high Reynolds numbers.
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Vulnerability of low-rise buildings to partial or complete structural failure in extreme-wind events provides motiva-
tion to researchers to investigate and continue to refine their knowledge of wind-induced loads on these buildings
in such events. One of the extreme-wind events is tornado that has a high probability of occurrence in the mid-
west and eastern parts of the United States. It is observed that low-rise building is the most commonly damaged
structure in tornadoes, and roof failure is the most common type of damage. In this paper, effect of roof geometry
of a low-rise building on tornado-induced wind loads is investigated to help improve the wind resistance of these
buildings. Three different roof types, gable, hip and flat, on a one-story building with a rectangular plan (aspect
ratio of 2) and a roof pitch of 35° for gable and hip roofs were selected and their scaled models were tested in a
simulated translating tornado-like vortex using the Iowa State University’s tornado simulator. The scaled building
models were also tested to see the influence of their relative locations with respect to the tornado’s path on the
wind loads by placing them at different locations relative to the centerline of the tornado’s path of translation. The
dynamic loads transferred to the typical building frames for each roof case were analyzed by calculating the shear,
axialload and bending moment at their joints for comparison. Finally, the most vulnerable building frame and roof
geometry for a low-rise building subject to tornado-like wind were identified.
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Scalar turbulence modeling in Reynolds-averaged-Navier-Stokes (RANS) simulations is relevant to a variety of prob-
lems in environmental engineering, from heat transfer in cooling systems of buildings to urban pollutant dispersion.
However, most practical models for scalar fluxes are known to fail in complex flows, and thus methods for quanti-
fying model uncertainties are necessary. This paper proposes a physics-based uncertainty quantification approach
for scalar flux models to provide interval predictions of scalar-relevant quantities of interest. The starting point for
the approach is that the model for the pressure scrambling term in the scalar flux transport equation introduces
considerable uncertainty. Generally, two hypotheses, ‘return to isotropy’ (RI) and ‘isotropization of production’ (IP),
are used to define the orientation of the rapid and slow components of this term. We assume that the resulting ori-
entation tends to be in the region bounded by RI and IP. Analysis of a simple shear flow with a transversal scalar
gradient shows that perturbing the direction of the pressure scrambling term towards the RI (or IP) limit results in
a monotonic decrease (or increase) of the transversal component of scalar flux, which indicates that this approach
could provide interval predictions for scalar-relevant quantities of interest. Application to RANS simulations of
forced heat convection in a pin-fin array heat exchanger confirm promising capabilities to bound both the overall

and local heat transfer rates.
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Turbulent flows are substantially affected by the presence of walls through the no-slip boundary condition as well
as in other non-trivial factors. Very near to the wall, the tangential velocity fluctuations are moderated by viscous
damping, while normal fluctuations are reduced by kinematic blocking. On the other hand, the production of tur-
bulence kinetic energy rapidly generates turbulence due to the high-velocity gradients. The fidelity of numerical
solutions is dependent on near wall modelling strategies. Thus, the accurate calculation of the turbulent flow in
the near-wall region ensures high-fidelity predictions of wall-bounded turbulent flows. For a wall-bounded flow,
a significant number of computational cells are clustered to the wall to resolve the boundary layers. Reynolds-
averaged Navier-Stokes (RANS) turbulence models often require the first cell adjacent to the wall to be placed in
the viscous sublayer. As a result, numerical stability is constrained by the smallest cell size and hence requires
high computational overhead. For RANS turbulence modelling, wall function is proposed to alleviate the stringent
requirement. The first cell can be placed in the inertial sublayer, and the number of cells in a mesh can be reduced
accordingly. With a wall function, the overall computational efficiency and convergence-rate can be improved.
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Internal erosion is one of the most common failure modes of embankment dams or foundations. Soils within em-
bankment dams or foundations are usually under different confining pressure, which has a significant effect on
the critical hydraulic gradient and the evolution of internal erosion. In the present study, the coupled discrete ele-
ment method (DEM) and computational fluid dynamics (CFD) simulations are used here to examine the influences
of confining pressure (p’), fines content (F.) and hydraulic gradient (i) on the internal erosion of gap graded sand
samples. The simulated results, including the eroded particles mass and samples deformation, are presented and
investigated from a micromechanical point of view. It is found that when the fines overfill the voids between coarse
particles and play an important role in load-bearing skeleton, the erosion of fines under high hydraulic gradient will
result in the collapse of original force transmission structure. During this process, the release of higher strain en-
ergy within strong networks due to force chain buckling under higher confining pressure accelerates the particles
movement and finally intensifies the internal erosion. While for the case that the fines underfill the voids between
coarse particles or the hydraulic gradient is relatively low, the erosion of fines has a negligible effect on the stability
of original force transmission structure. Under these conditions, the higher confining pressure is an obstacle to the
occurrence of internal erosion due to the stronger interparticle contact bonds.
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Unsteady flow of a cement slurry

Chengcheng Tao, Eilis Rosenbaum, Barbara Kutchko and Mehrdad Massoudi’
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10940, Pittsburgh, PA 15236, USA, Chengcheng.Tao@netl.doe.gov

In this presentation, we consider the unsteady flow of a cement slurry inside a vertical wellbore. We assume that
cement behaves as a non-linear fluid, where the constitutive relation is based on a generalized form of the second
grade fluid, where the shear viscosity depends on the volume fraction of cement particles. We also use a convection-
diffusion equation to model the flux vector for the concentration of the cement particles. The time dependent partial
differential equations and the boundary conditions are made dimensionless and solved numerically with PDE solver
in MATLAB. A parametric study is performed to present the effects of the various dimensionless numbers.
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Particulate biomass handling problems have been identified as a major contributor to the low production of re-
newable energy in the US, which achieved only 5% of nameplate capacity in 2017. In this study, we address the
challenging issue of plugging, jamming and rat-holing in hopper flow commonly encountered during operation for
forest pine residuals. Fundamentally, this issue is caused by over simplifying the mechanical behavior of biomass
particles, which exhibit confinement pressure and density-dependent elasticity, plastic hardening/softening behav-
iors at the bulk level. To account for these phenomena, we enhance the Drucker-Prager/Cap model: (1) by changing
modulus linearly dependent on confining pressure; (2) by modifying the hardening/softening law of yield/cap sur-
faces based on critical state particle mechanics; and (3) by proposing a cut-off plastic potential to limit over dilation
at low confining pressure. We calibrate the model against the Schulze ring shear test, the customized large Peschl
shear test, and the cyclic consolidation tests with increasing consolidation pressure. After the proposed model is
implemented into Abaqus subroutine using return mapping algorithm, we perform Arbitrary-Lagrangian-Eulerian
FEM analysis of a modified Johanson shear test to validate the model. Simulation results of the global reaction force
— displacement curve is further compared against physical test data to investigate the influence of history consoli-
dation. In addition, we verify the predicted shear band by comparing with experiment results obtained from X-ray.
Lastly, we perform sensitivity analysis of a hopper flow with proposed model to optimize hopper design.
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The nature of yielding and stiffness degradation of granular is complexand depends upon many factors. Discrete
element modelling (DEM) oftrue-triaxial tests were performed to assess the dependency of yield loci andstiffness
curve on interparticle friction. The samples considered comprised ofnormally consolidated random monodisperse
samples for isolation of inertiaeffects on dynamic response. The simulations were carried out at threedifferent
mean stress levels; at each stress, level samples were sheared alongthe stress path where lateral stresses are main-
tained and only vertical stresscomponents were increased. DEM data obtained confirmed that the extent to whichs-
hear stiffness degrades with the shear strain largely depends on interparticlefriction values and that macro-yielding
points are likely to be dragged withincreasing the interparticle friction. In conjunction with triaxial compression-
tests, a series of triaxial extension tests were conducted to provide data foran investigation into discrepancies of
stiffness curve and yielding pointshetween two types of conventional triaxial tests. Data obtained reveal that thegap
between the stiffness curve tends to expand with reducing the interparticlefriction.
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Modelling the anisotropic mechanical behavior of Lower Cromer Till by a modified bounding surface plas-
ticity model

Jianjun Ma* Linchong Huang, Yu Liang

School of Civil Engineering, Sun Yat-Sen University, Guangzhou, 51006 China. (*Corresponding to Jianjun Ma, Email:
majianjun@mail.sysu.edu.cn)

ABSTRACT:For the mechanical modelling of the anisotropic characteristics induced by triaxial loading, a modified
bounding surface plasticity model is presented. This anisotropic model, based on a macroscopic approach, takes the
inclination of yield surface into account, so as to describe the evolution of yield surface drift. The plastic hardening
equation has been expressed as a function of both plastic volumetric strain, shape hardening and stress state, with
yield surface distortion being accounted while formulating the anisotropy evolution criteria. Model validation has
been demonstrated through comparing simulation results with experimental tests on Lower Cromer Till reported
in the literature. Good agreement has been achieved for all cases considered.
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Shear stiffness is a critical parameter in predicting deformations in quasi-static and dynamic loading. Further,
the G value used in elastoplastic models is not the same as Gmax, rather it is an average stiffness over a strain/stress
range involving fractional plastic deformations in some sense. These stiffness values also depend on initial void ra-
tio, effective confining pressure, stress history etc. Connection between G of elasto-plastic model and Gmax is yet to be
fully understood, which is required to appropriately model experimentally observed hysteresis during unloading-
reloading in oedometer test. While this bigger research question is being explored, the behaviour of Gmax has been
first studied experimentally for its stress-state dependency. Unlike previous investigations on dry sand specimens
and drained-triaxial shearing, Gnax here is estimated along undrained stress pathsusing bender elements. Effect of
stress state on Gmax for isotropically and anisotropically consolidated sand specimens is explored during undrained
shearing by matching the initial mean-effective pressure. Estimated Gmax values considering wave dispersion ef-
fects in a fully saturated sand is found to exhibit stress path dependency and it is a function of both mean-effective
stress (I;) and deviatoric stress (J2). Undrained shearing stress paths has been chosen deliberately so as to decouple
the effects of void ratio and stress state on Gnax values during the carefully performed triaxial tests. The experimen-
tal findings are in good agreement with those predicted from a nonlinear isotropic model which is in accordance
with the conservation of energy principle and is a function of both I; and J>.

60



2019 Engineering Mechanics Institute and Geolnstitute Specialty Conference

Phase Field Modeling of Shale Fracture Properties from Scratch
Test

Wednesday, 19th June - 09:30: Poster Display (Beckman Mall) - Poster - Abstract ID: 166

Mr. Atul Vaibhav (Texas A&M University), Dr. Sara Abedi (Texas A&M University), Dr. Arash Noshadravan (Texas A&M University)

Scratch Test is one of the oldest concepts for characterizing mechanical properties of a material. The inference of
the relationship between scratch force and material property is still a contemporary topic in applied mechanics. De-
spite the seeming simplicity of the procedure, a fundamental understanding of the underlying mechanism remains
indistinct. The complexity lies with the prediction of mechanism that drives the scratch resistance, i.e. the chipping
of material. The objective of this research is to revisit the characterization of fracture properties of shale materials
from scratch test measurements. This problem of considering scratching as a fracture process has been approached
through experiments and theories but there is a gap when it comes to associate the experimental results with a
computational approach which is analogous to the actual mechanism. We propose that this phenomenon can be
described in a diffuse sense with a phase field approach utilizing a prescribed length scale parameter which takes
the chipping off length into account. Through the analysis of several numerical examples reinforced with the ex-
perimental data we validate a computational model which can be used to predict the essential failure mechanism.
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Any successful planet exploration such as Moon or Mars exploration is essentially geotechnical exploration which
is important for any construction and building structures on either the Mars or Moon. One of the immediate and
critical task is efficiently and properly characterizing the moon or Martian surface materials properties such as the
Mars surface regolith elastic and plastic strength parameters under rover’s own wheels’ loading pressure.

Drilling below Mars surface and seismic wave reconnaissance could provide further more insightful information
of Mars structures. Martian surface deformation profiles under Rover’s wheels own loading pressure could conve-
niently provide invaluable information. The camera and video images taken are invaluable but not enough. Equally
important and invaluable are the recorded analysis of the Mars surface profiling before being run over by the rover
and after the rover run across the land. Deformation profile recorded and collected could provide some fast and
appropriate estimation of the Mars soil strength parameters based on a strip loading test method developed. Mea-
surement and recording the Martian surface materials deformation profiles under the rover’s wheels own loading
pressure is important. Though they are only surface materials, properly study and documenting different area’s
surface regolith strength parameters will be critical for future mankind’s construction and building of survival and
living structures on Mars.
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Slipping of circular wheels at high rotation rates on granular media like sand is a commonly experienced phe-
nomenon. At the same time, granular materials themselves are known to be rate-insensitive for a fairly large range
of strain rates. Recent developments in the Resistive Force Theory (RFT) for granular intrusion have resulted in an
empirical methodology that gives quick predictions of various dynamic parameters related to the motion of locomo-
tors in granular media. While the RFT methodology has been proven to be promising in the quasi-steady scenarios,
it fails to model high-velocity motion like capturing the slipping of wheels at high rotations rates. Hence, identi-
fying the fundamental phenomena responsible for the slipping of wheels at high-rotational rates and the reason
for the failure of static-RFT in capturing the phenomenon remains an unsolved question. Thus, a combination of
conventional control volume approach along with a plasticity-based continuum modeling verified against experi-
mental findings for a Grousered wheel locomotion are performed for a wide range of rotation rates. A momentum
conservation-based argument is found to explain the fundamental reason behind slipping of wheels. Based on three
analysis approaches, a rate dependent correction in existing static-RFT is also proposed which makes RFT capable of
modeling high-speed granular motion. Verification of this form against the high-speed grousered wheel locomotion
experiments is also done.
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Many materials appear in nature in granular form as large collections of 3D geometries. These systems remain
difficult to model and simulate due to their complex frictional contact interactions and large particle counts. To the
best of our knowledge, the largest granular dynamics simulation of practical relevance to date contained 2.4 billion
bodies. It was run on 16,384 CPUs (131,072 cores) of Japan’s K-computer, the 2012 fastest supercomputer in the
world and now the 18th in the ranking of the world’s supercomputers. This presentation describes an ongoing effort
to provide an affordable and efficient alternative for simulating granular dynamics that leverages the computing
power of Graphics Processing Units (GPUs), which are relatively cheap and have remarkable memory bandwidth
and compute performance.

In this study, we outline the implementation for a granular dynamics solver designed for the GPU. In particular,
we discuss how to efficiently map a penalty-based DEM solver for monodisperse spheres onto the GPU architecture
and the assumptions and constraints required to do so. This code, called Chrono::Granular, is being developed as a
standalone library that can interface with other dynamics libraries via mesh-based co-simulation. A scaling analysis
ofthe code is presented which demonstrates linear scaling for multi-billion degree of freedom problems. We discuss
implications and applications for the solver and potential improvements. Finally, we employ Chrono::Granular
in a study of hourglass/hopper discharge rates and their sensitivity to material parameters such as particle size,
cohesion, and friction.
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Research examining how machines and animals interact with soils has been performed using a wide variety of
laboratory tests. To perform these tests in granular materials, efficiently and repeatably reconstituting the bed to
a controlled density is essential. Conventionally, the reconstitution is realized by tamping, vibration, or pluviation
despite the drawbacks of potential particle crushing, the narrow range of achievable densities, and low efficiency,
respectively. To overcome these limitations, Goldman and co-workers used air-fluidization to prepare dry granular
beds, typically composed of ~1 mm poppy seeds. In this study, we apply and assess this method for reconstituting
sand beds. First, the structure and design of the device are illustrated. Next, we explore three protocols to achieve
a desired density: defluidization only, defluidization followed by vibration, and defluidization concurrent with
vibration. By quantifying the post-fluidization density of the bed as a whole and locally, we find that the volume-
based relative densities range from 10.4% to 91.7%. Local sand density, measured with a cone penetrometer, is
nearly uniform across the bed as demonstrated by coefficients of variation under 13% for the relative density in all
cases except for some beds prepared by defluidization only. The variation oflocal density and penetration resistance
measured across the bed is comparable to results from the widely used pluviation method, suggesting that sand beds
reconstituted using air-fluidization are suitable for laboratory tests of soil-machine interaction (SMI).
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The effects of nano-particle size on the “macroscopic” mechanical response and the interfacial interaction in the
case of model nano-reinforced polymers were investigated by means of molecular dynamics simulations. Different
ensembles, based on homogeneous polymer matrices, amorphous silica particles of varying sizes and their binary
mixtures were prepared. Binary mixtures were made with two silica nano-particle sizes, namely 3 and 4 nm, embed-
ded in poly(methyl methacrylate) or PMMA polymeric matrix. For both particle sizes, the silica volume fraction was
kept constant. At a macroscopic level the mechanical response of nano-composites was evaluated through tensile
tests. Interfacial interaction between the NPs and the PMMA matrix was qualitatively evaluated through thermo-
dynamic analysis of nano-composite systems on static and stretched conditions. Entropy (S), free-energy (G), and
internal energy (E) were derived from relatively short molecular dynamics trajectories, using the two-phase ther-
modynamic method (2-PT). The effect of nano-particles size on the macroscopic response along with the interfacial
interaction between nano-particle and the surrounding matrix will be discussed.
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In this talk, we provide a tabletop-scale realization of a tunable metamaterial platform to control surface acoustic
waves (SAWs). Our platform comprises an array of ferromagnetic beads in contact with thin permanent magnets,
and positioned at the free surface of an elastic substrate. An additional set of “modulating” magnets, placed at a con-
trolled and variable distance from the beads, can alter the bead-contact force via magnetic interactions and, in turn,
can tune the contact stiffness and natural frequencies of the bead-resonators. First, we exploit the bead contact res-
onances to open large frequency bandgaps via SAW-resonance hybridization; we implement our tuning paradigm
via a second array of permanent modulating magnets, and shift the bandgaps’ frequency ranges. The tuned disper-
sive properties of hybridized SAWSs are predicted via numerical models and experimentally reconstructed via Laser
Doppler Vibrometer measurements. Then, we discuss the use of electromagnets to modulate the contact stiffness
in a time-varying fashion, with the goal of achieving non-reciprocal surface wave propagation.
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Architected materials are structured materials with high tunability of properties due to the geometry and the as-
sembly of unit cells. Such a unique function has been showcased in a wide range of length scales. Most studies to
date commonly started with a periodic pattern, yet the aperiodic patterns varied from a baseline pattern can bring
infinite possibilities for achieving highly tailorability in failure mode. As the design domain of geometric pattern
expands, it becomes impossible for the conventional intuition-based methodologies to attain feasible patterns of de-
sired properties across the entire domain. Thus, the aim of this proof-of-concept study is to demonstrate a two-way
machine learning based computational framework with the capability of accelerated material characterization or
pattern generation. The proposed framework started with selecting a relatively small number of representative pat-
terns based on the geometric constraints obtained from clustering results of parameters of interest in the response
domain. The validity of the geometric constraints was also verified by uniaxial compression tests of 3D-printed
specimens. Then the selected patterns and their responses were used as the training data for machine learning
models. Depending on how the data were used, trained models can easily either predict the response of any given
pattern within the design domain or provide feasible patterns for targeted response properties. The accuracy of
the predictions was verified by simulations. Results showed that our framework can boost the design efficiency of
architected materials at unit cell level, and open new avenues for the programmability of function at system level.
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We propose an approach for real-time manipulation of low-frequency phononic band gaps in a metamaterial without
affecting the material geometry, microarchitecture, or the crystal structure of the base material. Metamaterials with
tunable band gaps are realized by introducing periodically arranged negative stiffness inclusions, the modulus of which
can be varied in time in order to modify the metamaterial macroscopic stiffness in certain directions, without bringing
the material to the point of elastic instability or inducing extreme geometric change. The evolution of band gaps is
investigated numerically, and the proposed concept is verified experimentally in a lattice prototype with magnetic
elements functioning as negative stiffness units. Design guidelines for achieving real-time tunable phononic band gap

are also presented.
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Powders are typical feeding materials for Selective Laser Sintering/melting (SLS/SLM). Powders of ceramics, poly-
mers and metals are widely used in above Additive Manufacturing process. At present, due to the lack of under-
standing the powder rheology, particle sophericity and distribution of particle radium were used to qualify the
powder. That results in few kinds of commercial expensive powders are permitted for SLS/SLM. In this study, 6
kinds of powders, including 316L, Nylon 6A, Nylon 6B, coated sand, gypsum and marble, were employed to take
rheology test. The physical properties and flow characteristics of 6 kinds of powders were measured and character-
ized, and the model of material attribute library was established. The similarity between 6 powder materials was
established by using the result of principal component analysis (PCA). PCA results clarify above 6 kinds of powder
very well. The results show that powder rheology may be a useful method to evaluate the powder materials suitable
for SLS/SLM.
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This work aims to investigate the effect of incorporating Styrene Butadiene Rubber (SBR) latex on the viscoelastic
behavior of synthetic calcium silicate hydrate (C-S-H). Synthetic C-S-H incorporating SBR tends to improved
mechanical properties such as ultimate flexural strength, strain at failure, permeability and toughness. On the
other hand, the addition of SBR latex during C-S-H synthesis might adversely result in increased viscoelasticity
of the polymer modified C-S-H. Synthetic C-S-H/SBR composites were produced by mixing calcinated calcium
carbonate (CaCO3) with silica fume (SiO2), deionized water, and styrene-butadiene rubber (SBR) latex. The
slurry was mixed and vacuumed to extract the excess water before drying it to 11% relative humidity. The
resulting C-S-H/SBR powdered composites were compacted at high pressure to obtain a density range similar to
that observed in cement hydration products prior to testing. To characterize the viscoelastic behaviour of SBR
modified C-S-H, creep tests were carried out on synthetic C-S-H/SBR composites with various SBR contents using
dynamic mechanical analysis (DMA). Creep compliance for various C-S-H/SBR compositions are determined and
compared. Furthermore, analytical models were employed to provide further understanding for the effect of in-
corporating SBR latex on the viscoelastic behavior of C-S-H. Experimental observations and analytical modeling are
integrated to explain the mechanism by which SBR alter the viscoelastic behaviour of the synthetic C-S-H composite.

