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ABSTRACT OF THE DISSERTATION

Lumped Macroelement Modeling of Earth-Retaining Structures under Seismic Loading for

Nonlinear Time-History Analyses
by

Arastoo Dasmeh
Doctor of Philosophy in Civil and Environmental Engineering
University of California, Los Angeles, 2019

Professor Ertugrul Taciroglu, Chair

This dissertation addresses various engineering problems involving the seismic response mod-
eling of earth-retaining structures. These are namely, (i) lateral passive seismic behavior of
ordinary skew-angled bridge abutments, (ii) lateral passive seismic behavior of high-speed
rail transition abutments (with no skew), and finally (iii) active and passive seismic behavior
of (cantilevered) earth-retaining walls. The approach adopted for each problems is the same,
which is to devise a macroelement model with physics-based parameters (e.g., soil density,
shear strength, wall height, etc.) that captures salient response features. These models are
able to predict the lateral capacity of the retained soil and residual displacements with a
modest computational effort—as compared to, for example, predictive simulations carried
out with three-dimensional finite element models—, which renders them to be amenable for
repeated nonlinear time-history analyses required for performance-based seismic assessment

and design. The three aforementioned problems are briefly described below:

I. Presence of skew-angled abutments complicates the seismic behavior of ordinary bridges,
primary driver of which is the passive lateral resistance of the engineered backfill behind the
abutment. The eccentricity of the soil reaction relative to the bridge’s center of stiffness or
mass causes a skew bridge to rotate under seismic excitations, and a nonuniform soil pressure
distribution develops behind the abutment backwall. A distributed nonlinear spring model is

devised here to represent the lateral passive reaction of the backfill soil. To that end, a mod-

i



ification factor is devised so that Log-Spiral Hyperbolic (LSH) backbone curves —which had
been developed in prior research and were validated for backfills of straight abutment—can
be used to generate the backbone curves of the said springs. This new modeling approach
is verified against three-dimensional finite element model simulations and is validated with
data from large-scale experiments conducted at Brigham Young University that had pro-
duced direct measurements of load-deformation backbone curves for several skew angles. In
the final step, the validated modified-LSH model is used in parametric studies to devise a
simple bilinear load-deformation relationship that is parameterized with respect to the back-
wall height, abutment skew angle, and the backfill soil properties. This simple relationship

is intended for routine use in the capacity-based seismic design and analysis of skew bridges.

IT. California’s High-Speed Rail (HSR) System is slated to traverse nearly the entire
length of the state, and thus it will be exposed seismic risks from almost every known
major tectonic fault there. The present study deals with the seismic responses of bridge-
abutment transition backfills (BATBs), which are essential components of HSR bridges.
BATBs provide a gradual variation of vertical stiffness between the bridge deck and the
engineered backfill zone, enabling smooth operations for trains traveling at high speeds.
All prior investigations focused on this vertical stiffness in order to better characterize the
localized vertical differential movements around BATBs under periodic high axial loads from
train sets. Lateral behavior of BATBs, which are important under seismic loads, have not
been previously investigated. The present study offers a parametric nonlinear lateral force-
displacement backbone curve for BATBs that is verified against three-dimensional finite
element models and validated against data from large-scale tests conducted at Brigham
Young University. The parametric curve takes backwall height as well as abutment skew

angle into account.

ITI. Performance-based seismic assessment (PBSA) of earth retaining structures requires
the use of accurate yet computationally efficient analysis models. To date, limit equilibrium
models offered the most computationally efficient results, but they only produce estimates
of peak lateral seismic forces and cannot be used in nonlinear time-history analyses. While
detailed finite element models can possibly fill this need, they are not amenable for repeated
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simulations required for quantifying the uncertainties associated with estimated ground mo-
tions within the PBSA framework. A novel Lumped Impedance Model (LIM) is developed in
this study that generates as accurate solutions as detailed FE models, with trivial computa-
tional effort. The model is able to also reproduce lateral passive load-deformation backbone
curves as predicted by a state-of-the art limit equilibrium model, by its design. The com-
putational saving offered by LIM is due to lumping of mass and stiffness of the retained
soil, and the strategic placement of elastoplastic macroelements along pre-calculated active
and passive failure hyperplanes. LIM is verified against analytical solutions in frequency-
domain for linear response regimes—wherein it is shown that LIM can accurately capture
the frequency-dependent responses of the retained soil—as well as other previous studies for
inelastic conditions. LIM is also verified against detailed FEM simulations of cantilevered
retaining wall subjected to both narrow- and broadband excitations, and it is shown that
both elastic and inelastic responses of the retained soil (including residual wall displacements
and rotations) are adequately captured. Finally, a framework for PBSA of earth-retaining
structures using LIM as the predictive model is proposed and its use is demonstrated through

