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ABSTRACT

Integral abutment bridges (IABs) and semi-integral abutment bridges (SIABs) are structural
systems built without thermal expansion joints at the abutments. In view of this peculiar
characteristic, the abutment undergoes combined movements of translation and rotation due to
the expansion and contraction of the superstructure caused by temperature variations. Such
behavior favors the increase of lateral earth pressures on the abutment and wvertical
displacements of the backfill surface, due to a complex soil-structure interaction mechanism
associated with the cyclic lateral displacements of the abutment. The purpose of the present
investigation is to assess the effects of cyclic lateral displacements on the response of the
backfill-abutment system of a SIAB. A finite element model was developed and validated based
on field data from an instrumented SIAB located in the State of Texas, USA. Field data were
obtained from pressure cells installed against the abutment, and from temperature sensors
positioned under the bridge superstructure. The soil stress-strain behavior was represented by a
hyperbolic constitutive model, and the effects of expansion and contraction of the
superstructure were simulated by prescribed horizontal displacements estimated from
temperature variations measured by the temperature sensors. Predictions with the proposed
numerical model were found to produce a good match with field data. After the validation
phase, numerical simulations were performed to predict the daily and annual responses of the
backfill-abutment system, as well as to analyze the influence of the completion season of the
bridge construction, the pile foundation stiffness, and the lateral displacement amplitude on the
response of the system. It was found that lateral earth pressures on the abutment and vertical
displacements of the backfill surface increased with cycles. Lateral earth pressures presented a
nonlinear distribution along the abutment height. The backfill experienced settlements near the
abutment and heave at a certain distance from the abutment. The largest settlements occurred
near the backfill-abutment interface and decreased with increasing distance from the abutment.
While vertical displacements were not found to stabilize, earth pressures tended to reach a
steady state after a few cycles. The completion season of the bridge construction influenced the
vertical displacements but not the lateral earth pressures. Lateral earth pressures and vertical
displacements were not affected by the pile foundation stiffness. However, the lateral

displacement amplitude influenced both lateral earth pressures and vertical displacements.

Keywords: Semi-integral bridge. Bridge abutment. Soil-structure interaction. Cyclic loading.

Finite element method.



RESUMO

Pontes de encontro integral (PEIs) e pontes de encontro semi-integral (PESIs) sdo sistemas
estruturais construidos sem juntas de expansao térmica nos encontros. Dada essa caracteristica,
o encontro sofre movimentos combinados de translagdo e rotacdo devido a expansdo e
contracdo da superestrutura causada por variacdes de temperatura. Tal comportamento favorece
o aumento das pressoes laterais de terra no encontro e dos deslocamentos verticais da superficie
do reaterro devido a um complexo mecanismo de interagao solo-estrutura associado com os
deslocamentos laterais ciclicos do encontro. O proposito da presente investigacdo ¢ avaliar os
efeitos de deslocamentos laterais ciclicos na resposta do sistema reaterro-encontro de uma
PESI. Um modelo de elementos finitos foi desenvolvido e validado baseado nos dados de
campo de uma PESI instrumentada e localizada no estado do Texas, EUA. Os dados de campo
foram obtidos a partir de células de pressdo instaladas no encontro e de sensores de temperaturas
posicionados abaixo da superestrutura da ponte. O comportamento tensdo-deformagao do solo
foi representado por um modelo constitutivo hiperbdlico e os efeitos de expansao e contragdao
da superestrutura foram simulados por deslocamentos horizontais prescritos estimados a partir
das variagdes de temperatura medida pelos sensores de temperatura. Previsdes com o modelo
numeérico proposto produziram boa correlagdo com dados de campo. Apo6s a etapa de validagao,
simula¢des numéricas foram realizadas para prever a resposta diaria e anual do sistema reaterro-
encontro, bem como para analisar a influéncia da estacao de conclusao da construgdo da ponte,
darigidez da fundagdo por estaca e da amplitude de deslocamento lateral na resposta do sistema.
As pressoes laterais de terra no encontro e os deslocamentos verticais da superficie do reaterro
aumentaram com os ciclos. As pressdes de terra apresentaram uma distribui¢do ndo linear ao
longo da altura do encontro. O reaterro experimentou recalques proéximo ao encontro e elevagao
em uma certa distdncia do encontro. Os maiores recalques ocorreram préximo a interface
reaterro-encontro € diminuiram com o aumento da distancia do encontro. Enquanto os
deslocamentos verticais ndo foram estabilizados, as pressdes de terra tenderam a atingir o estado
estaciondrio apos alguns ciclos. A estacdo de conclusdo da construcao da ponte influenciou os
deslocamentos verticais, mas ndo as pressoes de terra. As pressoes de terra e os deslocamentos
verticais ndo foram afetados pela rigidez da fundacdo por estaca. No entanto, a amplitude de

deslocamento lateral influenciou as pressdes de terra e os deslocamentos verticais.

Palavras-chave: Ponte semi-integral. Encontro de ponte. Interacdo solo-estrutura.

Carregamento ciclico. Simulacdo numérica.
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1 INTRODUCTION

Integral abutment bridges (IABs) and semi-integral abutment bridges (SIABs) have
recently become an alternative adopted in several countries to transpose natural obstacles, such
as rivers and lakes, and/or artificial obstacles, such as highways and railways. The increase in
the number of IABs and SIABs has been attributed to a better understanding and acceptability
of their benefits, as well as the acquired knowledge on design and construction. However, the
use of IABs and SIABs’ concepts is not yet widespread due to some issues regarding the long-
term behavior and the involved complex soil-structure interaction mechanism.

IABs and SIABs are structural systems that have the superstructure totally integrated
to the abutment. The main benefit of IABs and SIABs is the reduction of construction and
maintenance costs because of the absence of thermal expansion joints. However, the lack of
expansion joints causes variations in the length of the superstructure to be integrally transferred
to the abutment and, consequently, to the retained backfill behind it. Such behavior favors the
increase of lateral earth pressures on the abutment and vertical displacements on the backfill
surface, due to the complex soil-structure interaction mechanism associated with the cyclic
lateral displacement of the abutment.

Understanding the behavior of the backfill behind the abutment of IABs and SIABs
under cyclic horizontal displacements is essential to properly address the involved soil-structure
interaction mechanisms. Several studies in the technical literature have observed a tendency of
increasing lateral earth pressures on the abutments due to cyclic lateral displacements. A
tendency of increasing vertical displacements on the backfill surface with cyclic lateral
displacements has also been noted, which includes downward vertical displacement
(settlement) near the abutment and upward vertical displacement (heave) at a distance from the
abutment (AL-QARAWI; LEO; LIYANAPATHIRANA, 2020; BANKS; BLOODWORTH,
2018; BRENA et al., 2007; CLAYTON; XU; BLOODWORTH, 2006; ENGLAND; TSANG;
BUSH, 2000; FROSCH; LOVELL, 2011; GABRIELI; ZORZI; WAN, 2015; KIM; LAMAN,
2012; KIM et al., 2014; RAVIJEE, et al., 2018; TATSUOKA et al., 2009; ZORZI; ARTONI;
GABRIELI, 2017).

Although the response of the backfill-abutment system upon cyclic lateral
displacements of the abutment has been investigated by several studies in the technical
literature, additional aspects of interest, which were not significantly explored, can be
identified. Most investigations have been related to IABs while studies involving SIABs are

rather limited. Understanding the behavior of the backfill-abutment system of SIABs upon



17

cyclic loadings contributes to the improvement of knowledge about this structural system,
which can be used as an alternative for IABs.

Acknowledged research gaps on the behavior of [ABs and SIABs include studying the
influence of: (1) the season when the construction of the bridge was completed, (2) the bridge
foundation stiffness, and (3) the amplitude of the abutment’s lateral displacements. Relevant
issues regarding the design, construction, and service life of IABs and SIABs can be addressed
from consistent analyses of these topics. Identifying the best season to complete the bridge
construction is important to reduce the lateral earth pressures on the abutment and/or the vertical
displacements on the backfill surface. The effect of the bridge foundation stiffness on the
backfill-abutment system performance can contribute to identifying the best type of foundation
(rigid or flexible) for the backfill-abutment system. The behavior of the backfill-abutment
system upon different lateral displacement amplitudes allows to understand variations of lateral
earth pressures on the abutment and vertical displacement on the backfill surface with lateral
displacement amplitudes, as well as can even result in length limitations for the bridge
superstructure.