Keywords: C-S-H, SBR, Creep, DMA, Viscoelastic Properties
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The mix design of asphalt concrete is a critical step towards high-quality pavements. Historically, mix designs have
been developed using experimental procedures and empirical experiences. The mix designs are typically owned
by different researchers, companies and stakeholders and are not shared widely. This presentation will focus on
developing methods using artificial intelligences to collect and analyze the published data of mix designs and per-
formances for improving mix designs.

72



2019 Engineering Mechanics Institute and Geolnstitute Specialty Conference

Mitigating Site Effects Amplification Using Seismic
Metamaterials

Wednesday, 19th June - 09:30: Poster Display (Beckman Mall) - Poster - Abstract ID: 520

Dr. Antonio Palermo (California Institute of Technology), Prof. Chiara Daraio (California Institute of Technology), Prof. Domniki

Asimaki (California Institute of Technology)

The study of the effects of local site conditions, namely site effects, on the propagation of seismic waves is of crucial
importance for the correct design of earthquake isolation systems. Available studies on seismic metamaterials, i.e.,
underground resonant barriers and/or foundations designed to mitigate the propagation of seismic waves, have
not yet considered these effects, leaving open questions about the feasibility, practical implementation and range
of applicability of these isolation devices.

In this talk, we discuss the isolation performance of seismic metamaterials accounting for local site conditions, i.e.
complex soil profiles, and realistic earthquake ground motions. We perform 1D site response analysis and evaluate
the amplification of the ground motion at the soil surface for a representative seismic motion at the bedrock, soil
profile, and seismic barrier design. In detail, we consider a set of synthetic soil profiles generated using a sediment
velocity model (SVM) conditioned on VSs, and model the presence of the resonant barrier using an equivalent
resonant layer, with frequency dependent dynamic properties. We utilize random vibration theory and equivalent
linear analysis to investigate a large parameter space of barrier configurations and soil profiles. We optimize the
barrier for specific design constraints (overall barrier dimensions, mass, material damping) and provide realistic
estimates of reduced response spectra at given sites.
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Hurricanes cause every year significant economic and life losses in the US and worldwide. The annual hurricane-
induced losses are rapidly increasing because both vulnerability and hazard are increasing. The hurricane hazard
increase is mostly caused by climate change. A previous study by the authors developed a simulation model to
predict the changes in wind speed probability distribution as a function of the increase in average sea surface
temperature. This model used the scenarios proposed in the 5™ Assessment Report (AR5) by the Intergovernmental
Panel on Climate Change (IPCC) to project possible changes in wind speed distribution along the US Gulf Coast region.
This work investigates the effects of climate change-induced hurricane hazard on the reliability of a benchmark steel
portal frame designed according to ASCE 7-93 Standard and AISC 2001 specifications, for which failure wind speeds
are available in the literature. Assuming Miami, FL, as the building site, and using the IPCC AR5 projection scenarios,
the statistical characteristics of the wind hazard are developed using the simulation model for hurricane wind speed.
The probability of failure of the benchmark portal frame is estimated via Monte Carlo simulation (MCS) for current
wind speed conditions (i.e., compatible with ASCE 7-16 Standard) and with four different climate change scenarios
relative to the year 2060. The building’s annual failure probabilities for different 2060 projection scenarios are
approximately 10 to 30 times higher than that for current wind conditions, suggesting that steel buildings designed
according to current standards may be under-designed for future wind conditions.
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The wind design of tall buildings is moving towards performance-based

methodology, where whether a specific building satisfies the performance requirements is statistically assessed. In
the current performance-based wind engineering, the intensity measure, which quantifies the wind hazard level, is
typically described by the maximum wind speed. The utilization of the scalar intensity measure implicitly assumes
that other wind field characteristics (e.g., the vertical profile, spatial correlation, degree of nonstationarity, and
storm duration) are identically determined by the maximum wind speed for various wind hazards. This simplifi-
cation of the wind field characteristics may lead to inaccurate response estimation of tall buildings. In this study, a
vector-valued intensity measure where the spatial and temporal characteristics of the wind hazard for a specific
site are taken into account, is proposed to improve the performance estimation. A comparison between structural
response estimations of a tall building under the conventional scalar intensity measure and the proposed vector in-
tensity measure is conducted. The proposed vector-valued intensity measure is systematically investigated in terms
of simulation efficiency and accuracy in the performance-based wind engineering.
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As the recent impacts of hurricanes revealed, extreme winds and flooding can always be devastating for coastal
communities. Considering that average annual temperatures and sea level will continue to rise, the frequency of
occurrence of such disasters may not cease to increase. Therefore, research on wind and wave action, as well as on
efficient and sustainable shoreline protection systems is critical. Wind and wave actions are common loads in the
design of coastal structures, yet they are often described by independent load models with their combination dic-
tated by combination factors. However, there is a clear interaction between wind and waves during hurricanes and
storms in general. Therefore, in this study, the combined wind/wave load on coastal structures is experimentally
defined through physical testing at the SUrge STructure Atmosphere INteraction (SUSTAIN) Facility at the University
of Miami. SUSTAIN can generate directionally varying waves using a 12-paddle system combined with direct wind
forces simulating hurricane conditions up to Category 5 hurricane on the Saffir-Simpson scale. A better understand-
ing of the loads can lead to more efficient and sustainable protective structures. However, in the absence of design
guidelines for protective structures at the intersection between engineering and ecology, the structural morphogen-
esis (form finding as well as the relations between form, forces, material and living organisms) for the paradigms
of a seawall and an artificial coral reef are also investigated experimentally aiming towards the development of a
whole new realm of shoreline protection structures with increased efficiency and enhanced biocompatibility fea-
tures.
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With the recent advent of performance-based earthquake engineering (PBEE) in seismic design practice of buildings
serving as impetus for this work, initial steps towards a fully probabilistic performance-based seismic design (PBSD)
method for bridges, a less trodden area in terms of PBEE applications, are taken herein by assembling an improved
probabilistic seismic performance assessment framework for Ordinary Standard Bridges (OSBs) in California. This
framework is rooted on the PEER PBEE assessment methodology. Improvements from the state-of-the-art literature
on the PEER PBEE methodology are incorporated, including: (1) introduction of an improved intensity measure,
i.e.,, average spectral acceleration over a period range, (2) conditional mean spectrum-based hazard-consistent and
site-specific ground motion selection, (3) introduction of material strainbased engineering demand parameters,
(4) use of practical damage limit-states pertinent to seismic damage evaluation of bridges, and (5) development of
strain-based normalized fragility functions for the considered limitstates. The improved framework is applied for
the damage hazard assessment of four testbed OSBs. Assessments of parametrically redesigned versions of these
0SBs are then conducted to investigate the effect of the primary structural design parameters on the performance
measures, thus laying the groundwork for solving the PBSD problem, i.e., an inverse assessment problem. Finally,
a comparative study is conducted between closed-form solutions to the risk of limit-state exceedance available in
the literature and the numerical results obtained using the probabilistic performance assessment framework as-
sembled here. This is done to assess the potential viability of LRFD-like design formats (based on such closed-form
solutions) for the sought PBSD method.
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With the recent advent of performance-based earthquake engineering (PBEE) in seismic design practice of buildings
serving as impetus for this work, initial steps towards a fully probabilistic performance-based seismic design (PBSD)
method for bridges, a less trodden area in terms of PBEE applications, are taken herein by assembling an improved
probabilistic seismic performance assessment framework for Ordinary Standard Bridges (OSBs) in California. This
framework is rooted on the PEER PBEE assessment methodology. Improvements from the state-of-the-art literature
on the PEER PBEE methodology are incorporated, including: (1) introduction of an improved intensity measure,
i.e.,, average spectral acceleration over a period range, (2) conditional mean spectrum-based hazard-consistent and
site-specific ground motion selection, (3) introduction of material strain-based engineering demand parameters,
(4) use of practical damage limit-states pertinent to seismic damage evaluation of bridges, and (5) development of
strain-based normalized fragility functions for the considered limit-states. The improved framework is applied for
the damage hazard assessment of four testbed OSBs. Assessments of parametrically redesigned versions of these
0SBs are then conducted to investigate the effect of the primary structural design parameters on the performance
measures, thus laying the groundwork for solving the PBSD problem, i.e., an inverse assessment problem. Finally,
a comparative study is conducted between closed-form solutions to the risk of limit-state exceedance available in
the literature and the numerical results obtained using the probabilistic performance assessment framework as-
sembled here. This is done to assess the potential viability of LRFD-like design formats (based on such closed-form
solutions) for the sought PBSD method.
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The sloped rolling-type isolation bearings feature the constant transmitted horizontal acceleration performance
(or zero post-elastic stiffness) owing to the fixed-angle sloped rolling surface design. In engineering practice, the
constant acceleration level can be simply designed and predicted by the equation of motion. Nevertheless, for
the bearings that possess zero post-elastic stiffness, the equivalent lateral force procedure might not be adequate
for predicting their maximum horizontal displacement responses under a given seismic demand. To address this
problem, several parameters for bearing designs and seismic demands are numerically and statistically studied to
discuss the effect on the displacement responses. Such parameters include the sloping angles and friction damping
forces for bearing designs, as well as the corner periods and effective peak accelerations (EPA) for characterizing
the seismic design response spectra. Therefore, considering a small number to many coefficients, several statistics-
based empirical formulas which can approximate the maximum horizontal displacement responses are proposed.
Not only the accuracy but the conservative property of the proposed empirical formulas is discussed by comparing
their predictions with the nonlinear response history analysis results. To efficiently determine the horizontal dis-
placement capacity of sloped rolling-type seismic isolators during the preliminary design stage, the statistics-based
empirical formula considering a reasonable number of coefficients is recommended.
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Various inerter-based vibration absorbers have been recently proposed and developed. These inerter-based vibra-
tion absorbers typically consist of spring, damper, and inerter elements in different combinations and configura-
tions. The inerter, which is the key shared feature in these configurations, is a mechanical device which converts
relative translational motion to rotation and is capable of producing large effective inertia mass with only a small
amount of physical mass. Inerter-based vibration absorbers have shown effectiveness at reducing the dynamic re-
sponse of structures and vehicles subjected to a range of different excitations; however, the use of these systems
to mitigate shock-type loads with very short time-scales has not received much attention. This work investigates
response mitigation with inerter-based vibration absorbers placed as part of the interface between a shock loading
and the primary system. The optimum design and performance evaluation with different configurations of inerter-
based vibration absorbers is performed. The results of this study demonstrate that significant shock response
mitigation performance can be realized with inerter-based vibration absorbers.
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Passive floor-mounted isolation systems are used to mitigate seismic damage to sensitive building contents and
equipment. Traditionally, the isolated object and the primary structure (PS) are analyzed independently. Dynamic
coupling can be assumed negligible when: a) the massratio of the equipment to the PS is small and b) the isolator and
PS frequencies are not close (detuned). This assumption is based on and limited to linear response regimes. Dynamic
coupling may be non-negligible when nonlinearities are present. This study investigates the influence of dynamic
coupling between the PS and the isolated object in the presence of a smooth nonlinearity (cubic hardening). A
nonlinear reduced order model of the combined isolator-PS system is developed by coupling the nonlinear isolation
system to a condensed model of the PS. Using harmonic balance, the steady-state responses of the coupled system
(displacements of the PS and total accelerations of the isolated object) are obtained under harmonic base excitations.
The effects of varying the strength of nonlinearity in the isolation system, the excitation intensity, and the mass and
frequency ratios (isolator-to-PS) are assessed and compared with the equivalent uncoupled (linear) system. Results
of this study shed light on understanding the valid range that the decoupled approach can be reliably applied.
Moreover, it is shown that the isolation system can be tuned in such a way to mitigate seismic responses of the
supporting PS under strong shaking in addition to protecting the isolated equipment at low to moderate shaking.
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The present work proposes the use in concrete bridges of ductile precast end-diaphragms made with the so-called
hybrid system (unbonded post-tension in combination with mild steel reinforcement), that act as a fuse, or passive
structural control, in the transverse direction by having a yield resistance less than the substructure resistance. The
project includes the proposal of a simplified seismic analysis and the cyclic test of a full-size 0,6 m end bridge length
in laboratory. This solution could be implemented in new bridges as a part of Accelerated Bridge Construction
(ABC) solutions, or in the case where it is necessary to develop feasible solutions in order to seismically retrofit
concrete bridges when they get old or damaged. The hysteretic results of the test showed an adequate energy
dissipation performance; however, the envelopes obtained in both load directions evidenced a marked difference:
the negative enveloped showed a more noticeable ductile behavior and close enough to the predicted monotonic
curve. The maximum ductility value achieved was 2,80 taking into the account that the test was finished without
achieving the failure of the specimen. The damage showed by the precast diaphragm beams was negligible, and
the concrete deterioration was concentrated in the corners of the connections. Even if the bridge girders showed
cracking both due to shear and flexure, the residual crack width was in average 0,10 mm. Despite the proposed
system showed some issues that have to be revised, it has the potential to show an outstanding performance under
lateral seismic load.
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While the prediction of hurricane-induced surge has matured, modeling the resulting sediment motion during these
events has not kept pace. The focus of these predictions has generally been on the water level since they can be more
easily validated. However, sedimentation is relatively unstudied, and it is not necessarily clear how larger-scale
velocities from many hydrodynamic adequately represent the small-scale near bottom velocities from both waves
and hurricane-induced currents.

We will present investigations into the use of a coupled modeling system (Delft3D) to simulate hurricane induced
surge over Galveston Bay in Texas during a hurricane event. Sediment transport during these events will be investi-
gated both with the 1) larger scale Delft3D model; 2) a Delft3D implementation at higher resolution nested inside the
larger scale Delft3D; and 3) a model capable of representing the phase-resolved waves and surge forced by Delft3D.
Each of these implementations will be examined to determine how well the driving forces behind sediment trans-

port are represented.
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Offshore floating structures such as floating wind turbines and long-span bridges with floating towers have re-
cently drawn great attention of the engineering community. Due to their sensitivity to the winds and waves under
hurricanes, accurate and efficient simulation tools for hurricane-associated winds and waves are needed for im-
proved understanding of the complex dynamics of the fully-coupled wind-wave-structure interaction system. Con-
ventional simulation schemes usually generates winds and waves separately, and hence cannot capture the intense
wind-wave interactions during hurricanes. In this study, a physically-statistically-based hybrid simulation scheme
of nonstationary hurricane wind and wave fields is presented, where the winds and waves are coupled in both
large and small scales. To simulate the large-scale wind and wave fields, a height-resolving hurricane wind model
is coupled with a parametric hurricane wave model through a dependence between sea surface roughness and sur-
face wind speed. In the small-scale simulations, the nonstationary wind fluctuations are statistically obtained by a
Hilbert-wavelet-based scheme in which the target parameters (e.g., fluctuation intensity) are estimated based on the
local sea state, while the nonstationary wave surface elevations are physically acquired by solving the governing
equation of the nonlinear wave evolution under the action of winds. The simulation efficiency and fidelity of the
proposed physically-statistically-based hybrid scheme are demonstrated by generating the coupled nonstationary