an example seismic assessment application wherein a fragility curve is computed.
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CHAPTER 1

A Validated Lateral Passive Capacity Model for
Skew-Angled Seat-Type Ordinary Highway Bridge

Abutments

1.1 Introduction

State-of-the-art in previous modeling of the passive lateral response of highway bridge abut-
ments can be traced back to the original work by Shamsabadi and co-workers [Shamsabadi et al., 2007]
who utilized an assumed Log-Spiral Rankine failure surface endowed with a modified stress-
strain backbone curve, which was a modified version of the model by Duncan and Chang
[Duncan and Chang, 1970]. A method of slices was then used for estimating the passive
capacity of the backfill using soil strength parameters along with soil cohesion and interface
friction angle of the wall-soil interface, which then produced lateral load-displacement data
pairs. The model was dubbed as the ”Log-Spiral (denoting the dominant shape of the soil
failure surface) Hyperbolic (denoting the shape of the stress-strain curve)” or simply the LSH
model by the authors. This work was later extended in [Shamsabadi et al., 2010] wherein
two Hyperbolic Force-Displacement (HFD) backbone curves were devised—one each for typ-
ical granular and cohesive backfill soil types—using the LSH model predictions wherein the
wall height was considered as an explicit parameter in the provided formula. More recently,
Khalili-Tehrani and co-workers [Khalili-Tehrani et al., 2016] further extended this approach
to a Generalized HFD (GHFD) model, which was parameterized using soil strength and co-
hesion as well as wall height, so that it could be used for broader range backfill characteristics

rather then only two.



All of the aforementioned models were extensively verified and validated against both
centrifuge and large-scale field test data. While useful, these prior models are confined to
predicting the behavior of straight abutments. However, bridges with skew-angled abutments
are very common worldwide. Indeed, data from the US National Bridge Inventory indicates,
for example, that more than half of California’s nearly 25,000 bridges have skewed abutments,

with angles occasionally reaching above 60 degrees [Nojoumi, 2016, NBI, 2018|

Post-event reconnaissance reports form recent earthquakes indicate that the in-plane
rotation and subsequent unseating of the superstructure is the primary mode of damage
for this bridge type [Yashinsky et al., 2010, Kawashima et al., 2011]. The superstructure of
a skewed bridge tends to rotate away from the acute corner of the abutment due to the
eccentricity of its abutment’s passive lateral response relative to its the center of stiffness in

the horizontal plane.

As part of a pooled-fund seismic safety research program supported by the Federal High-
way Administration (FHWA) and various state departments of transportation, four large-
scale tests were carried out at Brigham Young University (BYU) to investigate the passive
lateral behavior of skewed abutments. The specimens had skew angles of 0, 15, 30 and
45 degrees and had identical and typical densely compacted backfills. The measurements
indicated that the lateral force-deformation backbone relationship has a near-hyperbolic
shape, which is similar to what is observed for non-skew abutments [Shamsabadi et al., 2007,
Shamsabadi et al., 2010]. However, there were significant reductions in both lateral stiffness
and capacity. Specifically, the measurements suggested that the entire backbone curve scales

down with increasing skew angle.