The purpose of the present work is to assess the effects of cyclic lateral displacements
on the response of the backfill-abutment system of an instrumented SIAB located near the city
of Palestine, Texas, United States of American. Specific objectives of this investigation are as
follows:

a) Developing and validating a finite element model for the backfill-abutment system

upon imposed cyclic lateral displacements at the abutment.

b) Analyzing the response of the backfill-abutment system upon daily cyclic lateral
displacements at the abutment.

c) Analyzing the response of the backfill-abutment system upon annual cyclic lateral
displacements at the abutment.

d) Assessing the influence of the period of the year (season) of completion of the
bridge construction on the response of the backfill-abutment system upon imposed
cyclic lateral displacements at the abutment.

e) Investigating the effect of the bridge foundation stiffness on the response of the
backfill-abutment system upon imposed cyclic lateral displacements at the
abutment.

f) Studying the impact of the amplitude of lateral displacements on the response of
the backfill-abutment system upon imposed cyclic lateral displacements at the

abutment.
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This thesis consists of eight sections. Following the introductory section (Section 1),

the remainder of the thesis includes the following:

Section 2 - Literature Review: This section presents a brief description on
conventional abutment bridges, IABs, and SIABs. It also addresses previous
studies on the backfill behavior during cyclic lateral displacements of the abutment
and on the response of backfill materials upon cyclic loading.

Section 3 - The “Mack Creek” Bridge Project: This section presents a brief
description and the location of the bridge evaluated in this research, as well as the
subsoil and backfill characteristics, and field instrumentation and monitoring.
Section 4 — Numerical Model Characteristics: This section describes the numerical
model, the material properties, and the approach adopted to calculate the
prescribed horizontal displacements used to represent the effects of expansion and
contraction of the superstructure on the abutment due to temperature changes.
Section 5 — Backfill-Abutment System Numerical Response: This section presents
the numerical model validation and analyses of the daily and annual cyclic
responses of the backfill-abutment system.

Section 6 — Parametric Analysis: This section presents analyses on the influence
of the completion season of the bridge construction, foundation stiffness, and
displacement amplitude on the response of the backfill-abutment system upon
imposed cyclic lateral displacements.

Section 7 — Lessons learned from the SIAB numerical investigation: This section
presents a brief discussion about some aspects of interest regarding the SIAB
design.

Section 8 — Concluding Remarks: This section presents a summary of the

conducted research, the main findings, and suggestions for future studies.
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2 LITERATURE REVIEW
2.1 Conventional abutment bridge

Conventional abutment bridges are structural systems built with thermal expansion
joints, which are installed between the superstructure and the abutment, and bearing pads, which
are placed between the superstructure and the substructure. Expansion joints and bearing pads
can accommodate horizontal displacements of the superstructure due to thermal, shrinkage, and
creep effects, preventing the abutment and the substructure from being significantly affected by
these displacements (OLSON et al., 2013; WALTER, 2018). Figure 2.1 shows a scheme of a

conventional abutment bridge.

Figure 2.1 — Scheme of a conventional abutment bridge.

-] [
Superstructure

Source: Elaborated by the author (2020).

Walter (2018) relates some advantages that have been attributed to conventional
abutment bridges based on “idealized” conditions that often do not exist in actual bridge
systems:

- Primarily vertical loads from the superstructure are transferred to the abutment and

substructure.

- The development of secondary loads derived from expansion and contraction of

the superstructure due to temperature changes are minimized with the use of
thermal expansion joints.

- Experience in the design and construction for these types of bridges is widespread.
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Despite these apparent benefits, several disadvantages have been reported regarding
conventional abutment bridges (ABENDROTH; GRIMANN, 2005; ARSOY; BARKER;
DUNCAN, 1999; HASSIOTIS et al., 2006; LAMAN; KIM, 2009):

- Bearing pads and thermal expansion joints increase the initial costs with

construction materials, as well as the maintenance costs of the bridge.

- Thermal expansion joints are susceptible to deterioration and damage due to
environmental conditions, defrost services, and traffic.

- Although thermal expansion joints allow free expansion and contraction of the
superstructure, foreign objects or debris can fill joint voids and block the
superstructure movement, resulting in loads that were not initially considered in
the design.

- Bearing pads are highly susceptible to corrosion and replacing them is expensive
and complex.

Although conventional abutment bridges have been quite common in engineering
practice, other types of structural systems have been developed to overcome the disadvantages
of using thermal expansion joints and bearing pads. In this context, the concept of integral
abutment bridge (IABs) and semi-integral abutment bridges (SIABs) have emerged and have
recently become an alternative to the use of conventional abutment bridges (AHN et al., 2011;
AL-ANI et al., 2018; BURKE JR, 2009; DAVID; FORTH, 2011; FRANCHIN; PINTO, 2014;
GANGONE et al., 2012; KANG et al., 2018; MARURI; PETRO, 2005; WHITE, 2007;
ZORDAN; BRISEGHELLA; LAN, 2011).

2.2 Integral and semi-integral abutment bridge

The beginning of the use of [ABs and SIABs dates from the late 1930s and early 1940s,
and, since then, it has increased along the years (BURKE JR, 2009). According to Maruri and
Petro (2005), a survey conducted in 2004 showed that there were approximately 13,000 IABs
and SIABs in the United States, of which approximately 9,000 are IABs and approximately
4,000 are SIABs. In Canada, several provinces have reported good experiences with IABs and
SIABs (BAKEER et al., 2005; KUNIN; ALAMPALLI, 2000). In Europe, the experience with
IABs and SIABs is significantly less, but the recent gains have been positive, which have led
towards making IABs and SIABs a larger percentage of all newly constructed bridges (WHITE,
2007). In Asia and Oceania, despite limited experience, excellent performances in service of

IABs and SIABs have been reported with no maintenance problems in the past decade (LAN,



2012). Figure 2.2 shows the evolution of the number of IABs and SIABs in the United States,
and Figure 2.3 shows the proportion of IABs and SIABs in the United Kingdom.

Figure 2.2 — Evolution of IABs and SIABs in the United States.
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Figure 2.3 — Proportion of IABs and SIABs in the United Kingdom.
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The difference between IABs and SIABs is related to the method of integration
between the superstructure, abutment, and substructure of the bridge. IABs are structural
systems of single or multiple spans, normally supported by flexible foundations, constructed
without thermal expansion joints, and bearing pads. In other words, a structural connection
between the superstructure, abutment, and substructure exists, resulting in a fully integrated
continuous system. On the other hand, SIABs are structural systems of single or multiple spans,
normally supported by rigid foundations, built without thermal expansion joints, but with
bearing pads. In this case, there is a structural connection between the superstructure and the
abutment, which results in a continuous system that is not integrally connected to the
substructure (AL-ANI et al., 2018; ARSOY; DUNCAN; BARKER, 2004; BURKE JR, 2009;
HUSAIN; BAGNARIOL, 1996, 1999; KIM et al., 2014; STEINBERG; SARGAND;
BETTINGER, 2004; WHITE, 2007). Figures 2.4 and 2.5 show schemes of an integral abutment

bridge and a semi-integral abutment bridge, respectively.

Figure 2.4 — Scheme of an integral abutment bridge.
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Source: Elaborated by the author (2020).

Figure 2.5 — Scheme of a semi-integral abutment brid
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Bearing pad Bearing pad

Source: Elaborated by the author (2020).
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Several benefits related to the use of IABs and SIABs have been listed in the technical
literature (ARSOY; DUNCAN; BARKER, 2004; BURKE JR, 2009; HOPPE; GOMEZ, 1996;
MARURI; PETRO, 2005; MISTRY, 2005; SOLTANI; KUKRETI; 1992; YANG; WOLDE-
TINSAE; GREIMANN, 1985):

- lower construction and maintenance costs;

- improved seismic performance;

- foundation support with less piles;

- simple and rapid construction;

- greater achievable end-span ratios;

- smooth, uninterrupted deck of the bridge (which is aesthetically pleasing and

improves vehicular riding quality);

- simplified widening and replacement;

- better live load distribution, reducing superstructure service load stresses.

Among all, the main benefit is the reduction of construction and maintenance costs
related to the absence of thermal expansion joints. Frequent maintenance programs are required
for thermal expansion joints due to their low durability, as compared to other bridge
components. Moreover, no thermal expansion joint means no problem related to malfunctioning
joints. Chemical agents used in the defrost services and heavy vehicles can cause damage to
bridge with malfunctioning joints, reducing the ride quality. Therefore, elimination of thermal
expansion joints has directly been associated not only with the reduction in the total cost of the
bridge but also with the improvement in the ride quality (AHN et al., 2011; AL-ANI et al.,
2018; AL-QARAWI; LEO; LIYANAPATHIRANA, 2020; LAN et al., 2017; MURPHY;
YARNOLD, 2018; OESTERLE; TABATABALI, 2014).