wind and wave fields approaching to a long-span bridge with floating towers under a hurricane event.
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As hard adaptive measures to coastal storms can induce false sense of security and inadvertently lead to increased
vulnerability, nature-based solutions are gaining more attention as adaptation measures. In this paper, we provide
a coupled human-nature system-based framework for risk assessment to coastal storms. This framework is applied
to 168 coastal counties along the U.S. Atlantic coast. Several bio-geo-physical data (e.g. coastal geomorphology,
spatial natural habitats layers, relief, and historical sea level rise trends, wind, and wave) are used to calculate a
hazard index under with and without coastal natural habitats (CNHs) scenarios. This information combined with
social-economic-ecological data is used to calculate a coastal risk index for each county. The results show significant
difference in risk under the two scenarios. Besides the geographical disparities in risk distribution under the two
scenarios, the without-habitat scenario overestimates the population in the highest risk category by 10% and the
number of counties by as much as 40% as compared to with-habitat scenario. This not only signifies the incorpora-
tion of CNHs into risk assessment frameworks, but also highlights where and to what extent CNHs reduce exposure
of communities to coastal storms. This also provides broader incentives for hybrid (natural and engineered) in-
frastructure development to adapt to coastal storms. Moreover, the proposed framework could be incorporated
with coupled hydrodynamic modelling under future climate projections (providing future hurricane information)
to signify the role of coastal natural habitats in reducing the exposure to future hurricane-induced flooding.
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Swelling clays are extensively found throughout the world. The volume of swelling clay increases when it comes in
contact with water. Sodium-montmorillonite (Na-MMT) is one of the main constituents of swelling clay minerals.
These clays can exert high stresses on civil infrastructure and lose strength due to swelling, resulting in enormous
damage to buildings, roads, bridges, embankments, irrigation canals, etc. Shear strength is a critical engineering
property that controls the bearing capacity of clays, and the swelling also affects the shear strength of clays. Under-
standing of shear failure mechanism of swelling clays is essential to predict the shear strength parameters and thus
avoid their detrimental effects and utilize the benefits in geotechnical and geoenvironmental applications. This
study provides insight into the importance of clay-fluid interactions on the shear strength of swelling clays with
a wide range of organic fluids, acetone, methanol, water, and formamide, using constant-force steered molecular
dynamics simulations. Our results show that the polarity of fluids, high through low polar fluids, plays a significant
role in the interlayer spacing, interlayer modulus, nonbonded interactions between clay and fluids, and conforma-
tion of the fluid molecules in the interlayer upon externally applied stresses. Thus, the reliable prediction of shear
strength by taking account into the clay-fluids interactions is essential for effective analysis and economic design
of infrastructures as well as for enhancing public safety in the swelling clays regions.
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In this work, we present a 3D phase field dislocation dynamics model for body-centered cubic (BCC) metals. The
model is designed to treat the motion of dislocations on three possible families of slip systems expected for BCC
metals: {110}<111>, {112}<111>, and {123}<111>. The PFDD BCC model accounts for the dependence of Peierls
barrier on screw/edge character. For demonstration, we apply the model to simulate the case of a dislocation loop
expansion and kink-pair motion.
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Size-dependent couple stress theory (CST), based upon fully compatible displacement and rotation fields, has its
origins in the work of Mindlin and Tiersten (1962), Toupin (1962) and Koiter (1964). Several years later, continuous
defect theory (CDT) was developed in Anthony (1970) and deWit (1970) by exploiting the duality with CST. However,
as is well-known, the original couple stress theory is indeterminate (Eringen, 1968), which suggests that the original
CDT also may have issues. Here, by investigating the benefits and shortcomings of the existing form of continuous
defect theory and using recent advancements in size-dependent continuum mechanics, we develop a fully coherent
theoretical framework, denoted as Consistent Continuous Defect Theory (C-CDT). Among several important poten-
tial applications, C-CDT may provide a proper foundation to formulate a continuum theory of crystal plasticity. The
theoretical development provided in this presentation includes an examination of the character of the bend-twist
tensor, Weingarten’s theorem, Burgers and Frank vectors, continuous dislocation and disclination density tensors,
and the dualism between the geometry and statics of C-CDT based on the consistent couple stress theory (C-CST), as
defined in Hadjesfandiari and Dargush (2011).
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Lithium-ion batteries are important energy storage devices with a wide range of applications. Developing advanced
multi-physics model to describe the complex physical processes happening in batteries is crucial for understanding
different aging mechanisms, improving cell design, and better controlling cells in a battery management system. In
this work, we developed an electro-chemo-thermo-mechanical coupled model to study how mechanical deforma-
tion affects the electrochemical performance of lithium-ion batteries. In this model, an electro-chemical (so-called
DualFoil) model is coupled with a thermo-mechanical model. Mechanical deformation impacts cell electro-chemical
properties via the porosity change in the electrodes and the separator due to interrelation induced volume change
of the active materials and externally applied mechanical loading. The model can be used to efficiently study three
dimensional cells with large geometry and resolve the spatial variation of interested fields.
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Interpretation of pile capacity from cone penetration test (CPT) usually follows statistical correlation between data
collected from actual pile loading test results (static or dynamic) and cone penetration test conducted near the piles.
Although useful, the accuracy of these methods relies on the size of data sets collected. In most cases, pile loading
tests being costly, obtaining many CPT and pile loading test results concurrently is seldom. To overcome this prob-
lem, this study adopted physics-based approach based on a computational modeling technique using FLAC? to
understand the relationship between cone penetration and dynamic pile loading test results for improved inter-
pretation of pile capacity. The Mohr-Coulomb failure criterion was adopted to mimic the plastic behavior of the
soils and Hooke’s law was adopted to mimic the behavior of the pile and the cone. The cutting criterion was em-
ployed to allow large scale sliding of the cone and updated Lagrangian formulation was adopted to simulate large
deformation of the soils. Using the same calibrated model, a dynamic loading test was conducted to obtain velocity
and force traces at the pile head. Using these values, pile capacity was interpreted and compared with the CPT re-
sults. This approach ensured proper dynamic soil-structure interaction. Finally, from this study a foundation may
be laid down for continued and further improved computational investigations for an accurate and more reliable
estimation of pile capacity based on CPT results.
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In the past decades, efforts have been made to substitute Portland cement by developing novel cement materials
using industrial byproducts such as ground granulated blast slag (GGBS). When GGBS reacts with alkali-activators
such as hydrate lime and sodium silicate, alkali-activated slag (AAS) reaction can be generated, which produces
cementitious materials to bind granular grains and fill gaps between aggregates. So far, numerous studies on AAS
materials have proved better resistance to adverse conditions like sulfate attack, compared with Portland cement.
Therefore, AAS materials can be potentially applied for stabilization of calcareous sand in coastal area, which is
vulnerable to seawater intrusion and coastal erosion. By adding biochar, an extremely internally porous organic
material, into the AAS system, the water retention capacity of the admixture can be greatly enhanced, leading to
enhanced degree of hydration of AAS materials with the continuous water release from biochar during the curing
period.

Currently, the engineering properties of the biochar-enhanced AAS stabilized soils including strength, permeability,
shrinkage etc. have not yet been investigated, which are largely related to the nature of the GGBS, alkali activator,
biochar, and the curing condition. In this study, the admixture of GGBS, hydrated lime and biochar is applied
to stabilize the calcareous sand. The mechanical properties of the biochar-enhanced AAS stabilized calcareous
sand are measured. The results show that the addition of biochar in AAS system improves its ductility without
compromising its strength. The carbon sequestration effect of biochar is also confirmed through physicochemical
and microstructural observations.
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Many macroscopic properties of concrete such as strength and durability are governed by the properties of hydra-
tion reaction products of Portland cement. The chemical and microstructural changes of the reaction products,
when exposed to sulfate environments, become significantly complex and require fundamental understanding in
multiple length-time scales with multiphysical aspects associated. This paper is to examine sulfate-driven deteriora-
tion in hardened cement paste by integrating nanomechanical properties with scanning electron microscopy (SEM)
and energy-dispersive X-ray (EDX) spectroscopy at different levels of sulfate exposure. Nanoindentation was used
to measure and monitor the changes in the nanomechanical properties of Portland cement paste after exposure to
MgSO0, solution. The statistical deconvolution of nanoindentation results revealed that the elastic modulus of C-S-H
gel gradually decreased, and the volume fraction of porosity gradually increased with an increased exposure time
to MgS0, solution. Nanoindentation results indicated a total leaching of CH. A good linear relationship between
Ca/Simolar ratio of chemical composition of C-S-H gel and changes in the elastic modulus was noted. Formations of
microcracks and new phases due to sulfate attack were also observed. The experimental investigation attempted in
this study implied that the decalcification of C-S-H gel, which was mechanically-morphologically-chemically char-
acterized, is one of main causes of reduction in the macroscopic properties in cement concrete mixtures when they
face MgSO, solution attack.
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Image processing methods combined with scanning techniques—e.g., X-ray microtomography, 3D scanning and
transmission electron microscopy methods—are now being frequently used for reconstructing the microstructures
that can be used as representative volume elements (RVESs) to investigate the behavior of materials such as particle
and fiber reinforced composites. As a complement to these investigations, the present study introduces a compu-
tational homogenization framework bridging the RVE and material-scale properties. In this framework, Euclidean
bipartite matching method is implemented to overcome the challenge of periodic boundary condition assignment
for the reconstructed domains with irregular grids. By means of the bipartite matching, a virtually generated control
node set bounding the RVE is matched and kinematically coupled to the existing RVE boundary nodes. Thereafter,
the periodic boundary conditions are enforced at the generated control nodes to determine the 3-D effective stiffness
properties of the investigated composites with known micromechanical matrix and reinforcement properties. The
proposed framework should be useful to applications in image-based material characterization and computational

homogenization.
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This paper presents a solution to the multi-site structural damage identification problem using pattern recognition
combined with constrained independent component analysis (cICA). While existing studies in this field presented
encouraging results for single-site damage identification, limited research effort has been devoted to identifying
multi-site damage due its complexity. Features that are effective for single-site damage identification may be in-
efficient in case of multi-site damage occurrence. In this study, damage sensitive features are extracted from the
ICA outcome of the structural response under certain excitations. Through enforcing identical independent com-
ponents to that of intact structures, the information of structural damage contained in the responses is compacted
into the mixing matrix, which largely reduces the feature dimension and preserves all the valuable information.
A numerical study indicates that the Mahalanobis distance of the feature vectors consisting of the mixing matrix
elements can be used to distinguish multi-site damage cases and locate the single-site damage. Furthermore, the
mixing matrix columns of multi-site damage cases have distinct correlation with that of the corresponding single-
site damage cases. Therefore, the proposed method can locate the structural damage progressively. Moreover,
the data-driven method proposed in this study has the merit of identifying multi-site damage without requiring
multi-site damage data as a reference. This relieves the burden from data incompleteness when using the pattern
recognition approach for structural damage identification.
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Identification of structural dynamic properties such as frequency and damping is critical for evaluating the per-
formance of structures under extreme winds. Due to the non-stationary nature of strong winds and the potential
changes of structural dynamic properties, the corresponding structural response is often non-stationary. Classical
output-only system identification (SI) methods based on the stationary response may fail in this case. The present
study proposes a novel time-frequency domain approach to track the time-varying structural properties under non-
stationary and non-white wind excitations. One challenge for applying time-frequency representations in SI is that
the short window required to capture the temporal information will amplify the bandwidth of spectra and cause
considerably overestimated damping ratios. To address this challenge, our earlier study has introduced a modi-
fied frequency response function, within which the short window effect is explicitly modeled. This approach can
identify time-varying frequency and damping of structures under white noise excitation successfully. Nevertheless,
wind excitations typically are non-white and wind spectrum is not constant at the vicinity of the structural natu-
ral frequencies. Hence, in this study, the original approach is modified by directly modeling the wind spectrum to
handle the SI problem of wind-excited structures. Several spectral estimators are adopted for SI, including the in-
stantaneous or marginal spectrum of the wavelet or short time Fourier transform. The accuracy and uncertainties
of this approach are assessed through numerical examples of time-varying SDOF and MDOF systems. The para-
metric analysis including the selection of spectral estimator and SI on closely spaced modes are also investigated.
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Design models of breaking wave loads on offshore wind turbines have advanced theoretically and experimentally,
such that the breaking time and the nonlinear hydrodynamics may be predicted more accurately. However, the
key dynamical aspects encountered in offshore structures are impractical to measure directly and must be inferred
from measurements of the structural response to assess the validity of the proposed theory in the field. A force
identification framework is developed which is based on measurements of the discontinuous structural dynamic
response associated with offshore wind turbines exposed to breaking waves. The identification is achieved imple-
menting the recent developments in augmenting non-linear Kalman Filters for input estimation and discontinuous
dynamics. The effectiveness of the algorithm is demonstrated by numerical simulations of the dynamic response
of wind turbines due to breaking wave loads for a variation of breaking time and breaking wave load models. It is
furthermore demonstrated that the flexibility of the foundation improves the force estimation.
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Data-driven SHM methods benefit from new concepts in statistics for the development of statistical models used
for structural diagnosis. The development of data-driven SHM methods owes much to the availability and af-
fordable sensing techniques that made continuous structural monitoring physically feasible and cost-effective. In
data-driven approaches, statistical models are generated based on data collected from a baseline condition corre-
sponding to a presumably healthy state of the structure. Anomalous structural behavior is thus detected if new
measurements sufficiently deviate from the baseline.

The most commonly used data-driven techniques for system monitoring utilize feature extraction approaches rely-
ing on principal component analysis (PCA). In many cases, PCA-based methods succeed in detection of anomalous
structural behavior. However, the use of this approach is limited to linear response features, a shortcoming which
may be overcome via recombination of PCA with non-linear kernel functions. Kernel principal component analysis
(KPCA or Kernel PCA) is a nonlinear generalization of principle component analysis. Kernel PCA has been used in
a variety of applications. However, few applications are found for the diagnosis of civil structures. The aim of the
presented work is to fill this gap by proposing a simple, straightforward, and effective framework for early damage
identification for nonlinear civil structures.
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Machine learning is an extensive and continuously developing field, offering a wide range of regression and
classification-based techniques that can be used with probabilistic seismic collapse assessment. The main objec-
tive of this paper is to use classification-based techniques to predict the probabilities of collapse at alternative
ground motion intensity levels. For this purpose, modeling uncertainty and record-to-record variability are prop-
agated through nonlinear dynamic analyses under a suite of earthquake ground motions. In addition, a method
is suggested for feature selection owing to characterization of features representing ground motion variability.
Then, the relative merits and demerits of classification-based techniques are discussed and investigated using the
structural responses of three steel moment resisting frame buildings. The results of the study demonstrate that
classification-based methods increase the efficiency of probabilistic seismic collapse assessment. In other words,
the classification-based methods perform very well in estimating the overall collapse fragility curve as well as the
annual exceedance rate of collapse. However, feature selection for classification-based techniques is challeng-
ing owing to characterization of features representing ground motion variability. To make the implementation
of classification-based techniques easier, a method is suggested for feature selection.
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The estimation and realization of the building damage conditions are critical to post-earthquake rescue and re-
inforcement efforts. This information can be obtained through physical inspection of the affected buildings in
the seismic region. Physical inspection can be time-consuming, but it provides an accurate representation of the
building damage states. Using supervised machine learning methods, based on limited observations of inspected
buildings, one can train a model to predict the damage conditions of other buildings in the whole seismic region.
The health condition is predicted in the form of a label based on the defined thresholds in the nonlinear behavior of
the structure. In this paper, Gaussian Process Regression (GPR) is used for prediction and the sensitivity of the GPR
accuracy to different earthquake engineering, building information, and damage assessment variables is investi-
gated. The algorithm is implemented on a regional earthquake simulation platform of Japan, adopting observed
ground motions from previous seismic events (Tohoku, M9.0, Fukushima, M6.6, etc.). A number of building types
are considered and distributed in the earthquake region and the number of variations is studied in the simulation.
Supervised learning is primarily using the features extracted from ground motion signals and the influence of these
features on the prediction accuracy is investigated. Moreover, the effect of the number of observations which form
the training examples is studied in the numerical simulations. Finally, it is shown that one can predict the health
condition of buildings in a region with promising accuracy, using only a limited number of observations.
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For the modeling and simulation of the structural dynamics of a nuclear reactor assembly, surrogate modeling
is used to support global sensitivity analyses (GSA) to demonstrate both the pertinence of such methods to this
application as well as the significant physical insights provided by GSA. The coupled use of surrogate modeling and
GSA reduces the number of full-order (i.e., computationally expensive finite element analysis) simulations required,
substantially reducing total computational cost. This work focuses on the use of Gaussian Process surrogates in
particular, and examines the robustness of these techniques to evaluate sensitivity by considering a variety of design
of experiment strategies used to create the surrogate models.

Numerical experiments based upon a system finite element model for a pressurized water reactor subjected to non-
stationary loss of coolant accident loads, are used to evaluate the relationship between sensitivities computed from
a full-order model versus those computed from a surrogate model. For large sample sizes,negligible variation in
the resultant sensitivities is shown with respect to the particular method by which a computational design of ex-
periment is constructed to train the surrogates, which demonstrates stability of the results. For small sample sizes,
the use of Latinized Partially Stratified Sampling provided surrogates and associated sensitivities with lower error
as compared to Latin Hypercube Sampling and sampling via the Fourier Amplitude Sensitivity Test. Differences
in GSA results imparted by examining time-domain versus spectral acceleration results,as well as increasing model
parameter variation further illustrated the effectiveness of advanced sampling methods.
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Harnessing data to discover the governing equations and scientific laws of complex systems remains a critical
challenge in many science and engineering areas. Although the explosive growth of data and advances in com-
putation make possible to use Al algorithms (e.g., machine learning) for exploration of mathematical governing
laws in a data-driven manner, intractable issues arise associated with the preparation of massive data for complex
physical systems and the inevitable noise of acquired data. Thus, there is an urgent need to develop transforma-
tive Al techniques, grounded with available physics information, to address this discovery issue in the presence
of scarce/sparse, noisy data. To this end, we develop an innovative, rigorous data analytic pipeline, within the
framework of deep learning and based on sparse representation theory, for discovering nonlinear governing laws
termed as a set of partial differential equations in a data driven manner. The parameterized governing equations
will be encoded into the deep learning model through augmenting the loss function. Determination of the unknown
parameters will rely on a sparsity representation which bypasses a brute-force large search over all possible candi-
date solutions. We will demonstrate the generalizability and scalability of the proposed approach on a wide range
of physical systems with different complexities, under various scenarios of rich, scarce/sparse, and noisy data, in-

cluding dynamical structural systems, fluid transport, chaotic dynamical systems, etc.
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Recently, there has been a growing interest in the use of mobile sensors for structural system identification and
health monitoring. Mobile sensor networks are groups of sensors that have the ability to record data in time while
simultaneously changing measurement locations in space. Thus a network of mobile sensors can collect spatially
dense data providing a more cost-effective solution to structural health monitoring than a dense network of fixed
sensors. However, due to a continuous location-changing nature of the mobile sensors, the recorded dataset is in-
compatible for processing with traditional structural identification schemes and hence modifications to the existing
structural identification framework are needed to be used with mobile sensor data.

In this study, a modal-state model is proposed to assimilate the changes in mobile sensors’ location into a mathe-
matical model. A Bayesian framework incorporating the modal-state model is introduced to allow scalable modal
identification and uncertainty quantification using the mobile sensor data. Two Bayesian computational schemes,
namely Gibbs sampling and variational Bayes, have been adopted to obtain the posterior distributions of the modal
parameters. A numerical study on a beam shows the efficiency of the proposed model to obtain modal identification
results using mobile sensor data. An assessment how different parameters of a mobile sensing network (such as
number of mobile sensors, velocity of mobile sensors) affect the uncertainty in the identified modal parameters has
also been performed.
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Strength is governed by the microstructure (grains and grain boundaries) in polycrystalline materials. While models
for computing strength of a given microstructure are available, there is much less understanding of what features
of the microstructure are important in governing the strength. We use a convolution neural network to understand
the role of microstructural features in leading to high-stress regions (“hot spots”) that eventually limit the strength.
Convolution neural network (CNN) is a class of deep networks that are useful for automatically extracting essential
features from high dimensional data. Our microstructure information is represented by very high dimensional
image data. Thus, we use CNN to efficiently extract features that influence the material strength. The inputs to this
network are images of the microstructure with information about grain’s misorientation and grain boundaries. The
output to this network is the area fraction (or count of those pixels) in a stress image whose value is above a defined
threshold; a low count implies less high-stress hot-spots and correspondingly better performance.

We find that CNN can classify the propensity of the microstructure to form localized hot spots, and that the weights
of the convolution layer learned while training CNN can provide insights into the physics of the localization by

grains and grain boundaries.
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Some materials, such as rock with bedding planes, exhibit macroscale anisotropy. A great many other materials
exhibit local anisotropy but are isotropic in bulk. An isotropic limit scale may be considered a characteristic fea-
ture of a given composite. Fracture simulation depends on the accurate representation of localized defects that
affect crack initiation and propagation. Therefore it is important to capture local material anisotropy in many
applications, including but not limited to applications where anisotropy exists at the macroscale.