The purpose of the present effort is then to develop an appropriate model to represent the
lateral passive behavior of skew abutments using the LSH model (for a straight abutment) as
a basis. This model is then verified against prediction made with detailed three-dimensional
continuum finite element simulations validated against BYU’s large-scale tests. The vali-
dated backbone curves are ultimately packaged in the form of a fiber-based model (here
distributed nonlinear springs), which enables the analysis of backwalls that both rotate and

translate under seismic motions. The resulting model is simply referred as the Skew LSH
2



(or SLSH) model henceforth.

1.2 Seismic Behavior of a Bridge with Skew-Angled Abutments

NW (acute) Comer

Figure 1.1: Deck rotation during a seismic Event [Shamsabadi and Rollins, 2014].

T

Figure 1.2: Plunging action of seat-type abutment system during a seismic event.

During a seismic event, the superstructure of a skew bridge will experience longitudinal and
transverse displacement as well as significant in-plane rotations about its vertical axis, as

shown in Figure 1.1.

As a result the bridge deck ”collides” with the abutment backwall-backfill system. The
3



backwall is one of the main bridge sacrificial elements that is typically designed to disengage
during a seismic event in order to limit seismic forces transferred to the abutment foundation
which is capacity protected elements within the bridge system. The collision continues
for some time and then the rotation of the deck ensues about the centroid of the bridge
superstructure which can result in the separation of the deck at the acute corner of the

abutment.

As a result of deck rotation, the abutment backwalls tend to be pushed primarily in the
obtuse corners of the deck, causing asymmetric passive wedges to form behind the abutment
backwall. In skewed abutments, the eccentric loading of the abutment backwall can result in a
reduced mobilized soil passive capacity as compared to ordinary non-skewed abutments. The
ground heave at the far half of the backwall width in Figure 1.2 illustrates the formation of
the asymmetric passive wedge across the backwall resulting in a reduction of soil resistance
normal to the abutment backwall. For very high skew angles, the passive capacity can
significantly drop. This is a result of separation of the superstructure at the acute corners
and disintegration of the passive wedge after significant plastic ground deformation and heave
has occurred only near the obtuse corners of the deck. These findings raise the possibility
that due to unavoidable rotation, a skew abutment may develop a considerably reduced soil

resistance in comparison to a non-skewed abutment, affecting overall bridge response.

1.3 Definitions

Prior to describing the model, it is important to establish the definitions of various quantities
and terms that will appears throughout this Chapter, and elsewhere in this dissertation. It’s
particularly important for the reader to distinguish between the passive force from the total
force and transverse shear force mobilized behind the backwall. Also, realizing the differences
between different displacement-rotation scenarios is crucial, and it will be discussed later how

the SLSH model treats them differently.

The distribution of forces at the interface between a skewed bridge and the adjacent

backfill soil is illustrated in 1.3 [Burke, 1994]. The longitudinal force F' can be induced

4



by thermal expansion or seismic forces. For static or simplified pseudo-static analyses, the
components of the longitudinal force normal and transverse to the abutment must be resisted
by the passive force Fjy normal to the abutment backwall and the shear resistance Fr on

the backwall.

Figure 1.3: Longitudinal component Fy resisted by passive force and transverse component
Fr resisted by shear resistance

As it will be discussed later, rotation adds more complexity to this problem, therefore
the problem of skew abutments is categorized into two subcategories based on the pres-
ence/absence of the rotation. The simpler case happens when the rotation degree of free-
dom is fixed, henceforth called the pure/straight push. Any rotating wall scenarios fall into
displacement-rotation push category which is divided to displacement-rotation. In this study

we just consider the case that the rotation increases linearly with displacement.

1.4 Log-Spiral Hyperbolic Model for a Straight Abutment

The Skew Log-Spiral Hyperbolic model presented in this chapter is essentially an extension
of LSH model [Shamsabadi et al., 2007] that incorporates effects of skew. The LSH model
employs a limit equilibrium approach, and by assuming log-spiral failure surfaces and using
modified hyperbolic soil stress-strain behavior, predicts the mobilized passive force behind

the backwall due to normal displacement.



[Shamsabadi et al., 2007] also calibrated a hyperbolic force-displacement (HFD) equation
that replicates results of LSH model for abutments with 1.67 m height with engineered
backfill using experimental data. [Shamsabadi et al., 2017] proposed a generalized HFD to
estimate nonlinear abutment-backfill force-displacement relationship as shown in equations

1.1 to 1.7.