Despite the several benefits, some limitations related to the use of IABs and SIABs

have been listed in the technical literature as presented below (BURKE JR 2009):

The foundation can be subjected to greater horizontal and flexural stresses, which

can result in the formation of plastic hinges that may limit the flexural resistance

of piles.

- The bridge length must be limited to avoid high horizontal deformations of the
bridge superstructure due to temperature changes.

- Extreme skews (greater than 30°) should not be used.

- The abutment can be subjected to an increase of lateral earth pressures due to cyclic

lateral displacements.
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- The approach slab and road can be subjected to downward (settlement) and upward
(heave) vertical displacements due to backfill deformations because of cyclic
lateral displacements of the abutment.

- Current bridge design mostly depends on idealizations and simplifications of soil-
structure interaction relationships, which probably do not accurately reflect field
conditions.

A great source of concern with IABs and SIABs is the complex soil-structure
mechanisms associated with cyclic lateral displacements of the bridge abutment, which can
result in unacceptable lateral earth pressures on the abutment and unacceptable vertical
displacements of the backfill surface (BURKE JR, 2009). Walter (2018) states that backfill
performance can have a major impact on the performance of IABs and SIABs throughout the
entire design life. Maruri and Petro (2005) conducted a survey and compiled information
regarding backfill requirements for IABs and SIABs in the United States. The results showed
that settlement and cracking of approach slabs have been the main issues with IABs and SIABs

(Figure 2.6). Both situations can be caused by inadequate compaction of the backfill.

Figure 2.6 — Problems experienced with IABs and SIABs in the United States.
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According to Walter (2018), approach slabs and roads have received important

attention in recent years due to deformations in the backfill upon cyclic lateral displacements
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of the abutment. Horvath (2004) discussed the formation of a subsidence zone below approach
slabs and road. Its development is associated with a soil wedge that slips towards the abutment
during the bridge contraction in winter periods and does not return to its initial position during
the bridge expansion in summer periods due to the plastic behavior of the soil. Figure 2.7

illustrates the location of the subsidence zone in the backfill-abutment system.

Figure 2.7 — Illustration of the subsidence zone in the backfill-abutment system.
subsidence zone (and void development if approach slab used)
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Another characteristic represented in Figure 2.7 is the inward position of the abutment
in the long-term in relation to the originally constructed position. Walter (2018) attributed this
position change to the increase in lateral earth pressures on the abutment upon cyclic lateral
displacements from seasonal temperature fluctuations. However, this change in position can be

better related to the plastic behavior of the soil (HOVARTH, 2004).

2.3 Backfill behavior during cyclic lateral displacements of the abutment

Recently, several authors have attributed the behavior of granular backfills of IABs
and SIABs upon cyclic loading to a phenomenon called “ratcheting” (AL-QARAWI; LEO;
LIYANAPATHIRANA, 2020; ALONSO-MARROQUIN; HERRMANN,  2004;
ARGYROUDIS etal.,2016; BLOODWORTH et al., 2012; CARISTO; BARNES; MITOULIS,
2018; CIVJAN et al., 2013; ENGLAND; TSANG; BUSH, 2000; FROSCH; LOVELL, 2011;
GABRIELI; ZORZI; WAN, 2015; JIA; KONG, 2015; MITOULIS et al., 2016; TATSUOKA
et al., 2009; ZORZI; ARTONI; GABRIELI, 2017). In continuous mechanics, ratcheting is the

gradual accumulation of plastic deformations which arises from cyclic mechanical or thermal
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stresses (BREE, 1967; GABRIELI; ZORZI; WAN, 2015; HOULSBY etal., 2017; JIA; KONG,
2015; ROESLER; HARDERS; BAEKER, 2007; ZHENG et al., 2017; ZORZI; ARTONI;
GABRIELI, 2017). The extent of ratcheting is influenced by several factors, such as load
condition, mean stress, stress amplitude, stress ratio, load history, plastic slip, dislocation
movement, and container deformation (ABDOLLAHI; CHAKHERLOU, 2019). Figure 2.8

illustrates the phenomenon of ratcheting.

Figure 2.8 — Scheme of the stress-strain behavior of a material upon cyclic loading illustrating

the phenomenon of ratcheting.
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Source: Elaborated by the author (2020).

In a typical cycle of lateral displacement of the abutment, there are basically two
movement directions: passive and active directions. In the passive direction, the abutment
displaces against the backfill, and a large soil wedge slips upward toward the backfill surface
(Figure 2.9a). On the other hand, in the active direction, the abutment displaces away from the
backfill, and a small soil wedge slips downward toward the gap developed between the
abutment and the backfill (Figure 2.9b). The initial position of the backfill surface in each cycle
is not significantly recovered during cyclic lateral displacements of the abutment due to the
plastic behavior of the soil (HOVARTH, 2004). Since there is no loss of soil mass in the
backfill-abutment system, a portion of the backfill adjacent to the abutment is densified while
another portion is displaced upwards. Hence, the backfill surface undergoes settlements
adjacent to the abutment and heave away from the abutment (Figure 2.10), which increase with

the cycles due to soil densification and granular flow (ENGLAND; TSANG; BUSH, 2000).
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Figure 2.9 — Scheme of the backfill behavior in a typical cycle of lateral displacement of the
abutment: a) passive direction; b) active direction.
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Source: Elaborated by the author (2020).

Figure 2.10 — Scheme of backfill shape: a) before cyclic loading; b) after cyclic loading.
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Source: Elaborated by the author (2020).

Numerical simulations using the discrete element method and laboratory experiments
have revealed soil densification and granular flow behind the abutment upon cyclic lateral
displacements (AL-QARAWI; LEO; LIYANAPATHIRANA, 2020; ENGLAND; TSANG;
BUSH, 2000; GABRIELI; ZORZI; WAN, 2015; MUNOZ et al., 2012; RAVIJEE et al., 2018;
TATSUOKA et al., 2009; ZADEHMOHAMAD; BAZAZ, 2019; ZORZI; ARTONI;
GABRIELI, 2017). England, Tsang and Bush (2000) proposed a model (the three-element
model) to illustrate the concept of soil granular flow. In the proposed model, a soil element

adjacent to the abutment (element A) accumulates compressive vertical strains and extensional
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horizontal strains, while a soil element far from the abutment (element B) accumulates
compressive horizontal strains and extensional vertical strains. An intermediary soil element
(element C) connects elements A and B and permits the granular flow without presenting any
strain. Despite the different behavior, the three elements undergo densification during cycling.
Figure 2.11 shows a scheme of the three-element model illustrating the concept of soil granular

flow.

Figure 2.11 — Scheme of the three-element model illustrating the concept of soil granular
flow.
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According to England, Tsang and Bush (2000), the cyclic behavior of elements A and
B is related to the stress state of these elements during cyclic loading. Element A is subjected
to 90° jump changes in the principal stress directions while element B is subjected to stress
increment reversals. In other words, during cyclic loading, the horizontal and vertical stresses
of element A alternate between major and minor principal stresses while horizontal and vertical
stresses of element B remain as major and minor principal stresses, respectively. Figure 2.12

shows the Mohr’s circles of the cyclic stress variations in the soil elements.
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Figure 2.12 — Cyclic stress variations in the soil elements: a) element A; b) element B.
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During cyclic loading, element A undergoes vertical compression and horizontal
extension in the active direction, since vertical stresses are larger than horizontal stresses.
However, the deformations are not totally recovered in the passive direction, in which vertical
stresses are lower than horizontal stresses, due to the plastic behavior of the soil (HOVARTH,
2004). Therefore, element A accumulates compressive vertical strains and extensional
horizontal strains with cycling (ENGLAND; TSANG; BUSH, 2000), which results in
settlements of the soil surface near the soil-abutment interface. On the other hand, element B
undergoes horizontal compression and vertical extension since vertical stresses are always
lower than horizontal stresses. Therefore, element B accumulates compressive horizontal
strains and extensional vertical strains along cycling (ENGLAND; TSANG; BUSH, 2000),
which results in heave of the soil surface at a certain distance from the abutment. Figure 2.13
illustrates the stress-strain behavior of elements A and B, as well as their initial and final shapes.
Further details about the three-element model can be found in England, Tsang and Bush (2000).