Accounting for material anisotropy in fracture models is a multivariate, multiscale problem. Elastic properties and
material strength properties may have disparate isotropic and heterogeneous limits. In this work, material proper-
ties are characterized as random fields using Statistical Volume Elements (SVE). Methods are developed to capture
material property variability at multiple scales, including variability in properties with angular dependence. These
methods increase accuracy and computational efficiency when implementing a material description into a fracture

simulation.
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This research provides an analysis of the academic landscape of the structural health monitoring (SHM) research
field through a co-word analysis. SHM is a rapidly growing and broad research field, making it challenging for re-
searchers to determine the current state of the research field and the existing gaps in current research. While there
have been many literature reviews on SHM research that help provide an overview of field, literature reviews are
limited in nature and typically cover no more than 100 papers. They tend to be more focused on a sub-community
within SHM, as opposed to an analysis of the interrelations among research themes in the field. The goal of this
research is to provide a broader analysis of the field as a whole through a data-driven approach with a bibliomet-
ric analysis of SHM literature. This research quantifies and describes the evolution of the research field based on
the bibliometric data collected from over 21,000 conference and journal papers in SHM during the period 2003 to
2017, producing over 40,000unique keywords. Utilizing graph theory and social network analysis methods, a data
driven approach using co-word and co-venue analysis was employed based on keywords to reveal the patterns of
the field. The analysis was conducted for three time periods (2003-2007, 2008-2012, and 2013-2017) and a compari-
son between the time periods shows the relationships between research themes and the evolution of those themes
in the SHM research community.
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Out of 17 Sustainable Development Goals which in turn have 169 targets as announced by United Nations, 33% are
about Infrastructure Systems. Many infrastructure management software tools address the increasing complexity
of infrastructure systems, however, most of them lack an integrated and comprehensive view to the infrastructure
management process, especially from the perspective of sustainability. While sustainability addresses the time-
continuous impacts on the economy, society, and environment, resilience focuses on the impact that the service
failure of the infrastructure can have in case of disasters. Modularisation in the design as well as construction is
one of the solutions to manage these complementary concepts. Modular construction has economic advantages
and high construction as well as replaceability quality of the modules but the same thing cannot be stated for com-
plex infrastructure systems, each one being a system of systems. Formal Concept Analysis (FCA) is a theoretical
framework which structures a set of objects described by properties. FCA extracts relations between the objects
and categorizes commonalities and variability in a canonical form. Studying variability in domain is a key issue of
product line engineering which is the ultimate goal of modularization. Concept Lattices are core structures of FCA
for extracting an ordered set of concepts from a dataset composed of objects described by attributes, called a Formal
Context. This data analysis framework is then applied to support various tasks, such as information retrieval, data
mining, building or maintaining module hierarchies, pattern matching and modular design and maintenance of
infrastructure systems for sustenance.
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To ensure and improve city resilience under natural hazards, such as an earthquake, many existing buildings must
be retrofitted to reduce the risk of potential damages and loss of human life. Among different types of seismic-
vulnerable buildings, the multi-story buildings with wide opening at first or ground floor, so-called Soft Story (SS)
buildings, are the most vulnerable for earthquakes. To identify SS buildings, engineers are walking block by block to
assess each building and subsequently notify building owners to retrofit for meeting the city resilience ordinance.
Although engineers have classified thousands of SS buildings, it is too time consuming and costly to conduct SS
building classification block by block. In this project, the deep convolutional neural network models have been
trained with the images of engineer-classified SS buildings and applied to city-scale SS building detection. The
results are then geocoded in 3D GIS map for intuitive visualization and quick verification. The deep learning-based
method has proven to be cost-effective for detecting SS buildings and a promising approach for detecting other
types of hazard-vulnerable buildings for better city resilience.
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As we seek to attain the smart, sustainable, and resilient infrastructure systems and cities of the future, the demand
for continuous sensing and monitoring of infrastructure systems is increasing. Bridges are one of the most critical
components of our transportation infrastructure system, and improving their performance with novel continuous
monitoring technologies is of the utmost importance. In this context, this paper proposes a novel crowdsourcing-
based bridge monitoring method using the vibration data collected from the smartphones in passing-by vehicles.
In the proposed approach, the data from multiple smartphones are collected as the vehicles cross the bridge. Then,
blind source separation (BSS) technique is applied to recover the vibration of the bridge from the coupled vibration
of bridge and vehicle. Afterwards, Mel-frequency cepstral coefficients (MFCCs) are extracted from the separated
signal. Finally, the damage is assessed by conducting a statistical analysis of the damage features calculated using
MFCCs from the baseline and unknown states. The results of the numerical and experimental cases studies are
presented to demonstrate the effectiveness of the proposed method.
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In this study the influence of alkali-silica reaction (ASR) on the concrete mechanical properties is investigated. Two
groups of concrete samples were prepared from mixes containing a reactive sand from El Paso, Texas. Extra alkali,
1.25% by weight of cement, was added to the second concrete to increase the ASR rate. Cylinder and prism samples
were prepared and conditioned in indoor and outdoor conditions, and inside an environmental chamber for a year.
The degradation in concrete properties including compressive strength, elastic modulus, tensile strength, and the
modulus of rupture was monitored over time. Moreover, the prism samples from the mix with reactive aggregate
and the mix with reactive aggregate and additional alkali were kept in the same three environments for expansion
measurements. Each group of prisms contained a prism with no rebar and three prisms with 1.23%, 2.18%, and
3.41% area ratio of steel reinforcement. Results showed that ASR does not affect all the above-mentioned properties
of the concrete to the same extent. Tensile strength and modulus of rupture were found to be more susceptible to
ASR damage compared to compressive strength and elastic modulus. The concrete samples from the mix with
additional alkali showed lower quantities of mechanical properties and higher expansions compared to those with
only reactive aggregate. Reinforcing the concrete has proved to have an effective restraining effect against the
macro-scale expansion of concrete due to ASR.
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In many civil engineering systems, measuring the operational external forces is not practical and this gives rise
to the problem of inversely estimating the unmeasured input forces, commonly termed as the force identification
problem. There has been a growing interest in developing and applying stochastic joint input-state estimation
algorithms for tackling such force identification problems in the recent years.

In this study, a novel methodology using Gaussian process latent force models (GPLFM) is proposed to tackle the
problem in a stochastic setting. The unknown input forces acting on a structure are modelled as Gaussian processes
with some chosen covariance functions which are combined with the mechanistic differential equation represent-
ing the structure to construct a GPLFM. The GPLFM is then conveniently formulated as an augmented stochastic
state-space model with additional states representing the latent force components, and the joint input and state in-
ference of the resulting model is implemented using Kalman filter. The augmented state-space model of GPLFM has
been shown as a generalization of the class of input-augmented state-space models, is proven observable, and is ro-
bust compared to conventional augmented formulations in terms of numerical stability. To assess the performance
of the proposed GPLFM method, several cases of state and input estimation are demonstrated using numerical sim-
ulations on a 10-dof shear building. Results obtained indicate the superior performance of the proposed approach
over conventional Kalman filter based approaches.
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Uncertainty is an integral part of decision-making in engineering design. Performance-based earthquake engineer-
ing provides a probabilistic framework to assess the performance of engineered structures threatened by seismic
events, and this framework has been applied to other hazards, such as wind and tsunami. However, when the
decision criteria are obtained from a computationally intensive numerical analysis, e.g., assessing the seismic per-
formance of buildings, it might not be feasible to derive precise distributions of the decision criteria for a large
number of design alternatives. As such, performance-based earthquake engineering has largely been used for as-
sessing a detailed design rather than for exploring different concept designs early in the process. The presented
methodology is motivated by the desire to efficiently explore large sets of design alternatives when the decision
criteria are probabilistic and computationally intensive to generate. It is hypothesized the availability of precise
distributions of decision criteria for all designs under consideration is not necessary at all points in time during the
design process, and appropriate decisions can be made on the basis of imprecise distributions of decision criteria
by using confidence intervals to bound their imprecision. To that end, a sequential decision process employing
mean-risk and stochastic dominance is presented, where models of increasing fidelity are used in a sequence to
discriminate dominated designs from the design space on the basis of imprecise distributions of decision criteria.
The modeling fidelity is sequentially increased while decreasing imprecision in the decision criteria. The utility of
the methodology is demonstrated through two design examples.
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Hurricane hazard is one of the major causes for the loss of life and property and has recently led to an enormous
economic loss and social disruption specifically in the coastal regions. Monetary loss of damage to buildings rep-
resents a significant portion of overall hurricane-induced damage. A detailed simulation of hurricane damage at
regional scale requires large amount of specific information about building vulnerability, which can be poorly un-
derstood or is not available with sufficient level of certainty for a large spatial extent. Moreover, the simulation of
portfolio of buildings can be computationally costly or prohibitive. The existing wind damage models often assume
a prescribed mathematical structure to describe the dependency between aggregated loss and the hazard intensity
in an average sense. The effect of uncertainty may then be introduced by treating model parameters as random
variables. Here a new approach to tackle this problem is introduced, which relies on a more rigorous and reliable
quantification of the involved uncertainties. In particular, building portfolio loss induced by wind is modeled as a
non-stationary stochastic process for which a probabilistic representation is constructed using polynomial expan-
sion. As a case study, the damage data collected after the recent hurricane events such as the hurricane Harvey and
Irma is used to calibrate and test the predictive capability of this stochastic loss model. This representation has the
advantage of being based on minimal prior assumptions and constraints, in addition to being computationally less
demanding since it generates the vulnerability at a coarser regional level.
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The importance ranking of bridges used to guide effective seismic risk mitigation of transportation networks is
usually identified by evaluating and comparing the corresponding network performances through removing each
individual bridge from the network. This process doesn’t take into account the uncertainties in the damage states of
bridges and the residual capacities of damaged bridges. Moreover, the importance ranking is usually obtained with
low efficiency (e.g., using direct Monte Carlo Simulation and repeating it for each bridge), especially for large-scale
networks. This study proposes a non-parametric stochastic subset optimization (NP-SSO) algorithm for efficient
reliability-based importance ranking of bridges for large-scale transportation networks. It extends the existing NP-
SSO algorithm (which is for continuous design variables) to discrete variables. It relies on generation of failure
samples from an augmented failure distribution and these failure samples are used to efficiently estimate the up-
dated network reliability if any of the bridge in the search space is retrofitted, with no need to repeat the analysis
for each bridge. Uncertainties in the damage states of bridges and the residual capacities of damaged bridges are
explicitly considered. An iterative approach is proposed to improve the overall efficiency by restricting the search
space to the subset of bridges with smaller failure probability. Adaptive stochastic sampling algorithm, which uses
failure samples from the previous iterations to establish better proposal densities, is used to improve the sampling
efficiency. The proposed NP-SSO algorithm is applied to identify important bridges for the transportation network
of Los Angeles and Orange counties.
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With ever increasing penetration of distributed renewable energy generation that are more susceptible to uncer-
tainties, voltage control has become a new challenge for distribution networks. Conventionally, to control the sys-
tem, perturb-and-observe or Jacobian matrix inversion approaches are used to evaluate the impact of active and
reactive power of distributed generators on voltage magnitudes. However, these approaches require constantly
updating the Jacobian matrix or running several power flow simulations for different system states, which can be
computationally cumbersome. In this work, we propose developing polynomial surrogates that approximate the
voltage level as a function of power consumption, distributed power generation and power factor of distributed
generators. Polynomial surrogates can be efficiently used for probabilistic analysis and control of the distribution
network. The effectiveness of the proposed surrogate-based method is demonstrated on the IEEE 33-bus system, in
the presence of a large number of correlated random inputs.
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The 2017 ASCE Infrastructure Report Card provided a grade of D+ and C for the overall state of infrastructure and
bridges, respectively, in the United States. These ratings indicate a strong need for improving the efficiency of
inspection, assessment, and repair of infrastructure. Conventional methods of inspecting infrastructure involves
thorough, but tedious and fallible manual inspections of the structures. Recent technological advances in drones,
deep learning, and computer vision enable rapid large-scale inspection of infrastructure by rapidly processing
photographic data resulting in improved time and cost efficiencies. To enable autonomous inspections, Thornton
Tomasetti has developed and trained deep learning based damage detection pipelines to detect and classify dam-
age in various types of structures. Our damage detector uses object detection frameworks such as Faster R-CNN
and Single Shot Multibox Detector (SSD) with standard convolutional neural networks such as Inception V2 and
MobileNet as the underlying feature extractors. Starting with the aforementioned models pre-trained with COCO
datasets, we used transfer learning to re-train the models to identify various damage classes relevant to structures
such as cracks, spalls, exposed rebar in concrete, corrosion in steel, and so on. The retrained models show excellent
performance both qualitatively in terms of comparison with previously unseen test images as well as quantitatively
in terms of Intersection-Over-Union (IOU) scores — a widely used measure of object detection and localization ac-
curacy. We also present a mobile deployment of our pipeline that enables rapid manual inspections of structures
including spatial geo-tagging of damage onto 3D models of the structure.
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Structural resilience is measured by the infrastructure’s capacity to restore full functionality post extreme events.
Timely assessment of damages induced to buildings due to an earthquake is essential for ensuring life-safety, mit-
igating financial losses and expediting the rehabilitation process. As manual inspection is expensive, time con-
suming and risky, low-cost unmanned aerial vehicles (UAVSs) or robots can be leveraged as a viable alternative for
quick reconnaissance. Visual data captured by the sensors mounted on the robots can be analyzed and the dam-
ages can be detected and classified autonomously. The present study proposes a deep learning-based approach to
this end. Region based convolutional neural network (Faster RCNN) is exploited to detect four different damage
types, namely, surface crack, spalling (which includes facade spalling and concrete spalling), severe damage with
exposed rebars and severely buckled rebars. The performance of the proposed algorithm is evaluated on manually
annotated image data collected from reinforced concrete buildings damaged under several past earthquakes such
as Nepal earthquake (2015), Taiwan earthquake (2016) and Ecuador earthquake (2016). The detector can predict
the class levels and positions of the damaged areas with reasonable accuracy. Several experiments are conducted
to evaluate the capabilities as well as the limitations of the proposed approach. The proposed technique can be
potentially integrated into UAVSs or inspection robots to autonomously survey buildings damaged by earthquake,
which will help plan retrofit operations quickly, minimize the damage cost and restore the essential services in no
time.
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This study presents a computer vision-based approach for representing time evolution of structural damages lever-
aging a database of inspection images. Spatially incoherent but temporally sorted archival images are exploited to
chronicle the damage evolution over a long period of time. To this end, a sequence of time-stamped inspection data
is used. Identification of a structural defect in the most recent inspection data set triggers an exhaustive search
into the images collected during the previous inspections looking for correspondences based on spatial proximity.
This is followed by a view synthesis from multiple candidate images resulting in a single reconstruction for each
inspection round. Cracks on concrete surface is used as a case study to demonstrate the feasibility of this approach.
Once the chronology is established, the damage severity is quantified at various levels of time scale documenting
its progression through time. The proposed approach is a stepping stone towards the prediction of damage severity
at a future point in time providing a scope for preemptive measures against imminent structural failure. On the
whole, it is believed that the present study will immensely benefit the structural inspectors by introducing the time

dimension into the autonomous condition assessment pipeline.
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This presentation discusses input estimation of a full-scale concrete frame structure. With acceleration response
measured from dynamic testing, the natural frequencies and mode shapes of the concrete frame are first identified.
The experimentally identified modal properties are compared with those obtained from a finite element (FE) model
using nominal material properties. The FE model is then used to construct state-space system matrices for input
estimation. With only acceleration measurements, an unbiased minimum-variance estimator combined with an on-
line drift filter is used to estimate the dynamic input generated by a shaker. The estimation results show acceptable
performance of the proposed algorithms for application on the full-scale two-story two-bay concrete frame with
both simulated and experimental measurements. The effect of sensor locations on input estimation performance
is also discussed.
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physics-informed deep learning algorithm was developed here to simulate the spatial distribution of tropical cy-
clone wind field with high computational efficiency and simulation accuracy. It can be used as part of the early
warning system to effectively predict wind hazard. The Navier-Stokes equations governing the wind fields of trop-
ical cyclones are utilized to provide essential information that facilitates the effective regularization of the neural
networks. More specifically, the governing equations as well as the boundary conditions are employed as part of
the loss function in the deep learning algorithm. Since the physical properties imposed by the Navier-Stokes equa-
tions are ensured by model predictions, the simulation accuracy of the developed deep neural networks is greatly
enhanced. In addition, the proposed physics-informed deep learning only needs a small number of training datasets
to guarantee the convergence of networks. To differentiate the neural network with respect to the model param-
eters and assess the derivatives of the governing equations, the automatic differentiation technique, known to be
more accurate and efficient compared to the standard numerical differentiation, is utilized. The performance of
the physics-informed deep learning algorithm in terms of the relative -norm was first assessed using two nonlinear
numerical examples (1-D and 2-D), where several key features related to the number of training and collocation
points and the neural network topology were systematically discussed. Then, it was employed to rapidly predict the
spatial distribution of tropical cyclone wind field based on the standard storm parameters provided by the National
Hurricane.
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The development of low-cost measurement devices for Structural Health Monitoring (SHM) has gained significant
attention in the last decades. Particularly, the high cost of traditional acquisition systems has generated the ap-
pearance of a wide range of affordable equipment accessible to more engineers. This article seeks to evaluate the
feasibility of using low-cost measurement devices for system identification in several types of structures. The use
of Bayesian methodologies is proposed to quantify the uncertainties in the identification process. The devices used
in this study were smartphones and Raspberry Pi. Different types of structures such as pedestrian bridges, stadium
grandstands, and a 9-story building were instrumented. The results show the feasibility of using low-cost mea-
surement devices to identify the dynamic properties. Bayesian methodologies are an adequate tool to be used in
conjunction with these devices due to their ability to quantify the uncertainty of the identified parameters.
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Alkali-Silica Reaction in concrete is a detrimental chemical reaction between the alkali in cement paste and silica
available in aggregates. This chemical reaction forms a gel inside the concrete that tends to expand, and this ex-
pansion eventually causes a network of cracks inside the concrete which can significantly decrease its strength and
durability. Since the cracking starts from the inside, there is no easy way to identify and evaluate ASR damages in
the early stage. In this paper, a numerical method to model the ASR affected concrete in different damage stages
is proposed. First, a finite element model of a concrete sample that includes mortar and random set of polygon-
shaped aggregates is simulated. In each damage stage, a series of randomly sized and oriented cracks that are
partially filled with the ASR gel is added to the sample. Each damage stage can be quantified based on the number
of cracks in a normalized surface area. At each stage, an elastic wave is sent through the sample, and the Coda Wave
Interferometry (CWI) is then used to compare the velocity change of the receiving signal. Results suggest there is
a direct relationship between the velocity change and the damage stage inside an ASR-affected concrete sample.
The proposed method can be used for nondestructive evaluation and quantification of the damage due to ASR in
concrete structures.
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Evaluation of prestress loss is still a challenging topic for in-service prestressed concrete structures. This paper
presents preliminary experimental results of using acoustoelastic effect to evaluate stress change in concrete sam-
ples. The acoustoelastic effect refers to the linear relationship between ultrasonic velocity variation and stress
change in materials. Since velocity change due to prestress loss is typically less than 2%, it cannot be accurately
measured with the conventional ultrasonic methods. In this study, coda wave interferometry (CWI) is used to mea-
sure the very subtle velocity change in concrete due to stress change, with a sensitivity of 0.1% per MPa stress
change. Because the reference signal in unstressed condition is not available in practice, the proposed setup is
applied in orthogonal directions: one is in prestress direction, and the other one can be considered as unstressed
state, in which the reference signal can be obtained, and the temperature effect is canceled due to the simultaneous
testing. The test setup was applied and validated on both small and medium-scale concrete specimens.
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The frequently occurred ship-bridge collision is regarded as one of the most important threats to bridge safety.
The purpose of this research was to determine the experimental design of conducting reduced-scale experimental
ship impact testing of the Liuheng Bridge in Zhoushan, Chian and to establish the design parameters of the pro-
posed testing program. The parameters were determined according to the principle of stiffness similarity included
the construction of superstructure, substructure and experimental ships. Experimental design was carried out
through the use of dynamic finite element impact simulation using theLS-DYNAcode. Finite element simulations
were conducted for a range of impact scenarios in order to select optimal parameters for the test. Dynamic impact
simulations resulted in the selection of a ship weight and a set of impact velocities for use in the reduced-scale test.
In addition, the impact force predicted by dynamic impact simulation were compared to the results of experimental
tests. Finally, the impact energy is analyzed according to the tests.
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This study focuses on the feasibility of adopting magnetic nanoparticles (MNPs) as a new means of activating shape
memory wires by introducing a magnetic field, i.e. a non-contact method. SMA exhibits two unique characteristics:
1) shape memory effect depending on temperature or stress, and 2) superelasticity. In order to utilize the shape
memory effect of SMA by generating a high enough temperature of SMA above austenite finish temperature (Af),
two general methods have been used in practice: 1) passing an electric current through SMA wires via a power
supply, or 2) applying a direct heat source e.g. a fire torch. These direct contact methods are especially challenging
when SMA is embedded inside of concrete as reinforcement. Therefore, a new method of activating the shape
memory effect of SMA via controlling and/or increasing a temperature of SMA is needed. This study presents an
innovative way of activating shape memory alloy phase transformation by utilizing the inductive heating property
of MNPs which respond to the magnetic field. By generating magnetic fields near a concrete structure with MNPs,
we can manage to control and increase the temperature of the structure, thereby the shape memory phenomenon
can be achieved without making SMA wires directly connected to heating sources. A set of laboratory tests are
conducted to demonstrate the feasibility of the new method of utilizing SMA to improve mechanical properties of
concrete structures by introducing a non-contact activation method based on the inductive heating of MNPs.
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Seismic risk mitigation of transportation networks through retrofitting critical bridges in advance could effectively
reduce the impact of seismic hazards on social and economic activities. However, identification of the seismic
retrofit priorities/strategies usually entails significant computational challenges. Besides performing a large num-
ber of evaluations of the network model due to too many potential combinations, especially for large-scale net-
work, the quantification of high-dimensional uncertainties in intensity measures at each bridge site as well as in
the damage states of each bridge intensify the challenge. To address these challenges, this work proposes an effi-
cient sample-based approach for effective seismic risk mitigation of transportation networks. The approach relies
on only one set of simulations of the network model, and uncertainties in intensity measures and the damage states
of each bridge are explicitly considered. This set of simulations are used to estimate a probabilistic sensitivity mea-
sure called relative entropy which can provide importance ranking for all bridges in terms of their contributions
towards the seismic risk of the network. Based on the importance ranking, three selection approaches are proposed
to guide an effective search of the retrofit priorities rather than explore all combinations. The set of simulations
are also used to efficiently evaluate the seismic risk for any given mitigation strategy through simply updating the
probability of damage states of the retrofitted bridges and no additional simulations of the network model are re-
quired. The proposed approach is applied to effective seismic risk mitigation of the transportation network of Los
Angeles and Orange counties.
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Hurricane is one of the main extreme weather events that causes a large blackout. This paper integrated the wind
field information, structural vulnerability model and power system model to investigate the sensitivity of power
outage on different transmission tower design capacities or failure thresholds.