Cy

(y) = 1_'_Dy,whelre (1.1)
(1.2)

F,
O =2y — —t (1.3)

ymax

(1.4)

Ks 1
D=2 — 1.5
(Fult Ymax ( )

Backfill

Figure 1.4: a) pure/straight push, b) displacement-rotation push



(1.6)

Kso =vH + (1.7)

where ym.x = 0.05H and 3, (, > ¢ and u are constant coefficients that are listed in table 1.1

for US customary units and metric units.

Table 1.1: Constants and units in US Customary and Metric systems

Contant | US Customary Units | Metric Units
Ié] 5.5 1565.6
¢ 2.09 6.86
P 5.5 10372
i 20 11496
Parameter | US Customary Units | Metric Units
F, Fu kip/ft kN/m
Ko kip/inch/ft kN/m/m
H ft m
Ys Ymax inch m

1.5 Finite Element Simulations

We use nonlinear 3D finite element model (Plaxis 3D) to Figure verify our SLSH model.
FEM model has been calibrated against full-scale non-skew abutment experiment carried
out by researchers at UCLA as part of seismic safety research fund supported by Caltrans
[Shamsabadi et al., 2007]. The objective of the experiment was to extract force-displacement
data for an abutment with 4.6 m width and 1.67 m height with a granular backfill with 95%
compaction ratio. The backfill retained within two wingwalls and interior surfaces had been
covered with plastic sheets to minimize the soil-wingwall interface friction. The backwall was

pushed horizontally between two wingwalls without any vertical movement and rotation.

We employed hardening soil model to simulate UCLA full-scale abutment backwall test

in Plaxis 3D. This model is an extension of the hyperbolic model originally proposed by

7



Duncan and Cheng (1970). Among the unique capabilities of this soil model, one might

mention featuring a yield cap and soil dilatancy effects.

|
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'

A 4

€50

&f

Figure 1.5: Abutment-backfill stress strain model [Shamsabadi et al., 2007].

The hyperbolic shape of the stress-strain curve is depicted in Figure 1.5. R; denotes
the ratio of the stress at failure qy and the asymptote of the curve q,. ¢ stands for soil
friction angle and R;,; is ratio of the tangent of interface friction angle (tan(d)) over soil
internal friction angle tan(¢). The loading stiffness is denoted by Ejp and the unloading
stiffness is denoted by F,,.. Dialating angle is chosen to be 1) = ¢ — 30 per recommendation

of [Vermeer and Brinkgreve, 1998]. Results of Plaxis 3D is plotted against the UCLA test

data in Figure 1.6.

Table 1.2: Soil properties used for simulation of UCLA and BYU test in Plaxis.

Test Unit Friction| Cohesion | Wall Elasticity Unloading| Failure Poisson’s
Weight | Angle |c Friction | Ej Elasticity | Ratio Ry | Ratio v
Y b 5 (deg) | (Pa) | B, (kPa)
(KN/m?)

UCLA| 20 40 14 20 6ed 1.3eb5 0.97 0.3

BYU | 20 41 8 31 Ged 1.3eb 0.97 0.3

Following our calibrated FE simulations against UCLA test data, we created a set of

skew-abutment simulations by modifying our simulation to match material properties and

8
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Figure 1.6: Validation of Plaxis 3D simulations agains UCLA test data.

backwall geometry of the BYU test. The material property used in our simulations are listed
in table 1.2 ([Marsh, 2013]). Backwall dimensions are listed in table 1.3. We also simulated
a 60° skew abutment with the same material properties and same bridge deck width (3.35
meters). Force per unit width of these skew abutments had been calculated Plaxis 3D FE

simulations and are plotted against the displacement in Figure 1.7.

Table 1.3: Backwall width in BYU and UCLA full scale experiments.