Despite having proposed the three-element model to illustrate the concept of soil
granular flow, England, Tsang and Bush (2000) pointed out that the whole soil mass behind the
bridge abutment cannot normally be represented by a single type of behavior since the stress
paths for soil elements at different locations within soil mass are quite different from each other.
Furthermore, during cyclic loading, the soil properties of each element change at different rates
depending on their relative locations within the soil mass. These differences make the internal
behavior of the soil mass complex. Based on the above discussion, the backfill response upon
cyclic lateral displacements of the abutment should be analyzed by considering the overall

behavior and the particularities of each analyzed backfill-abutment system.
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Figure 2.13 — Stress-strain behavior and shapes of elements A and B.
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According to Al-Qarawi, Leo and Liyanapathirana (2020), England, Tsang and Bush
(2000), and Tatsuoka et al. (2009), soil densification increases the stiffness of the backfill
behind the abutment and, consequently, increases the lateral earth pressure on the abutment
with the cycles. On the other hand, the soil granular flow reduces the soil mass adjacent to the
abutment and, hence, tends to reduce the lateral earth pressure on the abutment with the cycles.
England, Tsang and Bush (2000) state that a balance between the opposite effects of soil
densification and granular flow can be reached when both effects are of comparable magnitude,
which can lead the lateral earth pressures to a steady state. At this moment, residual volumetric
strain changes become insignificant with increasing cycles (AL-QARAWI; LEO;
LIYANAPATHIRANA, 2020), resulting in closed hysteresis loops, what means that the
shakedown state has been reached (BOULBIBANE; WEICHERT, 1997; COLLINS;
BOULBIBANE, 1998; GHADIMI; NIKRAZ; ROSANO, 2016; PANAGIOTOU;
SPILIOPOULOS, 2015; ZHENG et al., 2017).

Shakedown is a state that solid and granular materials can reach when submitted to
long-term cyclic loadings. In this state, the cyclic response of the material depends on the
magnitude of the load applied during the cycles. If the material is subjected to cyclic loading
with a load less than a critical load, so-called “shakedown load”, the long-term cyclic response
of this material will be elastic, although the cyclic response can well be plastic for a finite

number of initial load applications. In this case, the cyclic loading produces closed stress-strain
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hysteresis loops when sufficient loading cycles are applied. This is referred to as elastic
shakedown. On the other hand, if the load level exceeds the shakedown load, the long-term
cyclic response of the material will be plastic for all load applications. In this case, the cyclic
stress-strain behavior of the material becomes a fixed hysteresis loop when sufficient loading
cycles are applied. This is referred to as plastic shakedown. In both elastic and plastic
shakedown conditions, some residual plastic strain can be accumulated, but the total plastic
strain will be bounded when sufficient loading cycles are applied (BOULBIBANE;
WEICHERT, 1997; COLLINS; BOULBIBANE, 1998; GHADIMI; NIKRAZ; ROSANO,
2016; PANAGIOTOU; SPILIOPOULOS, 2015; ZHENG et al., 2017). Figure 2.14 and 2.15

illustrate the shakedown.

Figure 2.14 — Scheme of the stress-strain behavior of a material upon cyclic loading
illustrating the elastic shakedown.
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Figure 2.15 — Scheme of the stress-strain behavior of a material upon cyclic loading
illustrating the plastic shakedown.
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2.4 Previous studies on the response of backfill materials upon cyclic loadings

As previously mentioned, in view of the peculiar characteristic of [ABs and SIABs,
expansion and contraction cyclic longitudinal deformations of the superstructure due to
temperature variations in the bridge induce cyclic lateral displacements at the abutment and the
retained backfill. Such behavior favors the development of two important detrimental effects,
which diminishes the benefits of the use of IABs and SIABs, as the result of a complex soil-
structure interaction mechanism associated with the cyclic lateral displacements of the
abutment: (1) the long-term build-up of lateral earth pressures on the abutment and (2)
significant deformations in the backfill behind the abutment. Because of these effects, the
abutment can undergo lateral earth pressures larger than those predicted by established theories,
and the backfill surface can experience vertical displacements that can lead to safety and riding-
quality issues for bridge users (AL-QARAWI; LEO; LIYANAPATHIRANA, 2020; BANKS;
BLOODWORTH, 2018; PAK; BIGELOW; FELDMANN, 2017; RAVIJEE et al., 2018;
ZADEHMOHAMAD; BAZAZ, 2019).
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For a better understanding of the previously mentioned detrimental effects, as well as
the complex soil-structure interaction mechanism associated with the cyclic lateral
displacements of the abutment, several studies involving physical measurements and numerical
simulations have analyzed the response of the backfill-abutment system upon cyclic lateral
displacements of the abutment (ABDEL-FATTAH; ABDEL-FATTAH, 2019; ABDEL-
FATTAH; ABDEL-FATTAH; HEMADA, 2018; AL-QARAWI, LEO;
LIYANAPATHIRANA, 2020; ARGYROUDIS et al., 2016; BANKS; BLOODWORTH, 2018;
BLOODWORTH et al., 2012; BRENA et al., 2007; CARISTO; BARNES; MITOULIS, 2018;
CLAYTON; XU; BLOODWORTH, 2006; CIVJAN et al., 2013; DAVIDS et al., 2010;
ENGLAND; TSANG; BUSH, 2000; FROSCH; LOVELL, 2011; GABRIELI; ZORZI; WAN,
2015; HUNTLEY; VALSANGKAR, 2013; KIM; LAMAN, 2012; KIM et al., 2014; KONG;
CAI; KONG, 2015; LEHANE, 2011; MITOULIS et al., 2016; MUNOZ et al., 2012; RAVIJEE,
et al.,, 2018; TATSUOKA et al, 2009; ZADEHMOHAMAD; BAZAZ, 2019; ZORZI;
ARTONI; GABRIELL 2017). The results of these studies have shown the development of these
detrimental effects, whose severity depends on many factors, such as displacement amplitude
and backfill stiffness.

In general, from a physical point of view, it is exceedingly difficult to describe the
behavior of soils upon cyclic loading, since the response depends strongly on several sublet
properties of state (e.g. distribution, contacts, and arrangement of the grains) which cannot be
expressed by the customary state variables (stress and strain ratios) only (DAFALIAS;
HERRMANN, 1982). England, Tsang and Bush (2000) developed an instrumented physical
model and a bi-dimensional finite element model to analyze the response of a granular material
retained by a wall upon cyclic lateral displacements. The study evaluated the influences of the
bridge completion date, the material stiffness, and the lateral displacement amplitude on the
lateral earth pressures on the wall and the vertical displacements of the retained material
surface. Three season starts (winter, spring, and summer) were chosen for the bridge completion
date, two initial void ratio (e, equal to 0.56 and 0.64) were selected for the material stiffness
and four amplitudes (0.17%, 0.25%, 0.45%, and 0.70% of the wall height) were adopted for the
lateral displacement amplitude.

The results of the study of England, Tsang and Bush (2000) showed that the lateral
earth pressures on the wall and the vertical displacements of the retained material surface
increased with cycles. The lateral earth pressures presented a nonlinear distribution along the
wall height with the largest values of pressure occurring within the middle third of the wall.

The largest settlements occurred near the material-wall interface and decreased with the



34

distance from the wall, forming a heave at a distance from the wall. The lateral earth pressures
showed a tendency of reaching a steady state after some cycles, while no tendency of steady
state was reported for the vertical displacement of the retained material surface. The results also
showed that the lateral earth pressures on the wall were not significantly affected by either the
initial degree of compaction or the bridge completion date, especially in the long-term.
However, the lateral displacement amplitude influenced the lateral earth pressures on the wall.
On the other hand, the vertical displacements of the retained material surface were influenced
by the initial degree of compaction, the bridge completion date, and the lateral displacement
amplitude. The lateral earth pressures on the wall and the vertical displacements of the retained
material surface increased with the lateral displacement amplitude, and no tendency of steady
state was observed. In addition, settlements were generally smaller for denser materials than for
looser materials. Finally, winter service-life starts led to slightly greater settlements than the
other analyzed scenarios. The authors associated the obtained results with the mechanism of
material densification and granular flow due to the phenomenon of ratcheting.

Clayton, Xu and Bloodworth (2006) conducted a series of cyclic triaxial tests with
both granular and non-granular soils. Specimens were subjected to stress paths and strain levels
that would be expected in soil elements behind an integral abutment undergoing cyclic lateral
displacements due to temperature changes. This scenario was achieved by imposing radial
strains on the specimens. Moreover, the study analyzed the impact of the initial density of the
granular soil samples on deviator stresses with cycles. The results showed that the granular soil
presented an increase of deviator stresses with cycles, in both loose and dense configuration,
while the non-granular soil presented a decrease of deviator stresses with cycles. The authors
attributed the increase in the deviator stresses to the rearrangement of irregularly shaped
particles instead of soil densification.