To understand structural design and failure thesholds impact to transmission system failure probabilities, and the
predicted power outage, nine transmission towers with different transmission voltage levels and locations are de-
signed and modeled. The corresponding transmission towers’ capacity curves are determined through nonlinear
static pushover analysis, which provides different tower strength based on different failure thresholds. A series of
fragility curves of transmission towers during a hurricane are generated based on these failure criterions.

Later, the failure probability of a transmission line, during a hurricane, is calculated based on 1) locations of trans-
mission towers in a transmission line, 2) individual transmission tower fragility curve, and 3) wind field infor-
mation (intensity and direction) of the hurricane. Eventually, the outage of the power system can be predicted
by combining the failure conditions of transmission lines and a power network model. With a series of structural
fragility curves of transmission towers, we aim on estimating the variation in the predictions of the transmission
lines’ failure conditions, as well as the variation in the predicted power outage. Two case studies are conducted to
simulate the power system in Texas under Hurricane Harvey and in Florida under Hurricane Irma.
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The James Webb Space Telescope, operating with 6 reaction wheels and 2 cryo-cooler pumps, relies on passive vibra-
tion isolation to limit operational vibration on its 18 primary mirror segments to nano-meter displacement levels.
Adding to the challenge, damping levels are expected to drop to as low as 0.02% of critical as optical components
operational temperatures dip into the 20-30 Kelvin range. This paper describes the F.E. model based operational
jitter predictions for JWST and the associated test program aimed at validating the complex JWST F.E. model con-
sisting of approximately 7.3 million nodes. Data is presented showing the system damping levels as a function of
temperature from room down to 25 Kelvin. Lastly, test data is presented for the highly sophisticated primary mir-
ror assembly which shows the true nature of the primary mirror dynamics appears, at least in an air environment,
to involve complex (and not normal) modes of vibration.
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With a call in recent years to increase safety and enhance the value of emerging high-rise building clusters, sky-
bridges as linking systems are attacking interest by urban designers and could play a key role in the development of
our future cities. While the functional and economic benefits of the skybridges are realized, the effects of skybridges
on structural systems are not widely understood. Researchers and practitioners in both academia and industry
have been investigating the potential of the skybridge serving to increase the resiliency and sustainability of the
connected structures. However, there is a significant gap between engineering science in academia and engineering
practice in industry which has previously limiting the research outcomes from becoming built realities.

To address this important issue, San Francisco State University and University of South Carolina collaborated
with industrial partners to establish a Research Experience for Undergraduates (REU) Site program, focusing on
academia-industry collaborations in Smart Structure Technology (SST). Partnering with Skidmore, Owings & Merrill
LLP, a world leader in designing high-rise buildings, this study sought to better understand how coupling behav-
iors between high rise structures using a skybridge affect various aspects of the individual structures. Extensive
parametric data including modal information, displacement, shear, and overturning moment were gathered from
typical high-rise structure models to evaluate structural performance under static and dynamic loading when the
skybridge is installed at various locations along the height of the structures. Results confirmed the potential of using
skybridges to improve the performance of the connected structures.
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Integrating topology optimization into the workflow of structural engineering projects is a challenge that many
modern engineers face. The significance of including this critical step in the design process lies in important insights
as to where building materials can be allocated to produce the most economic and efficient designs, an issue that
resonates with many of the current movements toward more economical and sustainable structures. However,
due to the lack of automated processes, implementation of topology optimization has often been simplified in such
a way that hinders the true power of this tool.

Attempts have been made in both academia and industry to seek solutions to this problem. However, due to a sig-
nificant gap between the engineering science in academia and engineering practice in the industry, research out-
comes on each side are not typically leveraged. As an attempt to bridge this gap, San Francisco State University and
University of South Carolina collaborated with industrial partners to establish a Research Experiences for Under-
graduates (REU) Site program, focusing on academia-industry collaborations in Smart Structure Technology (SST).
Through this effort, an automated topology optimization platform has been developed together with Arup, a world
leader in the design of tall buildings. The developed platform harnesses the power and versatility of commercially
available software packages to provide an automated solution to perform structural topology optimization under
various case scenarios. A twisting high-rise building under wind excitations is used as an example to demonstrate
the performance and robustness of the developed platform.
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With increasing demands for high performance in structural systems, Smart Structure Technology (SST) is receiving
considerable attention as it has the potential to transform many fields in engineering.

Currently, there is a significant gap between the engineering science with fundamental research in academia and
engineering practice with potential application in the industry. To respond to this challenge, San Francisco State
University and University of South Carolina collaborate with industrial partners to establish a Research Experi-
ences for Undergraduates (REU) Site program, focusing on academia-industry collaborations in SST. The program
features innovative research experience through engagement in projects with scientific and practical merits in both
academic and industrial environments. This REU program intends to (i) increase the diversity of professionals in
the engineering field by recruiting a highly diverse student population, including underrepresented students, and
encouraging them to pursue graduate-level training and careers in science and engineering; (ii) train students in
both engineering science and engineering practice thereby producing mature, independent, informed, and globally
competitive engineering graduates to meet the demand for skilled STEM professionals; (iii) establish a sustainable
collaboration model between academia and industry that is designed for adoption/adaption throughout the various
engineering disciplines.

In this work, the details of the program will be described together with feedback from the first year’s implementa-
tion. The challenges and lesson-learned on the collaboration between the two participating universities, communi-
cations with industrial partners, recruitment of the students, setup of the evaluation plans, and development and
implementation of the program will be discussed.
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New techniques for the analysis of floor vibrations have been proposed with the purpose of determining activities
such as people falling and gait characteristics. These new techniques provide an opportunity to expand the use of
structural monitoring systems, usually designed to determine structural characteristics, to other disciplines such as
healthcare.

This new techniques require sensing floor vibrations created by people walking or similar activities. These vibra-
tions can be order of magnitude smaller than other activities used for structural monitoring. This paper proposes
the use of a mechanical resonator to amplify these structural vibrations. Numerical and experimental studies in the
mechanical resonator are performed. Results show that acceleration records can be amplified over 10 times with
a single degree of freedom resonator. Challenges and opportunities related to signals collected from the resonator
will be discussed during the presentation.

131



2019 Engineering Mechanics Institute and Geolnstitute Specialty Conference

Damage Diagnosis for Historic Marine Infrastructure:
Documentation, Numerical Modeling, and Structural Health
Monitoring of Morris Island Lighthouse

Wednesday, 19th June - 09:30: Poster Display (Beckman Mall) - Poster - Abstract ID: 475

Ms. Anna Blyth (University of Minho), Ms. Rebecca Napolitano (Princeton University), Prof. Branko Glisic (Princeton University)

Heritage structures embody engineering, historical, and architectural feats and serve as records for future genera-
tions provided that they are well documented and well maintained. Often historic structures come under the care of
nonprofits or the governments who face funding constraints that dictate the extent of preservation and documen-
tation. Thus, it is important to investigate the best tactics to obtain a complete structural assessment of a structure
while conserving time and budget. This work aims to provide clear documentation of a successful analysis work-
flow for heritage preservation efforts through a case study on the Morris Island Lighthouse in South Carolina. In
terms of documentation, a DJI Phantom 4 Pro drone was flown around the lighthouse to map existing crack patterns
and other forms of damage. Additionally, aerial photogrammetry was used to document the as-built structure of
the lighthouse. Using the as-built model of the structure, a simplified 3D model of the lighthouse was constructed.
Diverse environmental loads such as earthquakes, wind, and waves were applied to the structure and the result-
ing crack patterns were calculated using distinct element modeling. In addition to understanding how the cracks
formed on the structure, structural health monitoring was used to understand the stability of the lighthouse with
the existing damage. Lastly, these heterogenous datasets were aggregated into a virtual tour and informational
modeling environment composed of spherical panoramas for dissemination across the pertinent parties.
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Many earthquakes are preceded by observable foreshocks, which occur closely in both space and time to the main-
shock that follows. The mechanism responsible for the occurrence of these smaller-scale precursory seismic events
within the nucleating region of the mainshock is uncertain and, furthermore, the physical relationship between
foreshocks and mainshocks is unknown. In this study, we explore the time-dependence of source properties from
foreshock-like events that occur at asperities within a rate-and-state fault model. These fault asperities in the model
are created by an elevated compression and produce smaller-scale seismic events within a larger-scale seismogenic
region over multiple mainshock cycles. Our goal is to determine whether or not the protracted nucleation process of
the mainshock, and thereby the relative timing of these smaller-scale events, affects the source properties of these
precursory events. Utilizing the data from the long-term numerical simulations, our approach is to group smaller-
scale seismic events into bins based on their relative timing within the recurrence interval of the mainshock, and to
compare representative source property values between bins. Our preliminary results show that changesin rupture
dimension late in the mainshock recurrence interval may indicate the advancement of the mainshock. If a trend in
the properties of individual smaller-scale seismic events exists that can be observed, then this understanding could
be a key ingredient in the potential for mechanics-based earthquake forecasting.
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Increased use of wood has led to complex timber constructions and new types of wood-based products. In simula-
tions, however, mainly simplified models are used to describe this material with strongly varying properties. Thus,
to exploit the full mechanical potential of wood, a more accurate prediction of the mechanical behavior, especially
when it comes to failure, is needed.

Therefore, we developed a multi-surface failure criterion, which is able to describe brittle and ductile failure mecha-
nisms of wood, based on simulations on several length scales. Combined with a geometric reconstruction algorithm
for knots, such a tool can be used to determine effective strength properties of knot sections. Due to the highly or-
thotropic failure behavior of wood and the strong variations of material directions close to knots, this task is very
challenging. Widely used methods in fracture mechanics all have drawbacks when applied to such a material. For
example, XFEM is limited by frequently occurring geometric incompatibilities, or the use of plasticity models easily
encounters numerical problems due to the quasi-brittle nature of wood failure. Here, the emergence of the phase
field method in recent years seems to be a promising solution for these problem:s.

Subsequently, such strength properties of wooden boards are condensed into so-called strength profiles. By ap-
plying this approach to a large set of wooden boards, probabilistic material models can be developed and used
in simulations of wood-based products. Such a framework for sensitivity analysis and robust design optimization
should help engineers to design efficient timber structures.
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A micro-macro approach is developed to model the competition between damage and healing processes in salt poly-
crystals. We represent the polycrystal as an assembly of hollow spherical inclusions, which are split by three orthog-
onal weakness planes. Each inclusion is characterized by its initial pore size and its orientation. A self-consistent
homogenization scheme is applied to calculate the mechanical properties of the Representative Elementary Volume
(REV).

Damage accumulation is modeled as the propagation of mode I ring fractures along the weakness planes. Micro-
mechanical stress concentration factors are modified to account for crack interactions, evaluated numerically with
the Finite Element Method. A non-associative flow rule is adopted to update the inclusion damage tensor, defined
as a crack density tensor. The damaged compliance tensor of the inclusion is calculated from micro-mechanical
principles.

Due to pressure solution, solid salt dissolves along the fracture planes that are under compression, and precipitates
at the pore wall, which acts as a sink. The reduction of the pore size increases the inclusion stiffness —a phenomenon
called mechanical healing.

We then propose a closed formulation based on the self-consistent method to calculate the REV stiffness tensor for
a uniform distribution of inclusion orientations. We also present a numerical algorithm to extend the homogeniza-
tion scheme to an anisotropic matrix. The coupled micro-macro damage-healing model is calibrated and validated
against published experimental data. Comprehensive sensitivity analyses are performed to characterize damage
and healing regimes.

135



2019 Engineering Mechanics Institute and Geolnstitute Specialty Conference

Pros and cons of the Mori-Tanaka scheme for modeling damage
propagation due to biotite weathering in granite

Wednesday, 19th June - 09:30: Poster Display (Beckman Mall) - Oral - Abstract ID: 371

Mr. Xianda Shen (Georgia Institute of Technology), Dr. Chloe Arson (Georgia Institute of Technology), Dr. Sébastien Brisard
(Université Paris-Est, Laboratoire Navier (UMR 8205))

Biotites are silicate sheets connected by potassium cations. In the presence of water, the interlayer of potassium
cations is replaced by hydrated exchangeable cations, inducing an expansion of the biotite minerals. The goal of
this study is to formulate a multi-scale approach to predict micro-crack propagation induced by these stress concen-
trations. Specifically, we discuss the feasibility of using the Mori-Tanaka homogenization scheme to model damage
propagation induced by biotite weathering in granite.

The granite Representative Elementary Volume is a continuous matrix that contains ellipsoidal biotite inclusions.
Eigenstrains are introduced in the inclusions to simulate biotite chemical expansion. The matrix is assigned a Con-
tinuum Damage Mechanics constitutive model, in which damage propagates beyond a given strain threshold. Sen-
sitivity analyses indicate that damage propagation depends on biotite volume fraction and orientation relative to
the loading directions.

The proposed homogenization scheme presents some limitations: (i) Biotite inclusions are assumed to be ellipsoidal;
(ii) Inclusion size effects cannot be accounted for; (iii) The stress and strain fields in the matrix are assumed to be
uniform. To check whether these limitations affect the prediction of the macroscopic response of weathered granite,
we simulate the expansion of biotite inclusions of various shapes and sizes embedded in a continuous matrix, using
Janus, a code that discretizes the Lippmann-Schwinger equation with periodic boundary conditions and solves for
local field variables based on the Fast Fourier Transform (FFT) method. We compare Mori-Tanaka and FFT results
and discuss the impact of the assumptions made in the homogenization scheme.
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Rock salt, a sedimentary rock classified as an evaporate, forms as a result of evaporation of inland seas or any
enclosed bodies of water and can be found in nature as bedded or domal formations. Salt caverns within under-
ground salt deposits can potentially serve as a long-term and safe repository for carbon dioxide, nuclear waste, and
the waste of oil drilling operations. Also, drilling through rock salt to reach oil reservoirs poses many challenges.
The accuracy with which the fracture behavior of any material can be simulated, including geological materials like
rock, hinges upon the fidelity of both the engineering model and the geometrical representation of the cracked body.
The anisotropic response of rock salt during creep deformations is stress and temperature dependent, and the accu-
mulated creep strain influences fracture nucleation. A key limitation of existing phenomenological creep models is
that rock salt’s anisotropic response is not represented at the microstructural level. Our proposed research thrust is
to combine nondestructive 3D x-ray diffraction (3DXRD), 3D synchrotron micro-computed tomography (SMT) in-situ
experimental measurements, and 3D crystal-plasticity modeling to enhance current understanding of creep, crack
formation and growth mechanisms in polycrystalline rock salt. A dislocation density-based crystal plasticity model
is introduced then to capture the anisotropic creep strain of rock salt. The present work summarizes experimen-
tal results from confined and unconfined tests across a range of temperatures and validates the introduced crystal
plasticity model against the measured creep response.
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Rock salt formations are widely considered as potential sites for underground repositories for nuclear wastes due
to the low permeability and high thermal conductivity. Nevertheless, the nearly impermeable rock salt may ex-
hibit material failures, such as strain localization and fractures such that leakage may occur within the excavation
distributed zone. Crack initiation and propagation within these regions are difficult to predict using conventional
damage-plasticity model, due to the anisotropic nature originated from the microstructures of the polycrystal salt.
While the phase field fracture model may be effective to reproduce complex fracture patterns at small scales, the
length scale material parameter nevertheless limits the mesh size and hence not suitable for field-scale simulations.
In this work, we provide an FE-FFT multiscale method for polycrystal rock salt. In the microscale, a fast Fourier
transform (FFT) based method is employed to explicitly model the interaction between microcrack and grain bound-
ary, while the microscale quantities are homogenized to investigate the macroscale damage distribution within bulk
rock salt. By introducing modification on the Hill-Mandel lemma for the phase field energy-conjugate pair, we intro-
duce upscaling procedure such that the anisotropic responses can be captured. Numerical examples on polycrystal
are used to demonstrate the accuracy, robustness, and efficiency of the proposed scheme.
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Highly slender components such as rods, beams, and shells, are encountered frequently in various engineering
applications. Using continuum solid elements to simulate the flexural behavior of these slender materials leads
to extremely expensive computations and is still not economically feasible in the existence of numerous beam
components.