Test Backwall Width (m)
BYU 0-skew 3.3
BYU 15-skew 3.5
BYU 30-skew 3.9
BYU 45-skew 4.7
UCLA 0-skew 4.6

An important result of these simulations the exponential decay of the ultimate passive
force with respect the to skew angle. Figure 1.8 shows the normalized ultimate passive force.
We performed a regression optimization to fit a function of the form R = e~%. Figure
The 95% confidence intervals is a = [0.014,0.022]. We have plotted the 95% confidence

interval internal for the reduction factor in Figure 1.8. The reduction factor proposed by

9
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Figure 1.7: Passive force-displacement curves for per unit width of the wall obtained for
straight and 15, 30, 45 and 60 degrees skew abutments.

[Shamsabadi and Rollins, 2014] R = e~%% is sandwiched between boundaries of this interval

. We conclude that the proposed reduction factor is a legitimate factor and we construct our

SLSH model based on it.

* Plaxis 3D
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Figure 1.8: Reduction ratio of the passive force.

Figure 1.9 shows a verification for the exponential reduction factor R. The backwall width

10



in 45°-skew abutment test at BYU is 4.72 m wide. Although, the backwall in the UCLA test
is 4.57 m wide, the assumption that backwall in both test have same length is acceptable due
to slight extension of the embankment by sides of the backwall. Furthermore, as shown in
table 1.2 the backfill material in UCLA and BYU are relatively similar. Therefore, as shown
in Figure 1.9 reducing the force-displacement curve governing the UCLA test by factor of
R = e~ 9% reproduces the that of the 45°-skew BYU test.

2500
o
2000 |-
= 1500
X
8
R
[=]
L 1000
e ® & o3
L
500 —UCLA HFD
UCLA HFD x exp(-45/45)
e UCLA Test
® BYU 45°-skew Test
u | | 1 | | 1 ]
3 4 5 6 7 8 9

Displacement (cm)

Figure 1.9: non-skew (UCLA) and 45°-skew (BYU) 15.5 ft backwall with engineered backfill.

1.6 Skew LSH Model

In the analysis of the backfill-backwall interaction problem under backwall horizontal dis-
placement and rotation, the behavior of abutment backfill, especially undergoing asymmetric
horizontal displacement, is one of the most important phenomena, which needs to be well
understood. The magnitude of the mobilized strength of the backfill material can be related
to the magnitude of shear strain within the backfill. The mobilized shear strength and shear

strains varies across the backwall as a function of backwall displacements and rotations.

A common method of analyzing abutment response to applied lateral load is through

11



finite element modeling of the backfill-backwall system using a series of uniform nonlinear
spring elements along the width of the backwall to model the lateral backfill reaction. Cur-
rent design practices model the behavior of these spring elements using predefined lumped
Hyperbolic Force Displacement (HFD) curves that provide a relationship between the back-
fill reaction and lateral backwall displacement. However, HFD curves have been developed
based experimental and analytical studies for non-skewed abutments. The lumped HFD
curves do not consider variation of nonlinear backfill springs as a function of deck rotation

and displacements.

[Sandford and Elgaaly, 1993] mounted pressure cells on a 20 degree skewed monolithic
abutment backwall to measure the effects of the skew angle on the soil pressure distribution
on the backwall due to deck rotation caused by thermal expansion for a period of 33 months.
The deck rotation resulted in larger stress and strain at the obtuse corner than at the acute
corner. Hence the greater movement at the obtuse corner caused significant pressure and
permanent deformation on the backfill at the obtuse corner than on the acute corner. They
recommended trapezoidal pressure distribution equivalent to Rankine passive earth pressure
at the obtuse corner and Rankine active earth pressure at acute corner of the abutment shall
be used for the design of the abutment (figure 1.10(b)).

@ . | (®) W
Backwall

f maX

o

Figure 1.10: Abutment backfill pressure distribution (a) e = 0, (b) e < %, (c) e = ¥, (d)
e> 7.
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In SLSH model, soil domain is assumed to be limited within wingwalls. Therefore, in
our verification FE simulations, we modeled the backfill with no side embankment. As it
will be discussed later in SLSH verification section, the side embankment may have sig-
nificant contribution in total mobilized passive force behind the backwall. To account for
this contribution we calibrate the SLSH model with a factor, henceforth called 3D-factor

[Ovesen and Stromann, 1972].