Brefia et al. (2007) instrumented and monitored an integral abutment bridge for a
period of three years from 2002 to 2004. Several instruments were installed to capture selected
parameters of bridge behavior during seasonal thermal fluctuations. Earth lateral pressures were
measured by pressure cells placed behind the abutments at different heights. The monitoring
showed that the maximum lateral earth pressures increased with cycles, while the minimum
lateral earth pressures remained constant with cycles, in all depths. The authors stated that the
increase in the maximum lateral earth pressures is indicative of an increase in the backfill
density that contributes to a higher abutment restraint.

Tatsuoka et al. (2009) presented the results of a series of cyclic lateral loading tests

under plane-strain conditions to evaluate the effects of cyclic lateral displacements of an
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integral abutment on the performance of a compacted backfill. The tests were carried out with
a lateral displacement amplitude of 0.6% of the abutment height. The backfill, which was
produced by air pluviation, was composed of a poorly sub-angular sand with a relative density
equal to 90%. The results showed that the lateral earth pressures on the abutment and the vertical
displacement of the backfill surface increased with cycles. The largest settlements occurred
near the backfill-abutment interface and decreased with distance from the wall, forming a heave
at a certain distance from the abutment. The lateral earth pressures presented a tendency of
reaching a steady state after some cycles, while no steady state tendency was reported for the
vertical displacement of the backfill surface. The authors related the obtained results to the
mechanism of soil densification and granular flow, which was named by the authors as dual
ratcheting mechanism.

Frosch and Lovell (2011) reported the results of a 7-year field monitoring program to
understand the in-service behavior of IABs. Three bridges were highly instrumented to analyze
several parameters of interest, including the lateral earth pressures on the abutment. The
monitoring showed an increase in the maximum lateral earth pressures within the first four
years, followed by a tendency of steady state. On the other hand, the minimum lateral earth
pressures remained virtually constant since the beginning of the monitoring. The authors
associated the obtained results with ratcheting and concluded that increases in lateral earth
pressures upon integral abutments may exist, but for limited periods of time.

Huntley and Valsangkar (2013) presented and discussed data of field monitoring of an
instrumented IAB with abutments retaining a backfill composed of a free-draining material.
Instruments were installed to monitor the lateral earth pressures on the abutment, the vertical
displacements of the backfill surface, and the ambient temperature. The study analyzed the data
of seasonal lateral earth pressure variation throughout a period of three years. It was observed
a slight tendency of lateral earth pressure increase with seasonal temperature cycles during the
monitored period. Furthermore, the pressures presented a nonlinear distribution along the
abutment height, with the largest values within the upper third of the abutment. The authors
concluded that a greater monitoring period is necessary to better understand the actual behavior
of seasonal lateral earth pressure variations behind the abutment.

Gabrieli, Zorzi and Wan (2015) performed experimental and numerical analyses to
investigate the phenomenon of ratcheting in different granular materials after 50 cycles of
lateral displacements. Different amplitudes were used in the investigation: 0.75 mm, 1.5 mm, 3
mm, and 6 mm. An instrumented physical model monitored by a digital camera and a tri-

dimensional 1:1 scale discrete element model of a glass box with a movable vertical retaining
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wall were used to analyze the lateral thrusts on the wall and the displacements of the grains of
the tested materials. Results showed the occurrence of ratcheting in both physical and numerical
models. The largest deformations of the retained materials took place near the material-wall
interface and decreased with distance from the wall. Three different zones with three different
behaviors were identified: (1) a static zone (far from the wall), (2) an alternating active-passive
wedge (next to the wall), and (3) a passive wedge (in the middle between zones (1) and (2)).
Moreover, the values of volumetric strains increased with the displacement amplitude.

The results of the study by Gabrieli, Zorzi and Wan (2015) also showed that the lateral
thrusts increased with the cycles and reached the steady state after some cyclic lateral
displacements of the wall, in both physical and numerical models. The lateral thrust increased
with displacement amplitude. The authors concluded that simulations with the discrete element
method proved to be a good tool to provide insight into the micromechanical variables that are
linked to the macroscopic phenomena. Furthermore, the authors associated the obtained results
with the material densification, due to ratcheting, and the self-organization of the particle
contacts.

Zorzi, Artoni and Gabrieli (2017) studied the effects of cyclic loadings on a granular
material retained by a wall using a physical model and a bi-dimensional discrete element model.
Experimental tests were carried out by applying 50 cycles of lateral displacements of the wall
with amplitudes of £0.75 mm and +1.5 mm. Numerical simulations were performed by applying
100 cycles of lateral displacement of the wall with amplitudes of £0.75 mm and £1.5 mm. The
authors analyzed the horizontal force on the wall and the vertical displacements on the surface
of the retained material. The results showed an increase of the horizontal force on the wall and
an increase of the vertical displacements of the soil with cycles, in both physical and numerical
models. Forces and displacements were higher for the £1.5 mm amplitude than for the +0.75
mm amplitude. Moreover, it was possible to observe that the largest settlements occurred near
the material-wall interface and decreased with distance from the wall. A heave was noticed at
a distance from the wall, in both physical and numerical models. The authors associated the
obtained results with the mechanism of material densification and microstructural changes.

Banks and Bloodworth (2018) carried out numerical simulations to examine the lateral
earth pressures on an integral bridge abutment. A bi-dimensional finite-difference model was
developed based on the laboratory test results of Xu, Clayton and Bloodworth (2007) to predict
the lateral earth pressures acting on an integral abutment with granular backfill. One hundred
and twenty cycles of prescribed horizontal displacements were applied to simulate four different

bridge overall lengths ranging from 15 m to 100 m. The prescribed displacements corresponded
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to 0.1%, 0.25%, 0.37% and 0.62% of the abutment height. The results showed that the lateral
earth pressures presented a nonlinear distribution along the abutment height, with the largest
values occurring within the middle third of the abutment for all analyzed bridge lengths. In
addition, the study analyzed the effect of daily cycles on the annual response of the backfill-
abutment system and observed that daily plus annual cycles produced lateral earth pressures
higher than annual cycles only. In all numerical simulations, the lateral earth pressures
increased with cycles. The authors associated the obtained results with small rotations of non-
spherical particles that take place in the active state during bridge contraction.

Caristo, Barnes and Mitoulis (2018) performed numerical simulations using finite
elements to analyze the complex soil-structure interaction between an integral bridge abutment
and a compacted sand backfill. The study analyzed the lateral earth pressures on the abutment
and the vertical displacements of the backfill surface by applying 120 cycles of prescribed
horizontal displacements ranging from -27 mm to +27 mm to simulate the seasonal effects to
which the bridge would be exposed during its lifespan. The displacements were applied in two
different loading sequences to assess the influence of the initial movement of the abutment on
the backfill behavior. In one loading sequence, the abutment first moved away from the backfill
and subsequently pushed back against the backfill (case 1), while the opposite occurred in the
other loading sequence (case 2). The results of the study showed an increase of lateral earth
pressures on the abutment and an increase of vertical displacements of the backfill surface with
the number of cycles. Soil pressures presented a nonlinear distribution along the abutment
height, with the largest values occurring within the middle third of the abutment. Pressures built
up quickly during the first 15 cycles, and higher values were recorded for case 1, as compared
to case 2. However, no difference between both loading sequences could be observed from the
30th cycle when a tendency of steady state was reached in both cases. The displacements were
practically unaffected by the initial direction of the abutment movement. Moreover, it was
possible to observe that the largest settlements occurred near the backfill-abutment interface
and decreased with the distance from the abutment, forming a heave at a certain distance from
the abutment. The authors associated the obtained results with the ratcheting phenomenon and
the nonlinear behavior of the soil.