In this research, a new particle type is developed to represent beam elements in the context of Material Point Meth-
ods (MPM). The MPM is being used to solve dynamic solid mechanics problems including those with large defor-
mations and impact contact responses. A solid body is discretized into a finite set of Lagrangian material points,
called particles. The continuum equations of motion are solved on a fixed Eulerian background grid. The current
work extends second-order convected particle domain interpolation (CPDI2) MPM, which tracks particle domains
as hexahedra in 3-D. The beam particle developed herein behaves like a beam and has three translational and three
rotational degrees of freedom in 3D. The position of the beam particle is defined by the position vectors at the cen-
troid of the particle domain. The rotation of the heam element is obtained by updating angular accelerations and
velocities on the grid traditionally used to update linear momentum. In addition, a new contact model is developed
for beam elements. Such beam elements are non-volumetric, which is a challenge to detecting collision and contact.
To address this, we introduce phantom nodes representing the spatial extent of the beam, which allow for lateral
impact contact with frictional slip between beam elements.
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Liquefaction refers to the phenomenon in which excess pore water pressure reduces the contact pressure between
grains of sandy soil (and thereby reduces the shear strength) causing global behavior to resemble that of a liquid.
Efforts to capture the onset of liquefaction as well as the behavior of soils after they liquefy have revealed that this
is a physically complex problem involving many factors. This paper presents validations for an implementation
of a new material model in the finite element program LS-DYNA. The material formulation is based on a model
proposed by Taiebat and Dafalias (2008) known as SANISAND and is designed to simulate the behavior of liquefied
soils. The name refers to a family of Simple ANIsotropic (SAND) constitutive models within the frameworks of
critical state soil mechanics and bounding surface plasticity. The model renders the slope of the dilatancy stress
ratio (i.e. the phase transformation line) such that, at the critical state, the dilatancy stress ratio coincides with the
critical state failure stress ratio. The bounding surface formulation enables cyclic loading response simulation. The
model also accounts for inherent anisotropy effects and the effects of fabric changes during the dilatant phase of
deformation on the subsequent contractive response upon load increment reversals. By limiting the compression
curve and employing a properly closed yield surface, the model predicts plastic strains during any type of constant
stress-ratio loading. This implementation is successfully validated against empirical data from a simple shear test
performed in a centrifuge for the VELACS test program.
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Model updating by combining nonlinear mechanics-based Finite Element (FE) models with advanced Bayesian in-
ference methods has emerged as a powerful technique for structural health monitoring and damage prognosis of
complex civil infrastructure systems. However, for the precise inference to be possible, the selected model must
be identifiable. The non-identifiability might result in non-unique parameter estimates when the inference is per-
formed using Bayesian point estimation techniques such as Kalman filters. This work first employs the unscented
Kalman filter (UKF), an advanced nonlinear Bayesian filtering method, to update (using simulated noisy input and
output seismic measurement data) material constitutive model parameters of a 2D plane strain nonlinear FE model
of Pine Flat dam (a concrete gravity dam on King’s River near Fresno, California). Non-unique parameter estimates
yielding the same earthquake response prediction are observed because of structural non-identifiability of the se-
lected model. To decipher the non-unique UKF estimates, Bayesian inference is also performed using Markov chain
Monte Carlo methods to explore the joint posterior probability distribution of the parameters. A flat peak in the pos-
terior distribution of the compensating parameters was observed (due to structural non-identifiability of the model)
and all the non-unique estimates of the UKF correspond to the peak of the posterior. A local identifiability analysis
using Fisher Information Matrix (FIM) is then performed to rank the parameters according to their identifiability.
The subsets of FIM are also analyzed to identify the compensating parameters. The non-identifiable parameters are
then removed from the estimation phase resulting in unique UKF estimates.
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Finite element (FE) model updating is known to fine-tune parameter values of an FE model so that the model gen-
erates properties close to these from field measurements. In order to perform updating, an optimization prob-
lem is usually formulated to minimize the difference between the simulated properties and the measured proper-
ties. When an optimization problem is non-convex, solution algorithms in general cannot guarantee finding the
global optimum. A local minimum is usually taken as the solution, without providing any knowledge on how close
the local minimum is to the global minimum. While finite element (FE) model updating has been widely applied
for decades, little has been investigated regarding the non-convexity of the associated optimization problem. This
presentation will start by investigating a few example structures to reveal the degree of nonconvexity that exists in
FE model updating problem:s.
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A sequential Bayesian filtering approach is proposed for model updating and modeling error estimation of nonlin-
ear dynamic systems of civil structures based on a sequential maximum a posteriori (MAP) estimation approach.
The proposed algorithm is capable of estimating time-invariant model parameters and the parameters of model-
prediction errors, e.g., mean and covariance of errors. The sequential filtering approach can be applied either
in a data-point manner (similar to the classic Kalman filter), or in a windowing manner (sequential windows
with/without overlap) to speed up the updating process and reduce the computation effort. The mathematical
formulation of the method is first presented in the paper and then numerically applied to a nonlinear cantilever
steel pier. A mechanics-based nonlinear finite element (FE) model of the cantilever steel pier with unknown time-
invariant parameters for steel constitutive model is created for demonstration of the proposed algorithm. The
acceleration measurement at the top of the cantilever pier subjected to an earthquake excitation is simulated us-
ing the true nonlinear model and polluted with noise. Then a similar nonlinear FE model with modeling errors in
the boundary condition at the base of the pier is created for model updating. The proposed sequential Bayesian
filtering is implemented to estimate the model parameters and modeling errors using the simulated time domain
input-output data.
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A Bayesian operational analysis method based on modal component sampling is developed in this paper. This
method can efficiently identify the modal parameters of civil engineering structures under operational conditions
even when the number of measured degrees of freedom is large. The mathematical model of a dynamic system
is constructed with the modal parameters being the system parameters and the posterior PDF of the modal pa-
rameters is formulated using Bayes theorem. Bayesian modal analysis is conducted through generating samples
of the modal parameters in the important regions of the posterior PDF. The modal component sampling algorithm
is tailor made to efficiently generate samples of modal parameters from the high-dimensional posterior PDF. Sam-
pling is conducted iteratively among different modal components, so that the problem dimension can be reduced.
This paper first discusses the theoretical development of the proposed method. Experimental verification under
laboratory conditions is then presented. Applications of the proposed method for operational modal analysis of
full-scale structures are also covered. Interesting dynamic properties of the target structures were obtained. The
experimental studies show good performance of the proposed method.
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Optimal experimental design (OED) techniques provide guidance on the test to be performed in order to maximize
the amount of information contained in the measurements for accomplishing the goals for which the experiments
are set up. Such goals include the selection of the most appropriate physics-based models to simulate a system, its
subsystems and their components, the estimation of the parameters of the models, the improvement in the con-
fidence of the predictions caried out by the models, as well as the reliable identification of damage (location and
severity). A Bayesian framework for optimal experimental design in structural dynamics is developed which is suit-
able in addressing these goals. The information contained in the data is measured using information-based mea-
sures such as mutual information, Kullback-Leibler divergence and relative entropy. The optimal design is based
on an expected utility function (EUF) formed from these measures. The EUF is extended to make the OED design
robust to uncertainties in model selection, structural model parameter and modelling errors. The design variables
include type, location and number of sensor, as well as type, location and excitation characteristics (e.g. frequency
content and amplitude) of actuators. Theoretical and computational aspects for estimating the multidimensional
integrals arising in the formulation of the expected utility function are addressed using sampling techniques and
asymptotic approximations. The framework is demonstrated using selected applications from structural dynam-
ics. Acknowledgements: The author gratefully acknowledge the European Commission for its support of the Marie
Sklodowska Curie program through the ETN DyVirt project (GA 764547).
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Guided ultrasonic wave NDE methods to detect fatigue cracks in metallic structures has been shown to be a promis-
ing methodology for aerospace and structural engineering applications. However, these methods are prone to in-
accuracies due to aleatory uncertainty in system parameters as well as physics model discrepancy. Probabilistic
treatment of the diagnosis faces two key challenges: a large parameter space, and computationally expensive nu-
merical models of the governing physics. In this work, we discuss a probabilistic crack diagnosis framework to
overcome the aforementioned challenges; and to tackle the aleatory and epistemic uncertainties in the process. We
build a Bayesian network that describes a Lamb-wave pitch-catch NDE method using a low-fidelity, physics-based
model of the same. We perform global sensitivity analysis to quantify the contribution of various parameters to
the variance of the damage-sensitive features using this model. We retain the parameters with higher contribution,
and build a medium-fidelity, one-way coupled, multi-physics (piezoelectric effect, wave mechanics) finite element
model. We use the finite element model to generate training data to train a Gaussian process (GP) surrogate model
that can output the damage sensitive signal feature for given values of pertinent system parameters. We use the GP
surrogate to perform Bayesian diagnosis of crack growth considering data corrupted by measurement and process
noise. We fuse the information obtained from various actuator-sensor paths in a PZT network to sequentially up-
date the crack growth estimate. The proposed Bayesian estimation and fusion method can potentially improve the
performance of Lamb-wave pitch-catch NDE methods for metallic structures.
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The next generation of intelligent aerospace systems and aerial vehicles will be able to “feel”, “think”, and “react”
in real time based on high-resolution state-sensing, awareness, and self-diagnostic capabilities. They will be able to
observe phenomena at unprecedented length and time scales allowing for improved performance, adaptability, au-
tonomous operation, increased safety, reduced mission costs, and complete life-cycle monitoring and management.
One of the main challenges of the current state-of-the-art research is the development of technologies that will lead
to autonomous self-aware aerial vehicles able to (i) sense the external environment (temperature, humidity, etc.),
(ii) sense their flight and aeroelastic state (airspeed, angle of attack, aerodynamic loads, etc.) and internal structural
condition (stresses, damage), and (iii) effectively interpret the sensing data to achieve real-time state awareness and
health monitoring.

The aim of the present study is the introduction and critical assessment of data-driven machine-learning (ML) frame-
work for self-aware aerospace systems. The cornerstone of the proposed approach lies on the use of a functionally-
pooled time-series-model representation that drives the ML scheme. The experimental evaluation and assessment is
based on a simulated data and a series of wind tunnel experiments under varying operating and structural states.
The recorded signals are subsequently used for the stochastic identification of the structural and aeroelastic re-
sponse via “global” Vector-dependent functionally pooled (VFP) models. These models are used in the first phase of
the ML framework in order to provide “explainable” statistical features. Next, a supervised ML approach enables
the real-time structural awareness and monitoring of the system.
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The prediction accuracy of surrogate model for structural reliability assessment is heavily determined by the selec-
tion of the representative samples used to train the surrogate model. Most sampling methods try to fill the sampling
space with representative samples, and the surrogate model may lose accuracy around the limit state surface, which
is the key area in sample classification. Therefore, a new sampling method is needed to select representative sam-
ples along the limit state surface and increase the accuracy of the surrogate model in this area. Deep reinforcement
learning (DRL) is an area of machine learning, which is widely used recently. Such as the AlphaGo Zero software
application uses DRL to conduct sampling optimization. Inspired by this, we propose a sampling method based
on DRL, which uses DRL to select representative samples. The proposed process for sampling is as follows. First,
the sampling space and the existing samples are transformed into an array that is treated as the state. Second, a
deep neural network is designed as the agent to observe the sampling space and select new representative samples,
which are treated as actions. Finally, a reward function is proposed to guide the deep neural network to select rep-
resentative samples along the limit state surface. Two numerical examples demonstrate that the proposed method
learns to select representative samples along the limit state surface. The results show that the proposed method
can achieve higher accuracy than the uniform sampling method in sample classification and structural reliability
assessment.

148



2019 Engineering Mechanics Institute and Geolnstitute Specialty Conference

Semi-Supervised Structural Damage Detection Using Sparse
Identification

Wednesday, 19th June - 11:00: MS90 - Machine Learning and Data Analytics for Infrastructure Integrity
Assessment; Part 1 (Steele 102 (130)) - Oral - Abstract ID: 284

Dr. Zhilu Lai (Rice University / ETH-Ziirich), Prof. Satish Nagarajaiah (Rice University), Prof. Eleni Chatzi (ETH-Ziirich)

As a useful class of techniques for structural health monitoring, vibrationObased structural damage detection has
been intensively studied in the civil engineering community for decades. Structural damage is commonly treated
as a local linear stiffness reduction, which may not account for nonlinear damage, as is typically the case for real
world structures. Characteristic instances of such nonlinearity include plastic deformation, cracking, and loose
connections. Methods relying on machine learning, such as novelty detection or supervised classificationObased
methods have been used for nonlinear damage detection, but in most cases a direct physical interpretation of the
damage cannot be accessed.

To address this limitation, this work aims to deliver a framework for detecting and physically characterizing lin-
ear/nonlinearJtype structural damage in a semilsupervised way. The proposed method adopts a previously pro-
posed sparse identification algorithm to establish a baseline (undamaged) model. Then, damage is considered as a
variation of restoring forces in the structural system, or alternatively assumed as a pseudo force acting on structural
system. The damaged system is then transformed into a superposition of an equivalent linear system and a nonlin-
ear restoring force term. By comparing the corresponding outputs from the prediction of the baseline model and
the newly acquired data, a variation of the massnormalized restoring (pseudo) force is identified, which can be
used for further damage characterization. An illustrative numerically simulated example and an experimental case
study of a small-scale wind turbine blade are overviewed in this work to verify the effectiveness of the proposed
method.
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In the context of optimized Operation & Maintenance of wind energy infrastructure, it is important to develop deci-
sion support tools, able to guide operators and engineers in the management of these assets. This task is particularly
challenging given the multiplicity of uncertainties involved, from the point of view of the aggregated time-varying
data, the available knowledge with respect to the wind turbine structures, and sub-components, as well as the
constantly varying operational and environmental loads. Wind turbines are equipped with sensors monitoring
structural, electrical and mechanical components. The first problem is, at time ¢, to predict which readings will
be reported in the future t+i taking into account readings before timet, in the hope of diagnosing precursors to
faults before they occur. The second problem is to discover (either online in real-time or offline) the root causes or
sequence of events that lead to faults when they occur. We propose a supervised ensemble Bagged decision tree
classification algorithm to diagnose time-varying faults, errors, damage, patterns, anomalies, abnormal operation,
and perform automated root cause discovery. The use of decision trees is motivated by the fact that they tend to be
easier to implement and interpret than other quantitative data-driven methods. We demonstrate the method on a
toy example of a wind turbine undergoing simulated turbulent wind loading in the Matlab/Simulink environment.
Various faults scenarios are simulated by injecting fault conditions and respective patterns into the sensor model,
actuator model, control model or system dynamics.
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Continuous monitoring of infrastructure systems is essential for detecting damages in a timely manner in order to
avert catastrophic failure events. Structural health monitoring (SHM) entails the deployment of an array of sensors
on a structure of interest, structural response acquisition, followed by condition assessment based on the acquired
data. In recent years, deconvolution seismic interferometry has emerged as an effective approach for continuous
monitoring of structures. This approach estimates the impulse response functions (IRFs) of the structure as a func-
tion of its height from structural response data, for characterizing structural dynamic properties. From the IRFs, we
can estimate the variation in velocities of propagating waves in the structure, when it is subjected to external exci-
tation. We use these changes as a metric to measure damage in the structure. This approach has been successfully
implemented for tall steel or reinforced concrete structures. In this paper, we focus on short masonry structures.
This work is motivated by the monitoring of historic masonry structures that are affected by oil and gas exploration
induced seismic loads. The short height and stiffness properties of these structures pose new challenges for imple-
menting this approach. We use data from shaking table tests on a two-story full-scale masonry structure as well as
long-term field measurements, and demonstrate the efficacy of the methodology in detection of structural changes

(e.g., damage).
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Structural health monitoring systems can collect large, nearly continuous streams of data over years of time. This
data is important to better understand structural integrity and structural variations from use and aging. Yet, ana-
lyzing large data streams can be a challenge, particularly with limited computational resources. For guided wave
data, this challenge is exacerbated since each measurement consists of a high frequency ultrasonic waveform that is
rich with information. As a result, there are few studies that examine guided wave behavior over extended periods
of time.

This work studies various machine learning and data science techniques applied to guided wave data from more
than one year of time. We discuss strategies based on random projection theory for analyzing the data without
the need for a supercomputer framework. We then study several machine learning and data science techniques
for learning about trends and characteristics of the data. These techniques include correlation analysis, matrix
decomposition techniques, clustering methods, and neural network-based data mining.

We apply these computational techniques to more than 1 TB of guided wave data from a 0.53 m by 0.53 m aluminum
plate in outdoor conditions in Salt Lake City, UT. Over a year, the plate is subjected to sun, rain, ice, and other
uncontrolled environmental variations that alter the data. We study how these environmental variations affect the
data. Synthetically produced realistic damage signatures are then mixed into the data. We show that we can isolate
the effects of these signatures through our data analysis methods.
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Over the past several decades, major advances have been made in probabilistic methods for assessing structural
reliability. However, a key-point of these methods is that probability models of random variables are assumed to be
known precisely. Moreover, it is often assumed that a unique mapping exists such that reliability calculations can
be performed in the space of standard normal random variables. When data are scarce though, this assumption is
clearly not valid since one cannot identify a unique probability distribution that fits the data. This fact introduces
uncertainty into the estimation of the probability of failure. In this work, we proposed a method to realistically
assess the uncertainty in probability of failure estimates using the First Order Reliability Method (FORM) when
data are sparse. Multimodel Bayesian and information theoretic inference methods are utilized in order to address
the problem of uncertainty quantification and propagation when data for characterizing probability distributions
are scarce. These methods are applied to identify (1) a set of plausible candidate probability densities and the
associated probabilities that each model is the “best” model; and (2) the joint parameter densities for each plausible
model. The full set of candidate probability models is then utilized in a FORM analysis that leverages an efficient
importance sampling reweighting scheme. The result is an imprecise estimate of probability of failure in the form
of probabilities of probabilities that allows us to probabilistically bound our reliability estimates and therefore
adequately assess our confidence (or lack thereof) in these estimates.
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The polynomial chaos expansions (PCE) provide stochastic representations of quantities of interest (Qol) in terms
of a vector of standardized random variables that represents all uncertainties that influence the Qol. These un-
certainties could reflect statistical scatter in estimated probabilistic model (of which the mean, variance, or PCE
coefficients are but examples), or errors in the underlying functional model between input and output (eg physics
models). In this presentation, we will show how PCE permit the evaluation of sensitivities with respect to all the
uncertainties, provide a rational paradigm for resource allocation aimed at model validation. We will demonstrate
the methodologies on examples drawn across science and engineering.
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A major challenge in natural hazards engineering is the determination of the effects of a given natural event on an
entire region. Regional impact estimates of this type are central to effective planning efforts by city and regional
planners. For maximum utility, these estimates need to be conducted at as fine a scale as is practically possible.
In this presentation we describe a computational framework that was developed at the NSF NHERI SimCenter to
study the effects of natural hazards on communities at a regional scale. The modular and extensible framework
allows researchers to simulate the response of structures using multiple fidelity models and perform damage and
loss estimation for all structures in a region of interest. These large-scale simulations provide aggregated and gran-
ular damage and loss estimates for the region taking into account both the uncertainty in the structural material
properties and the loading on the structures due to the natural hazard.

Two testbed simulations demonstrate the capability of the framework: one for the San Francisco Bay Area sub-
jected to a synthetic magnitude 7.0 earthquake and another for the magnitude 7.0 earthquake in Anchorage, Alaska
that occurred on November 30, 2018. These simulations demonstrate the workflow which couples the finite ele-
ment modeling software OpenSees with the uncertainty quantification software DAKOTA. The extensibility of the
framework is demonstrated by characterizing the earthquake hazards using different models, viz. seismic hazard
analysis and stochastic earthquake loading models. Results from both regional studies are compared to damage
and loss estimates obtained using HAZUS.
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Sensitivity analysis has been widely used to quantify the impact of uncertain inputs on model outputs. Typically,
sensitivity analysis requires large number of model evaluations. This poses significant challenge to sensitivity anal-
ysis for computationally expensive/demanding system models. On the other hand, when the outputs of the expen-
sive models have extremely high dimensions, sensitivity analysis for such system models has additional challenge
in high computational effort and memory requirements. To address these challenges, an efficient dimension reduc-
tion and surrogate based approach is proposed. In this approach, surrogate model is used to replace the expensive
model for efficient sensitivity analysis. To ease the additional computational burden caused by high-dimensional
outputs, a dimension reduction technique is applied to transform the original high-dimensional outputs to low-
dimensional latent outputs. To carry out the sensitivity analysis, the surrogate model is first constructed in low-
dimensional latent output space and used to calculate the relevant covariance matrices for the low-dimensional
latent outputs. These covariance matrices are then used with the derived transformation to efficiently establish the
sensitivity indices for the original high-dimensional outputs. To demonstrate the accuracy and efficiency of the pro-
posed approach, two examples will be presented. In the first example, an analytical function with high-dimensional
outputs is used to validate the proposed method. The second example applies the proposed approach to investigate
the sensitivity of peak water level over large coastal regions in San Francisco Bay with respect to the construction
of levees at different counties under projected sea level rise.
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For engineering problems where a large number of model evaluations are needed, direct adoption of expensive
high-fidelity models is impractical. Efficient surrogate models built based on a set of high-fidelity training data
have been proposed. However, the number of high-fidelity data is often limited by cost and/or time, which might
result in compromised accuracy of the surrogate model. In addition, in many engineering applications, the outputs
of high-fidelity models are not always the exact values of interest; rather, the outputs correspond to censored data.
This work proposes a general multi-fidelity Gaussian process model with explicit consideration of censoring in data.
To alleviate the cost associated with establishing high-fidelity data, the proposed model integrates a small number
of expensive high-fidelity data and a large number of cheap low-fidelity data. The model parameters are estab-
lished using Bayesian updating. Data augmentation algorithm is adopted to address computational challenge in
estimating the likelihood function when considering censored data. Closed form conditional posteriors are derived
for all the model parameters. Samples are then efficiently generated from the posterior distributions using Gibbs
sampling to establish posterior statistics for the model parameters and the resulting model predictions. To validate
the effectiveness and efficiency of the proposed model, the proposed model is used to establish a predictive model
for the deformation capacity of reinforced concrete columns using a limited number of high-fidelity experimental
data (the majority of which are censored data) and a large number of low-fidelity data established from analytical
and numerical modeling.