In spite of the simplicity of this pushing scenario, it is really important to investigate the
behavior of the skew abutments under it since it forms the basis of the SLSH model for other
pushing scenarios. In fact, the SLSH is based on developing fiber backbone curves based on
straight push scenario, and modifying them for other displacement-rotation scenarios and

finally adding up the fiber forces to obtain passive force for the whole backwall.

Developing fiber backbone curves requires knowledge of the total passive force mobilized
behind the backwall and the way the force is distributed. Using the reduction factor R
proposed by the [Shamsabadi and Rollins, 2014], one can obtain force behind the skew-

abutment (Fp) using equations 1.8 and 1.9:

For a given displacement, one can read total passive force F' from backbone curve ex-
tracted in equations 1.8 and 1.9. Assuming a trapezoidal distribution (figure 1.10) of pressure

behind the backwall, given total force and eccentricity, using geometric properties of trape-
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zoid one can obtain equivalent fiber backbone curves as below:

P e

frmaz = W(W +1) (1.10)

fmin: %_fmax (].].].)
max — Jmin w

f = %(mi +%5) + Foin (1.12)

Fi = f;x W, (1.13)

where f;, F; and F' stand for average force per unit width of fiber i, total force behind
fiber i and total force behind the backwall, respectively. W is width of the backwall while W;
is width of ith fiber. Figure 1.11 schematically explains the concept of fiber backbone curves
under straight push scenario. Figure 7?7 proves accuracy of our SLSH model comparing that
with Plaxis 3D FE simulation under straight push scenario.

3

Passive Force

v

Displacement
Ay
(4 Ay

Ay
A4
A
a=0= A;=A4A; for i,j=1,2,3,4,5

Figure 1.11: Fiber backbone curves for the straight push scenario.

The reduction factor proposed by [Shamsabadi and Rollins, 2014] can be incorporated
in the hyperbolic equation 1.1 for estimating the mobilized passive force behind 6-skew
abutment under a pure push scenario. In other words, For purpose of a pure push, one can
expedite calculations by replacing the LSH algorithm with the simplified hyperbolic equation

1.14. Figure 1.12 shows the verification of LSH and extended hyperbolic equation against
14



Plaxis 3D simulations.
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Figure 1.12: Verification of SLSH and skew hyperbolic equation against Plaxis 3D simulation
results for the straight push scenario.

Fiber backbone curves developed for the straight push scenario will be modified based
on the displacement that each fiber experiences during the pushing procedure. Since the
rotation about any point can be explained in terms of a superposition of a displacement and
a rotation about the center of the wall, we narrow our study down to scenarios involving

rotations about the center.

Our FE simulations show a reduction of capacity in weaker fibers due to the rotation.
The reduction of the force developed behind a fiber is proportional to the ratio of the fiber
displacement at a displacement-rotation scenario over displacement at the pure push scenario

to power n. The power n has been calibrated against FE simulations with reasonable match.

During a seismic event, the superstructure of a skew bridge will experience longitudinal
and transverse displacement as well as significant in-plane rotations about its vertical axis,

as shown in Figure 1.

We assume that the rotated skew abutment reaches to its ultimate passive capacity

15



when the middle fiber is displaced by the maximum displacement of the straight push case,
roughly A,; = 0.05H. At this ultimate condition, rest of fibers either exceed the ultimate
displacement A,; or never reach to the ultimate displacement. For those fibers that their
maximum displacement max(4A;) are larger than A, tail of corresponding backbone curve
extends by a straight line since they already reached their maximum capacity. However, for
those the max(A;) is less than A,;, corresponding backbone curve is cut at the max(A;).
Furthermore, the stiffness of of these fibers should be reduced by ratio of max(A;) over A;.
Figure 1.13 describes the method and concisely it can be formulated as below.