Ravjee et al. (2018) studied the effects of six different particle shapes (tetrahedrons,
triangular prisms, truncated tetrahedrons, cubes, dodecahedrons, and spheres) on the backfill
response upon cyclic loading behind an integral abutment using a discrete element model.
Twenty-five cycles of 0.154°-angular rotation were applied to simulate the angular rotation of

an integral abutment due to temperature variations. The results of all analyzed particle shapes
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showed considerable densification near the material-abutment interface, which decreased with
increasing distance from the abutment. The material densification of all analyzed particle
shapes presented a nonlinear increase with a decreasing rate within the first cycles and then
reached the steady state after a few more cycles. Moreover, the differences in density between
the zones near the material-abutment interface and far from the abutment reduced linearly with
increasing sphericity of the particles. The study also showed that the lateral earth pressures on
the abutment, with all analyzed particle shapes, presented a nonlinear increase with a decreasing
rate within the first cycles and then reached the steady state after a few more cycles. In addition,
the increase in the lateral earth pressures reduced linearly with increasing sphericity of the
particles. The authors concluded that the increase in the lateral earth pressures on the abutment
is related to material densification and particle interlocking and reorientation, and that
prevalence of effects depends on particle sphericity. Densification with highly spherical
particles extended over the entire backfill domain, while densification with highly angular
particles became more localized near the material-abutment interface. In this case,
accumulation of lateral earth pressures with shapes of higher angularity is suggested to be a
result of not only localized densification but also the evolution of the structure within the
particulate mass due to particle interlocking and reorientation.

Abdel-Fattah and Abdel-Fattah (2019) presented a finite-element study on the
behavior of IABs under alternate cycles of expansion and contraction of the bridge due to
seasonal temperature variation. The study assessed the lateral earth pressures on the abutment
for different amplitudes of lateral displacements. The results showed lateral earth pressures with
a nonlinear distribution along the abutment height. The maximum pressures occurred within
the bottom third of the abutment, with the lowest displacement amplitude. However, the locus
of the maximum pressures moved toward the middle third of the abutment with increasing
displacements. Furthermore, the increase of the lateral pressure was directly proportional to the
increase of the displacement amplitude.

Al-Qarawi, Leo and Liyanapathirana (2020) analyzed the response of a backfill-
abutment system upon cyclic lateral displacements of the abutment with both laboratory tests
and numerical simulations. An instrumented physical model and a bi-dimensional finite
element model of a small wall retaining loose sand were used to assess the effects of cyclic
lateral displacements on lateral earth pressures on the abutment and vertical displacements of
the backfill surface. Thirty cycles of lateral displacements equal to +£0.67% of the wall height
were applied to simulate the expansion/contraction of the bridge superstructure due to

temperature changes. Results of both physical and numerical models showed that the lateral
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earth pressures on the abutment and the vertical displacements of the backfill surface increased
with the cycles. The largest settlements occurred near the backfill-abutment interface and
decreased with increasing distance from the abutment. A heave was detected at a certain
distance from the abutment, in both physical and numerical models. The authors associated the
obtained results with the mechanism of soil densification and granular flow, named as dual

ratcheting mechanism after Tatsuoka et al. (2009).
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3 THE “MACK CREEK” BRIDGE PROJECT
3.1 Bridge location and description

The bridge evaluated in this research, commonly referred to as “Mack Creek” Bridge,
was completed in July 2017 and is located at the intersection between Road 2133 and the Mack
creek, near the city of Palestine, Texas, United States of American. Figure 3.1 shows the

location of the “Mack Creek” Bridge.

Figure 3.1 — “Mack Creek” Bridge location.
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The “Mack Creek” Bridge is a semi-integral abutment bridge (SIAB) with a total
length of 20.53 m and a total width of 7.85 m. The superstructure is a 19.93-m long by 0.65 m
wide single-span, composed of a 0.15-m thick reinforced concrete deck and 0.5-m high
prestressed concrete box beams. The superstructure is integrally connected to 1.05-m high and
0.3-m thick reinforced concrete abutments. The superstructure-abutment system is supported
by 6.6-m long driven steel sheet piles. The sheet piles are connected to 0.83-m wide and 0.75-

m high reinforced concrete pile caps. The pile caps are separated from the abutments by a sheet
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of preformed bituminous fiber material (PBFM) with a thickness of 40 mm and a width of 0.33
m. Laminated elastomeric bearing pads (LEBP) with a thickness of 70 mm separate the pile
caps and the abutment.

The foundation sheet piles are connected to 1.5-m long driven steel sheet piles, which
serve as anchor walls inside the soil, and 2.1-m long driven steel sheet piles, which serve as
wingwalls embracing the backfill. The anchor walls and the wingwalls have variable lengths in
the longitudinal direction of the bridge. All sheet piles are made of PZC-18 profiles
manufactured by Gerdau (GERDAU, 2019). The approach roads are composed of a 0.15-m
thick asphalt concrete pavement and are separated from the abutments by a sheet of PBFM with
a thickness of 40 mm and a width of 0.15 m. Further details about the “Mack Creek” Bridge
Project can be found in TxDOT (2016). Figure 3.2 shows a schematic view of the bridge, and
Figure 3.3 shows photographs of the bridge after construction.

Figure 3.2 — Schematic view of the bridge: a) plan view; b) elevation view.
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Figure 3.3 — Photographs of the bridge after construction: a) top view; b) bottom view.

Source: Walter (2018).

3.2 Subsoil characteristics

Subsoil investigation included Texas Cone Penetrometer (TCP) tests carried out
nearby each abutment (TxDOT, 2016). The TCP test is a prospection method used by the Texas
Department of Transportation (TxDOT) and was developed in cooperation with Materials &
Tests and Equipment & Procurement Divisions (PALLA et al., 2008). This prospection method
is a dynamic field penetration test that can be used to evaluate geomaterials encountered during
geotechnical investigations through the penetration resistance of a cone (MOGHADDAM,
2016).

The TCP test procedure is described in TxDOT Designation: Tex-132-E — Test
Procedure for Texas Cone Penetration (TxDOT, 1999). The procedure consists of dropping,
with a 0.6-m drop height, a 77-kg hammer to drive a 76-mm diameter penetrometer cone
attached to a 60-mm drill stem in soil or rock. The penetration is performed in three separate
increments, and the first increment is completed after 12 blows or 0.15 m, whichever happens
first. The result consists of the sum of the number of blows needed to achieve the second and
the third 0.15-m increments of cone penetration. In hard materials, including rocks, after the
first increment is completed, the cone is driven 100 blows, and the penetration value for the
first and second 50 blows is recorded. Further details about the TCP test can be found in TxDOT
(1999).

According to the TCP test results, the subsoil in the north abutment region is composed

of a 6.5-m thick silty sand layer over a sandy clay layer. A 2.5-m thick clayey sand layer,
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followed by a sandy clay layer, was found in the south abutment region. The phreatic level was

located at a depth of 4.85 m at the time of ground prospection. Tables 3.1 and 3.2 show the TCP
test results (TxDOT, 2016).

Table 3.1 — TCP test results near the north abutment.

Number of blows (Penetration in cm)

2nd increment

3rd increment

Depth

Profile

10 (15)

8 (15)

8 (15)
34 (15)
50 (7.5)
50 (7.5)
50 (3.75)
50 (2.5)
50 (3.75)

12 (15)
7(15)

9 (15)
50 (15)
50 (11.25)
50 (11.25)
50 (2.5)
50 (2.5)
50 (2.5)

0 m (Approach road surface)
-2 m (Beginning of TCP test)

-35m
-5m
-6.5m
-8 m
-9.5m
-11'm
-12.5m
-14m

-15.5 m (End of TCP test)

Silty sand

Phreatic level (-4.85 m)

Source: Modified after TxDOT (2016).

Table 3.2 — TCP test results near the south abutment.

Number of blows (Penetration in cm)

Depth Profile
2nd increment 3rd increment
- - 0 m (Approach road surface)
- - -1 m (Beginning of TCP test) Clayey sand

7 (15)

4 (15)
10 (15)
42 (15)
50 (12.5)
50 (12.5)
44 (15)
50 (1.25)
50 (2.5)
50 (2.5)

7(15)

2 (15)

8 (15)
50 (13.75)
50 (12.5)

45 (15)
50 (3.75)

50 (0)
50 (1.25)
50 (1.25)

-2.5m
-4 m
-5.5m
-Tm
-85m
-10 m
-11.5m
-13m
-14.5m

-16 m (End of TCP test)

Source: Modified after TxDOT (2016).



44

3.3 Backfill characteristics

The bridge backfill is composed of a crushed-rock identified as D-Rock by the
contractors of the project (TxDOT, 2016). The gravel particles were industrially produced by
crushing larger pieces of rock and are not a naturally occurring aggregate. Poor compaction
techniques for the selected backfill material were implemented during bridge construction

(ZORNBERG et al., 2019). Figure 3.4 shows the backfill material being placed in the field.

Figure 3.4 — Backfill material as used in the field

oure: Walter (2018).