157



2019 Engineering Mechanics Institute and Geolnstitute Specialty Conference

Adaptive Design of Experiments for Kriging Metamodeling
Through Cross-Validation Information

Wednesday, 19th June - 11:45: MS92 - Advances in Computational Methods for Rapid Uncertainty Quantification
and Robust/Performance-Based Design of Civil Structures/Systems Exposed to Natural and Man-Made Hazards;
Part 1 (Kerckhoff 119 (174)) - Oral - Abstract ID: 882

Mrs. Aikaterini Kyprioti (University of Notre Dame), Dr. Alexandros Taflanidis (University of Notre Dame)

Kriging has emerged as a popular metamodel (surrogate model) for uncertainty quantification (UQ) applications.
Part of its popularity can be attributed to its probabilistic features and the fact that it provides an estimate for the
variability of its predictions, what is frequently referenced in the literature as Kriging predictive variance. This
variance is commonly leveraged in the design of experiments (DoE) informing the metamodel development, es-
tablishing an adaptive DoE where the current metamodel informs what additional experiments provide greater
expected utility. Beyond the predictive variance, the metamodel bias, corresponding to the error of the predictive
mean, also provides useful information for any DoE strategy. Evidently utility of new experiment is higher in input
domains where the bias is large. As this bias is unknown, though, leveraging such information requires some form
of an approximation. This contribution investigates how leave-one-out cross-validation (LOOCV) can be used to
inform the adaptive DoE. Information from both the predictive variance and LOOCV squared error are combined
and emphasis is placed on computational efficiency, so that the additional burden through the incorporation of the
LOOCV information is small. Discussion of the advantages of combining both the predictive variance and LOOCV
are also offered, focusing on overestimation of error at the boundary when predictive variance is ignored. The ben-
efits of the adaptive DoE are showcased through implementation to storm selection for hurricane risk assessment
applications. Comparison extends to both the accuracy of the metamodel itself as well as to the risk predictions
facilitated through the metamodel.
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Passive vibration control devices with the tuned inerter have been introduced for civil structures subjected to exter-
nalloadings such as earthquakes. The effectiveness has been shown and tuned inerter devices have gotten more at-
tention recently. This idea utilizes a tuning spring, damper, and rotational mass which produces an amplified mass
effect due to a ball screw mechanism, i.e., inerter. These three components are attached to the primary structure
system and by designing the stiffness of the tuning spring so that the amplified mass is in tune with the primary sys-
tem, significant energy dissipation of the damper can be achieved.In this study, we propose a novel point absorber
wave energy converter with the tuned inerter, which is capable of significantly increasing the energy absorption
and broadening the effective bandwidth. Considering typical point absorbers modeled as a mass-spring-dashpot
system with a linear damper used as the power take-off (PTO) system, the application of the tuned inerter can be
expected to have a significant effect in terms of energy absorption. In this research, numerical simulation under
random sea waves and wave tank experiment of a small-scaled prototype under regular waves are conducted to
verify the performance of the proposed device. The amplitude response and power generation performance are
compared with the conventional point absorber. It is shown that by applying the tuned inerter, the power gen-
eration is dramatically enhanced compared to the conventional point absorber, while the effective bandwidth is
broadened at the same time.
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This study investigates the seismic response of a two-degree-of-freedom structure with supplemental rotational in-
ertia at its first story. The proposed response modification strategy employs an inerter-a mechanical device that its
resisting force is proportional to the relative acceleration between the first story and the ground. This arrangement
complements the traditional supplemental damping strategies, also examined in this work. The paper develops a
time-domain and a frequency-domain formulation for the response analysis and shows that the seismic protection
of structures with supplemental rotational inertia suppresses effectively inter-story drifts at the expense of trans-
ferring appreciable forces at the support of the inerter. Both cases of a single inerter and pair of inerters that can
only resist the motion of the structure are examined. The paper proceeds by examining to what extent a compli-
ant support of the inerter affects the dynamics of the structure and concludes that as the compliance of the support
frame increases, a single inerter may lead to more favorable response. The proposed response modification strategy
is attractive for cases with large relative displacement demands.
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The damping enhancement effect is an important characteristic of an inerter system, as found in previous study.
However, the enhancement mechanism has not been clearly considered in the design theory of the inerter system.
In this study, damping enhancement is adopted as an efficient design strategy for structures with inerter systems
under dynamic excitations. The enhancement effect of an inerter system is presented by the damping deforma-
tion enhancement factor (DDEF). Closed-form stochastic responses, including DDEF and response mitigation ratio
(RMR), of a single-degree-of-freedom (SDOF) structure with an inerter system are derived. The relationship between
DDEF and RMR was found and expressed in a simple equation, which is named damping enhancement equation.
This relationship equation reveals the theoretical essence of the damping enhancement phenomena of the inerter
system explicitly. The detailed design procedure of an SDOF structure with an inerter system was proposed based
on damping enhancement mechanism. Some design cases were also carried out to illustrate this strategy. The study
results show that the damping enhancement equation provides an intuitional and clear explanation of the damp-
ing mechanism of an inerter system. And key parameters of the inerter system can be conveniently determined
according to the proposed strategy subject to the performance demand.
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This paper investigates the optimum design of the tuned mass damper-inerter (TMDI) for the vibration control of
single-degree-of-freedom structures considering nonlinearities in the structure. The TMDI consists of a tuned mass
damper (TMD) with an inerter that is connected between the TMD secondary mass and a fixed support. The in-
erter is a mechanical device that features a rotational mass that can harness relative motion and produce large
mass effects even when the physical mass of the device is small. The TMDI, which has been recently proposed
and investigated, has been found to be highly effective, in comparison to a TMD with an equal amount of physical
mass, in reducing the dynamic response of structures under various excitations. However, all previous investiga-
tions have been conducted with the assumption of a linear base structure. As the real behavior of structures under
extreme loads can feature important nonlinearities, the control of the nonlinear response of structures with the
TMDI should be considered. In order to study the control of structures featuring nonlinearities with TMDI, the “in-
erter element” is developed by the authors in the Open System for Earthquake Engineering Simulation (OpenSees)
software framework. A numerical optimization was undertaken to determine the optimum design values of the
TMDI and its effectiveness was evaluated in comparison to the TMD. The results of this work demonstrate that the
nonlinearity in the base structure is an important factor effecting the performance of the TMD and TMDI and that
the TMDI provides additional robustness when considering these nonlinearities.
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Inrecentyears a new generation of seismic protection devices has emerged, incorporating within traditional passive
vibration control systems the inerter, a two-terminal mechanical device developing a resisting force proportional
to the relative acceleration of its terminals. Examples of such inerter-based protection devices include the Tuned-
Inerter-Damper (TID), the Tuned-Mass-Damper-Inerter (TMDI) and the Tuned-Viscous-Mass-Damper (TVMD). Pre-
vious work has shown that when properly tuned/designed such devices can provide significant performance en-
hancement for seismic applications, though at the expense of increased forces transferred by the device to the
protected structure. A multi-objective design approach is examined in this study to investigate the compromise
between these two competing objectives. Seismic excitation is modeled as stochastic stationary process and struc-
tural behavior as a linear dynamical system, utilizing a state-space formulation. The first objective, representing
the vibration suppression efficiency, is quantified according to current performance-based earthquake engineer-
ing standards using first-passage reliability criteria, considering failure modes associated with floor accelerations
and inter-storey drifts. A variant, simpler, formulation is also considered using as performance quantification the
sum of variances. The second objective, representing the local strengthening of the protected structure required
to accommodate the inerter-based protective device implementation, corresponds to the standard deviation of the
force transferred by the device to the structure. The illustrative example shows that the proposed design approach
supports a comprehensive understanding of the compromise between the aforementioned objectives. Comparison
of the performance between stationary and non-stationary excitation conditions validates the use of the simpler,
stationary excitation at the design stage.
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Recently, a novel inertial mass damper termed accelerated oscillator damper (AOD), which is capable of generating
amplified inertance, enlarged spring force and magnified viscous damping and providing a controllable enhanced
system damping has been used as an energy dissipation device for seismic response control. Structural vibration
energy induced by external loading is transfer to the secondary mass via the accelerated transmission device. In-
vestigations show that the AOD system is superior to the tuned mass damper (TMD) system for short input durations
and the maximum seismic response, even adopting significantly smaller mass ratio. However, the AOD system re-
quires that the transmission device, the secondary mass, the springs and the viscous damper must be fixed on the
foundation. This is not always the convenient and available case for most bridges and civil buildings. This paper
proposed an improved and generalized type of AOD system called universal accelerated oscillator damper (UAOD),
in which the third system including another set of mass, springs and viscous damper was introduced between the
accelerated transmission device and the foundation. The girder of approach bridges, piers and nearby structures
can be used as the third system for the UAOD-structure system. More independent structures and more parameters
make it possible to obtain multiple optimal vibration control designs. Moreover, conventional oscillator dampers
such as TMD, inerter and AOD can be regarded as the special forms of the UAOD system by assigning different
parameter values and can be analyzed within the unified framework of UAOD.
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Welds are key elements of most steel connections, and can affect the governing failure modes of steel connections
in fire. Despite their importance, very limited studies have been conducted to examine and characterize the creep
behavior of welds and welded joints at elevated temperatures. To address this knowledge gap, preliminary results
of an extensive experimental program on thermal creep behavior of transverse welded lap joints at elevated tem-
peratures are studied. Steady-state temperature creep tests are performed at 500 °C and 600 °C to examine explicitly
the creep behavior of weld material in transverse welded lap joints in fire. Hence, two series of experimental work
are conducted. In the first series, the test specimen is heated up to a target temperature (500 °C and 600 °C) and
then loaded with a fast loading rate of 0.01in./min until failure to estimate the peak load that the test specimen can
withstand at each temperature. In the second series and after the specimen is heated up to a specified temperature
(500 °C and 600 °C), aload equals to a fraction of the ultimate load predicted in the first series of analysis (50%, 75%,
and 90% of peak load) is applied and kept constant throughout the test. This study provides an overview of the test
program, with a detailed description of the test specimens, test procedures and test results. The experimental re-
sults provide an improved understanding of creep deformation and strength characteristics of welded connections
at elevated temperatures due to fire.
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Previous research focused on studying and analyzing steel connections that have a critical role in resisting thermal
loads under fire scenarios. One of the most commonly used steel connections is shear tab connection. The behav-
ior of shear tab connections under thermal loads has been rigorously studied using finite element modeling with
solid elements, component-based modeling, and experimental work. Very limited research, however, has been con-
ducted on hybrid modeling. The purpose of this study is to develop an efficient method that combines finite element
with component modeling to design shear tab connections subjected to fire temperatures. The beam-column shear
tab connection is modeled in Abaqus where columns are assigned as line elements, beams as either solid or line
elements, joints as connectors. These connectors are defined with axial and rotational stiffnesses. The hybrid model
is validated against experimental and finite element results, and component-based models. The proposed hybrid
model offers engineers an efficient method for designing shear tab connections that can sustain thermal loads.
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Accurate predictions of the ultimate strength and deformation capacities of steel welded connections under fire
conditions require the ability to simulate fracture behavior of welded joints. However, due to lack of comprehensive
elevated-temperature test data on welds and welded connections, and the complex stress state in these connections,
predictions of the fracture behavior of welds and welded connections are still uncertain and difficult. Therefore,
there is a need for an improved tool for computational prediction of fracture for welded connections at elevated
temperatures.

This paper proposes an approach to simulate fracture phenomenon of steel welded connections at elevated temper-
atures. A triaxiality-based ductile fracture model was selected to simulate fracture behavior of welded connections
at elevated temperatures. The model was successfully used in past studies to predict the fracture failure modes in
steel bolted connections subjected to fire. The parameters of this fracture model were calibrated using test data on
welded connections together with numerical simulations of connections in finite element analysis program Abaqus.
Due to lack of sufficient test data on steel welded connections at elevated temperatures, parameters of the fracture
model were calibrated by a trial and error process using available data from tests on steel welded connections.
Various sets of parameters for the model were input into Abaqus to simulate the tests until the simulated load-
deformation results and fracture failure modes reasonably matched those from tests. Recommendations are also
given as how to determine model parameters for fracture simulation of steel welded connections at elevated tem-
peratures.
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Although vertical greenery systems (VGSs) are more popular, their fire hazards have not yet been thoroughly stud-
ied. Vegetation grown along building facades provides fuel for the spread of fires. The direct action of a window
flame plume from a post-flashover room fire would ignite VGS as observed from scale models reported on a small
green plant Bermudagrass. Full-scale burning tests on vertical upward fire spread over a 7 m tall green facade were
performed and will be reported in this talk. Experiments were carried out on part of a real-scale VGS with three
plants commonly used. These are Buxus microphylla; Fragrant Plantain Lily; and Matteuccia struthiopteris.

The following key points observed will be reported:

Window flame plume from a post-flashover room fire would act on the VGS and ignite the plants.
Wet plants are not easy to be ignited.

Dry plants can be ignited readily with flame spread rapidly.

Irrigation is important to provide wet plants.

Burning broad leaves plants would give a bigger fire.

Results are useful for deciding fire tests for the assessment of VGSs. Appropriate fire protection, fire-fighting and
rescue strategies for buildings with VGSs can then be recommended.

Keywords: vertical greenery system, window flame plume, full-scale burning tests
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Performance-Based Fire Engineering (PBFE) is gaining traction in the US, with the aim to provide safe, resilient,
and cost-effective design solutions for structural systems in our evolving communities. Steel-framed buildings with
composite steel-concrete floors are widely used in practice and offer opportunities for achieving robust fire per-
formance through PBFE. Meanwhile, in order to understand how structures behave under realistic fires, there is
a need to systematically quantify and assess nonlinear performance of buildings under several design fires, and
to determine the entire range of behavior up to failure in a systematic manner. This presentation demonstrates
an integrated system-level structural fire analysis method for a prototype multi-story building with a steel frame,
designed based on PBFE. The 3D computational model of the frame is used to perform nonlinear finite element
analyses and investigate (a) the activation of tensile membrane action in the composite floors under various fire
scenarios including multi-story fires, (b) residual deflections in the floor system under different fire scenarios, and
(c) scenarios leading to potential collapse of columns, for assessment of possible progressive collapse mechanisms.
The analysis is extended to study robustness of the PBFE when fire occurs as a secondary hazard and after a column
loss. The results show that PBFE is a viable approach to obtain safe design solution for fire while target performance
objectives can be defined and satisfied during the design process.
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The performance of suspension bridges exposed to fire conditions is severely under-studied—so much so that no
experimental data exists to quantify the safety of a suspension bridge at high temperature. At the most fundamen-
tal level, bridge performance and safety rely on the integrity of the constituent high-strength steel wires. As such,
our recent work has focused on the general thermo-mechanical profile of the high-strength steel wires in a range
of elevated temperature environments. We are now focused on determining the remaining safety factor of a sus-
pension bridge that survives a fire and is returned to service. Specifically, this work determines the mechanical
properties (from both static and dynamic testing) of wires that undergo significant heating without mechanical fail-
ure. This is likely to happen for the case of uneven heating of the cable wherein hot wires shed load to cool wires
as they undergo thermal expansion. The test results show an alarmingly high reduction in yield strength, ultimate
strength, and plastic deformation at failure, varying with temperature and time of exposure. Furthermore, we
scale the problem to the strand and full cable level in order to better understand the structural implications of this
damage to the global safety and stability of the structure. This involves heat transfer studies at the 61-wire strand
and 9,000-wire cable level. This multiscale testing program, combined with companion finite element modeling,
serves to empirically and numerically characterize a previously under-studied public safety hazard.
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Stochastic multiscale analysis includes the definition and simulation of random fields of material properties on
complex domains. The consideration of connected phases, which is relevant to most fiber-reinforced composites,
generally requires generating spatially varying properties on nonconvex domains. In this talk, we present a method-
ology to efficiently model and sample non-Gaussian random fields of material parameters on such geometries. The
relevance of the computational framework is finally evaluated by applying the strategy to a polydisperse random

microstructure.
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For past decades, computational contact mechanics has engendered considerable interest in the engineering com-
munities. Numerous studies have been performed in the field of computational contact mechanics to develop robust
and efficient numerical methods that can predict mechanical contact phenomena with accuracy. However, most of
those studies are based on traditional weak-form based finite-element methods.

In this study, we use the particle difference method (PDM) [1,2], a strong-form point collocation method, to model
two-dimensional frictional contact problems. The novelty of the proposed method involves that governing partial
differential equations are directly discretized based on Taylor series approximation and the moving least squares
approach. Consequently, the PDM neither performs domain integration nor constructs a mesh, thus saving compu-
tational time. To demonstrate the effectiveness of the method, benchmark problems in frictionless and frictional
contact problem for irregular distributions of the collocation points are provided. These numerical examples are
also compared with those obtained from the conventional finite element method and analytical solution to verify
the efficiency and accuracy of the proposed method.
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Predicting the strength and stability of heterogeneous interfaces is an outstanding problem, relevant to a broad
range of fields — from biology and nano-mechanics to geophysics. Earthquake faults have a lot of inherent het-
erogeneity, both in geometry and constitutive properties. Understanding the dependence of the interface slip pat-
terns on geometry and constitutive behavior of the frictional interface remains an important challenge. We fo-
cus on interfaces with rate-and-state friction that mix instability-promoting velocity-weakening (VW) regions and
instability-suppressing velocity-strengthening (VS) regions. Both quasi-static and dynamic slip events could occur
in such surfaces, depending on the fractional area, connectivity, and the size of the VW patches with respect to the
nucleation size, i.e., the critical size for the initiation of dynamic instability. Overall, we aim to understand how
local heterogeneities in friction properties translate into larger-scale behaviors, both in terms of stability and slip
patterns.

To that end, we study slip patterns on the interfaces with fractal-like distributions of frictional properties, using
3D simulations of a 2D interface embedded in a homogeneous elastodynamic space, with an efficient and rigorous
numerical procedure. With incorporating more complex heterogeneity into the model and matching the observa-
tions, we could potentially start to constrain the level of heterogeneity on natural faults. The important questions
we aim to address are: 1) How important is smaller-scale heterogeneity of the friction properties to the large-scale
response? 2) Is there a physically-motivated upscaling of the effect of smaller-scale heterogeneity on larger scales
that allows to maintain the statistics of the slip events?
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We discuss a rapid full-waveform inversion method for estimating parameters of horizontally-layered soils using
recordings of soil motion induced by the passing of trains or other moving loads. The approach rests on the Thin
Layer method for modeling the layered soil, and on a recently-developed inversion methodology that uses the soil’s
dispersive characteristics as a constraint. We discuss how the method can be used for field applications, while
demonstrating its capabilities with numerical experiments based on synthetic data.
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Excess moisture in unbonded base and subbase layers may significantly affect pavement behavior. Traffic loading
leads to development of pore-water-pressure that could be high enough to reduce the shear strength of the under-
lying granular layers resulting in premature damage. Available numerical methods for the analysis of pavements
do not model this phenomenon directly.