4

max(F;) = max(F})q max(A;) > Ay

Fy(A) = (22B)020, (A) max(A;) < A

\

where max(F;)s stands for maximum force of ith fiber under straight push condition and

A

Passive Force

Displacement
Ay ;
7] Az e ’

Ail
Ay
A

a>0= Ay <Ay <Ay <Ay <Ay

Figure 1.13: Fiber backbone curves for the combined displacement-rotation scenario.

F;,(A) is corresponding backbone curve under straight push condition. If at any point
during loading, a fiber detaches from the soil, the effective width of the backwall should be
reduced as shown in Figure 1.10. In other words, the force mobilized in the fiber is zero

(equation 1.15). Figure 1.13 illustrates the mechanism of the SLSH in presence of rotation
16



and the flowchart in Figure 1.15 summarizes the method.
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Figure 1.14: Verification of SLSH against Plaxis 3D simulations for displacement-rotation

scenarios.
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Figure 1.15: Fiber SLSH algorithm.
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1.7 BYU Experiments and Model Validation

A series of full-scale static load tests were performed at BYU on an 3.35 m wide deck and 1.68
m tall skewed abutment with various angles as shown in Figure 1.17a (Marsh et al, 2013).
The tests were designed to differentiate the nonlinear resistance of the bridge abutment for
identical backfill but with four different skew angles namely, 0, 15, 30, and 45 degrees. The
backfill materials for all tests were identical, and were compacted to approximately 96% of

modified Proctor density per [ASTMD1557, 2012].

The inherent difference of UCLA full-scale experiment with the large scale experiment
performed in BYU is the configuration of the backfill. The backfill soil is restrained between
two plywood (figure 1.16a) and the interface of the plywoods and soil had been lubricated by
placing in a plastic sheet to avoid contribution of lateral plywood walls in the total mobilized
force. While in the BYU test the backfill is extended by 1.52 m from edges of the backwall
(figure 1.17a). The extended embankment in BYU test contributes to the resistance against
the longitudinal force imposed to the backwall. A 3D factor ([Shamsabadi et al., 2007],
[Ovesen and Stromann, 1972]) has been applied to SLSH and Plaxis 3D to account for the

contribution of embankment extended by the sides of the backwall.

Back calculated 3D-factors are shown on validation plots (figure 1.18). The reducing
trend of 3D-factors as the skew grows implies the reduction of the contribution of the part of
the backfill that is located on the opposite side of the skewness. Results of SLSH and HFD
are presented in Figure 1.18. The minor difference of results in these figures can be translated
to unideal soil model, uncertainty in soil properties measurement, unavoidable experimental

imperfections and errors due to numerical approximations.

18



Plywood
e concrete block

—
v
Plastic Sheet
%
n
g Engineered
>
"—5‘. Backfill actuators
Z
Ll

(a) Schematic representation of the UCLA full-

scale abutment test configuration.

= W

(b) Excavation of native soil to be substituted
with the engineered backfill, UCLA experiment.

Figure 1.16: UCLA Experiment Configuration.
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(a) Schematic representation of the BYU large-scale skew abutment
test configuration.

(b) BYU large-scale skew abutment field test.

Figure 1.17: BYU Experiment Configuration.
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Figure 1.18: Validation of SLSH and skew hyperbolic force-displacement equations 1.14
against BYU experimental data.

1.8 Recommendations for Implementation of SLSH in a Seismic

Design Code

Seismic Design Criteria [Caltrans, 2013] employs a simplified bilinear force-displacement re-
lationship for design of non-skew abutment backwall. The bilinear force-displacement curve
comprises an elastic segment with stiffness K and a horizontal segment representing equiva-
lent bilinear ultimate passive capacity Fp;. To derive an equivalent bilinear model, assuming
stiffness equals to K5y of the HFD model, Fy;, is calibrated such that the mobilized poten-
tial energies behind the backwall have the minimum difference using two methods. In other

words, the area below the HFD curve and the equivalent bilinear curve are equal.

The calibration process begins with assuming a general form for Fj; with unknown pa-
rameter &,; (equation 1.16) which are later determined through an optimization. In this
study, for a set of two hundred backwalls with heights varying from the potential energy
is calculated using HFD. Then a nonl