A large quantity of backfill material was collected and taken to the Geotechnical
Laboratory of The University of Texas at Austin for subsequent testing. A series of consolidated
drained triaxial tests were performed to estimate the parameters of the backfill material. Among
the different modes of triaxial testing, consolidated drained testing was chosen as the most
appropriate mode to represent the field conditions since the tested material is made of large and
relatively clean aggregates (high hydraulic conductivity), and the loading rate is very small
(small level of displacement over the course of a day). Since the grains of the backfill material

can be as big as 13 mm, a triaxial cell larger than 76 mm in diameter was needed (ASTM, 2011).
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For this purpose, a 152-mm diameter triaxial cell was assembled to accommodate the testing
program. This triaxial setup provided 10% axial strain and 500-kPa load capacity (ZORNBERG
et al., 2019). Figure 3.5 shows the triaxial setup used in the testing program.

F1 ure 35— Tr1ax1a1 setu used 1 in the testm roram

FI,[ l‘"

T
Source: Zornberg et al. (2019)

Compaction efforts were minimized to prevent membrane puncture (the membrane
was punctured twice during the tests) since the material had grains with high angularity, and
therefore the presented results are for lightly compacted material. The specimens were fully
saturated so that the volume of outflow/inflow was equal to changes in pore volume and also
in order to be able to sustain a constant pore and cell pressure during shearing as the specimens
undergo volume change. To this end, the specimens in each test were backpressure saturated to
414-483 kPa, followed by a final B-value check. The calculated B-value for each specimen was
94%, and it was found that a higher B-value was not obtainable due to the stiffness of the
crushed rock aggregates. After backpressure saturation was completed, the shearing phase was

started. Overall, three tests at effective confining pressures of 41 kPa, 62 kPa, and 83 kPa were
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carried out to estimate the Mohr-Coulomb’s failure envelope. Figure 3.6 shows the results of

the triaxial tests.

Figure 3.6 — Results of the triaxial tests: a) stress x strain curves; b) volumetric strain x axial
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The tested material presented a typical stress-strain behavior of a loose granular
material (Figure 3.6a). However, it showed a typical dilative behavior of a dense granular
material (Figure 3.6b) despite having been lightly compacted, and this was most likely due to
the high degree of angularity of the grains. The inspection of a specimen after the cell was
drained showed no clear shear failure plane observable with the naked eye, and the samples
appeared to have experienced a bulging failure, as is typical in granular materials. Figure 3.7

shows a post-shearing specimen.

Figure 3.7 — Triaxial 's_pecirnen at failure.
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Values of effective friction angles (') were calculated by @' = 2 <tan"1 a_ 45°>,

03
where ¢, and o3 are the maximum values in the curves shown in Figure 3.6a. The estimated
values of @' were equal to 48°, 45°, and 42° for effective confining pressures equal to 41 kPa,

62 kPa, and 83 kPa, respectively.
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3.4 Field instrumentation and monitoring

Lateral earth pressures on the abutments and ambient air temperature have been
monitored in the field by pressure cells and temperature sensors, respectively. Four Geokon
model 4810 vibrating wire (VW) contact pressure cells with 230 mm in diameter and 12 mm
in thickness (GEOKON, 2019a) were installed vertically against the abutment-backfill interface
(two pressure cells were used in each abutment) prior to backfilling. Two Geokon model 8002
LC-2x4 VW dataloggers with temperature sensors (GEOKON, 2019b) were used to record the
readings from the pressure cells and temperature sensors. All pressure cells were buried at the
same depth in the abutment, and the dataloggers were positioned under the superstructure near
the north abutment. Further details about the instrumentation of the bridge in the field can be
found in Walter (2018). Figure 3.8 shows a schematic view of the position of the devices in the
bridge, Figure 3.9 shows the devices used in the field monitoring, and Figure 3.10 shows the

devices installed in field.

Figure 3.8 — Schematic view of the position of the devices in the bridge: a) plan view; b)
elevation view.
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Source: Elaborated by the author (2020).
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Figure 3.9 — Devices used in the field monitoring: a) pressure cell; b) datalogger.

Source: Walter (2018).

Figure 3.10 — Devices installed in the field: a) pressure cells; b) dataloggers.

Source: Walter (21 8).

Pressure and temperature data were recorded by the dataloggers on an hourly basis
during the field survey. The temperature values provided by the temperature sensors were
compared to the data of ambient air temperature collected by a weather station at the city of
Palestine, Texas, United States of American. A good match between the temperature values
collected by both the weather station and the temperature sensors was obtained, which indicates
that the temperatures recorded by the dataloggers were representative of the site ambient air
temperatures. Since significant differences between readings from the temperature sensors were
not observed, the ambient air temperature was assumed as the average between the readings
from both temperature sensors. Similarly, the lateral earth pressure was assumed as the average

between readings from both pressure cells at each abutment. Further details about the field
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monitoring can be found in Walter (2018). Figures 3.11 and 3.12 show the lateral earth

pressures on the abutments and the ambient air temperature.

Figure 3.11 — Lateral earth pressures on the north abutment and ambient air temperatures.

30 ~ - 80
- 70 ~
= 20 1 O
2 o0y
2 10 - - 50 2
w -
2 L 40 &
) 0 g
£ 30 2
S 2]
£ -10 20 %
2 10 =
<
4 -20 g
0 <
-30 -10
A
<
%%Q
\ "
~

— Lateral earth pressure

Source: Modified after Walter (2018).

Figure 3.12 — Lateral earth pressures on the south abutment and ambient air temperatures.
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4 NUMERICAL MODELING CHARACTERISTICS

4.1 Numerical model description

A finite element numerical model was developed for the north abutment by using the
software Plaxis 2D version 2016 (PLAXIS BV, 2016). Plane strain conditions were used in a
two-dimensional finite element analysis since the measured lateral earth pressures were
virtually constant in the direction of the bridge width. The geometry of the numerical model
was defined based on the information provided by TxDOT (2016). The model boundaries
extended to a length of 40 m in the horizontal direction and 20 m in the vertical direction. These
dimensions were assumed to be enough to exclude boundary effects (KNAPPETT et al., 2016;
RAWAT; GUPTA, 2017). Figure 4.1 shows the geometry of the numerical model, and Figure

4.2 shows a zoom of the model in the region of the abutment.

Figure 4.1 — Numerical model geometry (dimensions in meters).
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Figure 4.2 — Zoom of the numerical model geometry in the region of the abutment
(dimensions in meters).
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The soil materials (sandy clay, silty sand, and gravel), the reinforced concrete, and the
preformed bituminous fiber material (PBFM) were represented by soil clusters, which can be
used in the software to model volumes of materials. The foundation sheet piles were represented
by plate elements while the anchor sheet piles were represented by fixed-end anchor elements
with a vertical spacing of 150 mm and a horizontal length of 7 m. Plate elements are structural
objects, with flexural and normal stiffness, which can be used to simulate the influence of
slender structures (walls, plates, shells, or linings) in the ground extending in the out-of-plane
direction. Fixed-end anchor elements are point elements, attached to a structure at one side and
fixed at the other side, which can be used to model anchor or props, with spacing in the out-of-
plane direction, to support retaining walls (BRINKGREVE; KUMARSWAMY; SWOLFS,
2016b). The vertical spacing of the anchor elements was defined by discretizing the height of
the anchor walls in ten equal parts, and the horizontal length of the anchor elements was
assumed to be the average length of the anchor walls.

The soil-structure interaction was modeled by interface elements with strength
reduction factors (Rinter) €qual to 0.5 for soil-steel interface and 0.7 for soil-concrete interface.
Interface elements are joint elements, created next to structural elements or between soil
clusters, which can be used to simulate a thin zone of intensely shearing material at the contact
between a structure and the surrounding soil (BRINKGREVE; KUMARSWAMY; SWOLFS,
2016b). The Rinter values were chosen based on the suggestions made by Brinkgreve, Engin and

Swolfs! (2012 apud MUSZYNSKI; WYJADLOWSKI, 2019) and Naval Facilities Engineering

' BRINKGREVE, R. B. J.; ENGIN, E.; SWOLFS, W. M. Plaxis 2D version 2012 manual. Rotterdam: Balkema,
2012.
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Command (1986). A virtual thickness factor of 0.1, which is the default value of the software,
was applied to the interface boundaries. An interface with Riner €qual to 1 was applied to the
steel-concrete interaction to avoid punching problems detected in preliminary simulations.