This presentation introduces generalization of the Elastodynamic Finite Integration Technique (EFIT) for analysis
of poroelastic medium subjected to dynamic modeling. The basic equations of Biot’s theory of interactions between
mechanical deformations and fluid flow in a porous media are presented in an integral form to obtain the discrete
equations on a staggered grid. Central differences are used to discretize the equations in the time domain. This
results in the velocity vectors and stress tensor components for both elastic skeleton and fluid being staggered in
both time and space. This formulation results in a computationally efficient procedure for analysis of multilayered
poroelastic systems.

Several numerical examples of analysis of pavement systems subjected to moving axle loading will be presented.
The effect of cracks and joints in the top layer on the elastic deformations and movement of water in the base layer
will be discussed.
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It is necessary to study the nano/micro mechanics of the porous geo-materials to simulate the behavior of tight for-
mations such and shale. From the nano/microscopic point of view, a pore-network model is a convenient tool to
investigate such formations. Based on 2D images series of the porous media produced from CT or micro-CT technol-
ogy, the 3D structure can be reconstructed by advanced computational graphics technology. Rather than assuming
each solid region as a single sphere, sampling and re-meshing, each particle can be approximated to a model with
overlapping multi-spheres. Then it is easy to extract the particles and pores by appropriate triangulation method,
and test results show that the accuracy and efficiency are higher than direct extraction. Then based on the pore
size and connectivity distribution obtained from the extraction, and the seepage can be estimated by developed
micro-mechanics seepage model. To increase the simulation efficiency, a random connected network based on the
extracted pore network was constructed using the relationship between connections in network and its statistical
parameters. Then a generating algorithm was developed to create corresponding connections with a better accu-
racy relating them to physically meaningful the input parameters. The experimental data of various porous media
agreed well with the permeability calculated by numerical simulation, which demonstrates the potential accuracy
and capability of the proposed pore-network model.
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The successful development of an optimally convergent Generalized FEM (GFEM) with conditioning not worse than
FEM for fracture mechanics problems has been mostly limited to first-order accurate approximations. Numerical
studies with quadratic GFEM approximations are presented, showing errors that are orders of magnitude smaller
than the FEM with quarter-point elements, which in general is not the case for first-order GFEM approximations.
However, they lead to severely ill-conditioned systems of equations. Enrichment modifications able to address
the ill-conditioning of quadratic GFEM approximations while preserving optimal convergence are proposed. An
enrichment modification strategy based on a discontinuous finite element interpolant is proposed to control the
conditioning of branch function enrichments, while a combination of enrichment shifting by its nodal value and
a local finite element mesh modification in the neighborhood of the crack surface is used to address the lack of
robustness of Heaviside enrichments. The discontinuous FE interpolant is a generalization of the continuous one
used with the Stable GFEM (SGFEM). It is shown that SGFEM spaces based on p-hierarchical FEM enrichments are the
same as their GFEM counterparts. This guarantees that both GFEM and SGFEM spaces will lead to the same solution,
which is not the case for the other classes of second-order spaces. The robustness of the proposed approximation
spaces with respect to the position of the mesh relative to the crack is demonstrated numerically.
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The complex-variable finite element method, ZFEM, calculates sensitivities with respect to the variables of interest
based on the complex Taylor series expansion, CTSE. CTSE is numerically equivalent to finite differencing, but the
step issue sizes associated to finite differencing are circumvented. Through a systematic complexification of an
existing finite element code, the response variables and their sensitivities with respect to input variables of interest
are obtained in a single finite element run. In a first order analysis of ZFEM, the energy release rate, an important
fracture parameter, can be computed as the first order derivative of the strain energy with respect to the crack size.
A traditional first order ZFEM approach uses a Cauchy-Riemann representation of the stiffness matrix, resulting
in a (2N x 2N) system of equations, where N is the number of real degrees of freedom. Hence, the computational
expense for a ZFEM run is 2-3 times a real valued analysis.

However, by using a stiffness derivative approach, only an assembly of a complex-valued stiffness matrix at the
element level and the solution of a real-valued finite element run is needed to compute the energy release rate.
This, approach results in a computational overhead of 1-2% with respect to a real analysis. By constructing a first
order Taylor series approximation of the strain energy, a linear crack increment is predicted with a 4% of overhead
in a single ZFEM analysis.

The proposed approach was compared to experimental data and numerical solutions.
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Fluid-driven fracture propagation concerns several areas of engineering, including structural, geotechnical, and
petroleum engineering. The development of simulation tools for pressurized cracks propagating in realistic scenar-
ios needs to tackle the extraordinary complexity of the problem in a suitable framework for large-scale applications.
The problem requires, indeed, an adequate description of the coupling between the fluid flow inside the cracks, the
deformation of the solid surrounding the cracks, and the propagation of the cracks as a result of the pressure ex-
erted by the fluid on the crack walls. The inherently three-dimensional nature of the problem, where cracks can
propagate in arbitrary directions, branch and merge, and the large gradients near crack tips require large-scale
analysis, imposing the additional requirement of massive parallel scalability.

We present a computational framework for the coupling of the fractured solid mechanics with the fluid flow in the
cracks, governed by Reynolds lubrication equation. In our framework, a Discontinuous Galerkin finite element dis-
cretization of the solid enables a direct description of the crack opening between adjacent mesh elements and in-
duces a lower dimensional finite element discretization for the fluid problem. Crack propagation is then modeled
via hybrid cohesive-lubrication interface elements, whose cohesive traction-separation law is activated upon frac-
ture initiation and lubrication flow is activated upon complete interface failure. Several benchmarks in 2D and 3D
are presented to demonstrate the ability of the computational approach to successfully deal with a priori unknown
and arbitrarily intricate crack paths.
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A general thermodynamic-based framework is proposed to derive coupled thermo-hydro-mechanical induced dam-
age constitutive relationships for dissipative particulate porous composite materials. Water inside partially or fully
saturated porosity (i.e., cracks and voids) of multi-phase viscoelastic porous media induces extra stresses due to
pore water pressure and freezing within the material which accelerates cracks evolution and propagation. The
well-known (Kachanov, 1958) effective (undamaged) configuration and the concept of effective stress space are ex-
tended to thermo-moisture-susceptible materials to couple the detrimental effects of temperature fluctuation and
moisture to the mechanical responses of materials. Physically-based damage internal state variables are introduced
to account for the thermo-hydro-mechanical aggravation effects in multi-phase viscoelastic porous media. The re-
sulting constitutive relationships describe the coupled effects of mechanical loading, moisture, and temperature
fluctuation which can predict the response of saturated viscous porous media under various mechanical loading
and environmental conditions. Microstructural representations of asphalt concrete as an example of dissipative
particulate porous composite materials consist of elastic aggregate, viscoelastic mastic, and saturated pores are
produced and simulated to illustrate the capabilities of the developed models. The outcome sheds light on our un-
derstanding of how thermo-hydro-mechanical coupling affects the overall response of asphalt concrete materials
under environmental conditions.
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Modeling earthquake ruptures is a complex challenge due to the eclectic sources of nonlinearities, such as fric-
tion law, plasticity, and material damage. In addition to the nonlinearities, another challenging aspect of modeling
earthquake processes is the multi-scale nature of the problem, both spatially and temporally. Here, we present a hy-
brid scheme that combines finite element method (FEM) and spectral boundary integral method (SBIM) to simulate
earthquake cycles with rate and state fault subjected to slow tectonic loading processes of long duration intermittent
by episodes of dynamic fracture in the presence of near-field heterogeneity. On a spatial level, regions of small-scale
heterogeneity and complex fault geometry are handled using a FEM approach, while the linearly elastic bulk with
a known Green’s function is modeled using SBIM. Accordingly, we benefit from the flexibility of FEM in handling
nonlinear problems, while retaining the superior performance and accuracy of SBIM. We handle the intricacies
associated with this time evolution using an alternating explicit-implicit scheme, such that during dynamic rupture
an explicit time integration is utilized for computational efficiency, with the implicit time integration being specific
only to inter-seismic periods where larger time steps are required. The presented approach is validated using a
benchmark problem. We further demonstrate the capabilities of this computationally efficient scheme by model-
ing earthquake cycles for a 2D in plane problem with different parameters. Finally, we discuss the potential of our
approach in modelling a wide class of problems in geophysics and engineering.
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Ceramic fuel pellets used in nuclear light water reactors experience significant fracture due to the high thermal
gradients experienced under normal operating conditions. This has important effects on the performance of the
fuel system. Because of this, a realistic, physically based fracture modeling capability is essential to predict fuel
behavior in a wide variety of normal and off-normal conditions. The phase field fracture method is an attractive
method to model complicated crack propagation. The model is developed and implemented in open source soft-
ware MOOSE (Multiphysics Object Oriented Simulation Environment). The phase field fracture employs a linear
fracture surface energy that results in a compact support crack profile. The irreversibility condition is enforced
by variational inequalities based Newton’s method. The random distribution of defects is based on a KL-expansion
approach that accounts for flaws correlations. The numerical examples demonstrate random initiation and sub-
sequent propagation of interacting thermally induced cracks during an initial ramp to full power with fresh fuel.
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The stability and natural frequencies of different buckling and vibration modes are useful for the understanding
of mechanical properties of engineering structural systems. This study presents a new static approach for solving
some stability and free vibration structural systems to determine the buckling and natural frequencies of beam with
different boundary conditions. In general, any static structural systems can be considered as special cases of more
general dynamic structural systems. For vanishing time-depended variables, the governing equations of motion
can be reduced to static problems. Starting with the basic governing equation for beams subject to a harmonic load
and resting on elastic foundation, the beam bending problem is solved and applied directly to yield the critical or
free vibration eigenvalue solutions. Specifically, the key idea is to assume a positive or negative generalized elastic
parameter using the static approach to correspond to the real and imaginary critical load or frequency parame-
ters via stability or free vibration analysis, respectively. Consequently, an appropriate negative elastic foundation
parameter is determined and the critical load or natural frequencies can be obtained. The basic assumption is in
the presence of a concentrated load, the deflection of a beam becomes infinite when the stiffness approaches zero.
A comparison with respect to the classical free vibration solutions is presented and excellent agreement is illus-
trated. Furthermore, fast numerical convergence of the new approach has also been demonstrated. This static
approach for stability or free vibration problems can be extended to the dynamics of more complicated structural
systems.
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A generalized buckling formula is developed for simply supported anisotropic laminated composite columns con-
sidering first order shear deformation theory. The formula yields results applicable to moderately thick to thick
constructs. It reduces down to the generalized formula of thin-walled simply supported columns when the out of
plane shear stiffness is set to infinity. Finite element solutions are also developed using Abaqus and compared to
the predictions of the analytical formula.
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The subject of this research are top-hat-shaped thin-walled columns made

of glass reinforced aluminium laminate (GLARE) subjected to axial compression.

Considered 7-layered GLARE structures consist of alternating thin layers of

aluminium alloy sheets and unidirectional glass fibre-reinforced prepregs.

Laboratory damage tests were performed by the static testing unit that provided

displacement control loading. During experimental tests, deformations were

measured by Aramis 3D non-contact optical equipment based on digital image

correlation (DIC). This allowed to investigate failure behaviour of compressed

member in full load range until fracture. Experimental results were compared

with numerical simulations wherein failure analysis was performed by means of

various failure criteria. Due to the hybrid nature of considered GLARE

structure, failure study in aluminium and composite layers were considered

separately. Application of various criteria allowed to track failure initiation

and predict collapsed mode shapes of GLARE top-hat members. Additionally,

progressive failure model was applied in FEA to investigate failure propagation

in composite plies. Hashin failure criterion was used to monitor the initiation

of damage, whereas material degradation method (MPDG) was applied in FRP layer to define the damage evolu-
tion law. Load carrying capacity of top-hat members was predicted based on the post-buckling equilibrium paths.

Results from numerical simulations were found to be in a good agreement with experimental evidences.
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Recent studies have shown a revival of interest in nonlinearities and instabilities, both as a source of smart function-
ality and a means for lightweighting. An example of the latter is the recently introduced concept of modal nudging,
which uses information from the post-buckling regime to tailor the nonlinear response of a structure. The first
step in modal nudging consists in finding a stable region of interest in a structure’s equilibrium manifold beyond
the first onset of instability. This stable deformation mode is then extracted and seeded into the initial baseline
geometry. The new equilibrium path is consequently nudged to the targeted stable region in a manner similar to
seeding imperfections. The described strategy can be used to enhance structural performance based on a measure
of choice. In the current work, modal nudging is used to improve the load-carrying capacity of a curved stiffened
panel under compressive loading. The stable regions of interest are found on the fundamental load path but are
naturally unobtainable as they are separated by unstable equilibrium segments. The effects of nudging are anal-
ysed within a nonlinear finite element and numerical continuation framework. With manufacturability in mind,
the effects of perturbing only certain features of the baseline geometry are also explored. It is observed that, in all
cases, the nudged structure can converge to the stable region with greater load-carrying capacity at the expense of
a marginal increase in mass due to the small perturbation in initial geometry.
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Prestressed stayed columns have an enhanced resistance to buckling through the effective use of crossarms and
pretensioned stays when compared to conventional columns. The initial pretension in the stays effectively braces
the column at the location of the crossarm, thereby increasing its buckling load. However, the application of an
external conservative load reduces the tension in the stays which, in turn, causes a reduction in the effectiveness
of the lateral restraint provided. The behaviour of the prestressed stayed column system is demarcated into zones
that are defined by the initial pretension where the stays are effective in increasing the buckling load of the column
beyond the classical Euler buckling load, and where all of the stays go slack simultaneously; the latter defining the
maximum buckling load.

The inclusion of an additional stay-group to the prestressed stayed column introduces an additional independent
parameter that affects the system buckling load. The influence of this parameter on the behaviour of the stayed
column is determined by considering the linear pre-buckling deformations of such configurations. The minimum,
linear optimum and maximum initial pretension forces for such configurations are subsequently defined.

The analytical findings are validated through comparisons with finite element models developed in the commercial
package ABAQUS. The influence of the initial pretension on the load-carrying capacity of the configurations consid-
ered is also analysed. This provides insight into the actual optimum initial pretension force for the configurations
by investigating the system post-buckling behaviour by through the inclusion of geometric nonlinearities.
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An analytical modelling approach is presented which is capable of determining the post-buckling responses as well
as the onset of delamination growth of multi-layered composite plates with an embedded circular delamination.
In order to overcome current drawbacks of analytical models regarding embedded delaminations [1], the model
employs a problem description in cylindrical coordinates and a novel geometric representation of delamination
growth in conjunction with a Rayleigh-Ritz formulation and the so-called crack-tip element analysis [2, 3]. The
problem description enables the analysis of the energy release rate along the entire boundary of the delamination
as well as mode decomposition. As a consequence, the onset of delamination growth can be determined precisely
during the post-buckling response. The modelling approach is applied to study the compressive response of
composite plates with thin-film delaminations loaded under radial compressive strain. Post-buckling responses
and the onset of delamination growth are determined for several layups (unidirectional, cross-ply and angle ply
laminates) showing very good agreement with finite element simulations.

Keywords: Delamination Buckling, Energy release rate, Composites, Plates, Post-buckling
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As cold-formed steel (CFS) has increasingly been used in low-and mid-rise construction across United States, it be-
comes necessary to capture and evaluate its lateral response in both, sub-system/member level and system level.
The main lateral resisting system in cold-formed steel construction is shear walls; shear walls are the focus of this
work. In particular, the present study aims to shed light on the response of wood sheathed cold-formed steel(CFS)
shear walls exposed to earthquake events through nonlinear high fidelity fastener-based modeling. The numer-
ical approach is fastener-oriented including nonlinear experimental-determined connector elements for steel-to-
sheathing connections, orthotropic oriented strand board (OSB) modeling for sheathing material, contact imple-
mentation and linear spring hold-down simulation for preventing uplift. The numerical results are compared and
validated by a previous experimental study, assessing the efficiency of fastener-based modeling to capture the peak
load and displacement, the failure mechanisms and the overall structural behavior of sheathed cold-formed steel
shear walls. The main goal of this work is to introduce a robust computational tool capable of demonstrating how
wood sheathed cold-formed steel framed shear walls behave during a lateral load event with potential use in any
cold-formed steel screw-fastened connection system, such as diaphragms and in any fastener-based cold-formed
steel full building simulation.
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Recently, the world has become deeply dependent on infrastructure networks. These infrastructure networks are
not isolated but interdependent in multiple levels. Although these interdependencies improve the network effi-
ciency, it also increases its vulnerability. Where small damage in one network can lead to cascading failures and
propagate from a local (component-level) to a global (network-level) scale. Hence, simulating infrastructure net-
works attracts researchers from different domains to enhance the performance of their networks through support
decision platform. Particularly, energy infrastructure is one of the most critical, challenging, and interesting com-
plex network to study. This paper presents model of the power grid based on network science theory. This model
aims to simulate the cascading failure processes and identify the critical network components. Thence, two risk
mitigation strategies are proposed to suppress the cascading failure propagation. The concept of these strategies is
re-routing the cascading failure scenario by switching off a few selected transmission lines. The optimization prob-
lem is picking the best number and set of transmission lines to switch off after the initial failure to minimize the
cascading failure size. In order to search for the optimal set of transmission lines, a genetic algorithm with integer
chromosomes is applied. Two case studies have been used to evaluate the proposed risk mitigation strategies.
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This study investigates the structural behaviors and loading-resisting mechanisms of a typical steel-concrete com-
posite floor system subjected to the penultimate edge column removal scenario. A 2 x 1 bay full-scale composite
floor system is quasi-statically tested to failure under the displacement loading scheme. Moment-resisting connec-
tions, continuous trapezoidal steel decks, and full scale are three main features of this test. Based on this test, the
loaddeflection response, the load-carrying mechanisms, deformation manners, and the failure modes are discussed.
The maximum load-carrying capacity is achieved at the flexural stage before the fracture of the girder-column con-
nection. After fracture of the girder-column connection, the resistance is slightly decreased and kept in a steady
platform at about 850kN, which is contributed by the tensile membrane action and residual catenary action. After
the total rupture of the girder section, the system can sustain an applied vertical load of 732kN by the tensile mem-
brane action. Compared with the extraordinary load combination, the load-carrying capacity of this specimen is 4.2
times and 3.6 times higher than that under static and dynamic scenarios, respectively. The yield lines of the slab are
both located among the hogging moment region and the sagging moment region. All the yield lines in the sagging
moment area are linked to the removed column. The damages of the composite floor system are concentrated at
the sagging moment area, especially the area neighboring to the removed column.
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Air traffic networks facilitate tourism and trade through the movement of people and goods. In the current study,
Complex Network Theory (CNT) is utilized as an efficient tool to study the topological characteristics of air traf-
fic networks. CNT employs different measures to quantify the characteristics of networks including betweenness,
closeness, clustering and connectivity. These four measures are crucial in estimating network robustness. Although
these four measures have been extensively used in the literature, they all depend on two main parameters, namely
the shortest path and link weight. That said, previous studies failed short in incorporating key factors in estimating
these two parameters such as travel time, travel distance, link capacity and the integration between these factors,
this is to name just a few. For this reason, we developed new measures of betweenness, closeness, clustering and
connectivity to cover this research gap. As a case study, the proposed CNT measures were used in investigating
the topology and the characteristics of the Canadian Domestic Air Traffic Network (CDATN) and were compared
against the existing measures in literature. Ranking-maps were also established to highlight the importance of the
cities with respect to the CDATN based on the proposed and the existing measures. Overall, combining the different
parameters in the proposed measures affected the ranking maps remarkably. Therefore, the study is expected to
enable policymakers to identify the critical CNT measures to better understand the network topology.
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System-level performance of bridges is a topic of paramount importance to prevent progressive failure and assess
structural redundancy. Additionally, performance of individual girders as well as the overall br