The effects of the superstructure on the abutment-pile cap system were represented by
static equivalent loads calculated with the software Ftool (Martha, 2018). This approach was
adopted for simplicity, to avoid excessive calculation periods. A simplified structural analysis
was conducted to find the load on the pile cap, as well as the shear force and the bending
moment at the section where the superstructure reaches the abutment. The superstructure-
abutment system was considered as a single bi-supported beam subjected to its self-weight only.
The beam self-weight was calculated assuming a unit weight of 25 kN/m? for the reinforced
concrete, according to TxDOT (2016).

The bending moment’s effect was represented in Plaxis by a horizontal two-point load
of 2 kN/m, obtained dividing the bending moment by the height of the superstructure. The shear
force was represented by a uniform vertical load of 12 kN/m/m, obtained dividing the shear
force by the height of the superstructure. The superstructure-abutment system load was
represented by a uniform vertical load of 150 kN/m/m, obtained dividing the structural support
reaction by the width of the pile cap. The calculated bending moment and shear force were
applied to the superstructure-abutment interface section, and the load from the superstructure-
abutment system was applied to the top of the pile cap.

Prescribed horizontal displacements applied at the top of the abutment were used to
represent the effects of expansion and contraction of the superstructure on the abutment due to
temperature changes. This approach was used in recent numerical analysis studies (e. g.: AL-
QARAWI; LEO; LIYANAPATHIRANA, 2020; BANKS; BLOODWORTH, 2018;
BOODWORTH et al., 2012; CARISTO; BARNES; MITOULIS, 2018; CARLSTEDT, 2008;
EFRETUEI, 2013; MITOULIS et al., 2016) and was adopted herein to simplify the numerical
modeling due to limited field instrumentation.

Prescribed horizontal displacements were applied at the top of the abutment. This
position was chosen based on the fact that the greater variations in temperature in a bridge
usually takes place at the top of the superstructure due to solar radiation (BARR; STANTON;
EBERHARD, 2005; CHEN et al., 2009; DAVIDS et al., 2010; EMERSON, 1977; ENGLAND;
TSANG; BUSH, 2000; HEDEGAARD; FRENCH; SHIELD, 2013; IMBSEN et al., 1985;
KONG; CAI; KONG, 2015; KONG; CAIL; ZHANG, 2016; RODRIGUEZ; BARR; HALLING,
2014; SHIU; TABATABAI 1994; SONG; XIAO; SHEN, 2012; XUE et al., 2018).

Temperature distribution in a vertical cross-section of the superstructure is maximum at the top
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and reduces in a non-linear fashion with height (EMERSON, 1977; ENGLAND; TSANG;
BUSH, 2000; IMBSEN et al., 1985; LEE, 1994; SHIU; TABATABAI 1994).

Three different possibilities were investigated to define the best position for the
prescribed horizontal displacements at the top of the abutment: (1) at the abutment surface in
contact with the gravel backfill, (2) at the connection section of the abutment with the
superstructure, and (3) at the abutment central section. Preliminary simulations yielded virtually
the same results for the three possibilities. Therefore, the prescribed horizontal displacements
were applied at the surface of the abutment in contact with the backfill, since it is the farthest
section of the bridge. Finally, the effect of the approach road on the underlying soil was
represented by a surface pressure of 3 kPa. Figure 4.3 shows a scheme of the representation of

the effects of loads and displacements on the abutment-pile cap system in the model.

Figure 4.3 — Scheme of the representation of the effects of loads and displacements on the
abutment-pile cap system.
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Source: Elaborated by the author (2020).

A very fine finite element mesh with 15-node triangular elements was used in the
simulations. The mesh was automatically refined at the soil-structure interfaces. An extra
refinement was inserted on the backfill-abutment section since it is the section of interest for
the present investigation. Vertical boundaries were fixed in x-direction and free in y-direction.
The bottom boundary was fixed in both directions, while the top boundary was free in both

directions. The mesh included 4410 finite elements and 36062 nodes, which are assumed to be



55

enough for obtaining accurate numerical results without leading to an excessive calculation
length. Further details about the software Plaxis 2D version 2016 can be found in Brinkgreve,
Kumarswamy and Swolfs (2016b). Figure 4.4 shows the finite element mesh used in the

numerical simulations.

Figure 4.4 — Finite element mesh used in the numerical simulations.
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4.2 Material properties

The stress-strain behavior of the soil materials was represented by the Hardening Soil
(HS) hyperbolic constitutive model. The HS model is an elastoplastic type of advanced
hyperbolic model, based on the Plasticity Theory, for simulating the behavior of different types
of soils, both soft and stiff soils, which include soil dilatancy and a yield cap. In this constitutive
model, irreversible strains due to primary deviatoric loading are modeled by shear hardening
while irreversible plastic strains due to primary compression in oedometer loading and isotropic
loading are modeled by compression hardening. Further details about the HS constitutive model
can be found in Brinkgreve, Kumarswamy and Swolfs (2016a).

Soil parameters were obtained based on the results of the TCP test results presented in

subsection 3.2, on the consolidated drained triaxial test results presented in subsection 3.3, and
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on correlations and recommendations for typical values available in the technical literature
(BOWLES, 1997, DUDERSTADT; COYLE; BARTOSKEWITZ, 1977, HAMOUDI,;
COYLE; BARTOSKEWITZ, 1974; KULHAWY; MAYNE, 1990; LAWSON et al., 2018;
MESRI, 1975; POULOS; DAVIS, 1974; STROUD; BUTLER, 1975; TOMLINSON, 1993;
TxDOT, 2020; VASUDEVAN, 2005; VIPULANANDAN et al., 2008).

Specifically, the undrained shear strength for the sandy clay layer was estimated as
4Neo,spT, as suggested by Stroud and Butler (1975), where Neo,spr is Standard Penetration Test
(SPT) blowcount resistance corrected to 60% efficiency. Neo,spr was calculated as 0.5Ntcp, as
suggested by Lawson et al. (2018), where Ntcp is TCP blowcount resistance. The friction angle
for the silty sand layer was estimated from the correlation proposed by TxDOT (2020).

Due to the limited native soil survey, proposed preliminary numerical simulations
showed that the response of the backfill-abutment system was not significantly influenced by
the refinements of the native soil parameters. Table 4.1 lists the soil parameters used to validate

the numerical model.

Table 4.1 — Soil parameters used to validate the numerical model.

Parameter Unit | Sandy clay | Silty sand | Gravel

Unsaturated unit weight (Yunsat) kN/m3 19 17 20
Saturated unit weight (Ysat) kN/m3 22 20 23
Secant stiffness in standard drained triaxial test (ES)) MPa 60 40 30
Tangent stiffness for primary oedometer loading (Ef)‘gfi = Eg-%f) MPa 60 40 30
Unloading/loading stiffness (E™' = 3E%) MPa 180 120 90
Undrained shear strength at reference level (Syrer) kPa 210 - -

Effective cohesion (c’rcr) kPa - 15 1

Effective friction angle (o) ° - 31.5 40

Source: Elaborated by the author (2020).

The soil parameters were associated with the reference stress for stiffness (p™) equal
to 100 kPa, which is the default value of the Plaxis software (BRINKGREVE;
KUMARSWAMY; SWOLFS, 2016a). A dilatancy angle equal to zero was adopted for the silty
sand layer and the gravel backfill because they were loose to slightly compacted materials. The
power for the stress-level dependency of stiffness (m) was assumed to be equal to 0.5, as
suggested by Duncan and Chang (1970), Janbu (1963), Lade and Nelson (1987) and Schanz

and Vermeer (1998). Undrained conditions were assumed for the sandy clay layer while drained



57

conditions were assumed for the silty sand layer and the gravel backfill. Non-porous conditions
were assumed for the reinforced concrete and the PBFM.

The stress-strain behavior of the structural materials was represented by the linear
elastic constitutive model. Different sources were consulted to define parameters for the
structural materials due to the absence of laboratory tests (AASHTO, 2012; CAI; ROSS, 2010;
GERDAU, 2019; MAHENDRAN, 1996; PERIC et al., 2016; SUCHSLAND; WOODSON,
1987; TxDOT, 2016). Table 4.2 lists the structural parameters used to validate the numerical

model.
Table 4.2 — Structural parameters used to validate the numerical model.
Parameter Unit Reinforced concrete | PBFM | Foundation Anchor
Unit weight (y) kN/m? 25 10
Young’s modulus (E) GPa 30 4
Poisson’s ratio (v) - 0.2 0.2 0.3
Normal stiffness (EA) — Plate kN/m - - 3.16 x 108
Flexural rigidity (EI) kNm?/m - - 7.33x 10*
Weight (w) kN/m/m - - 1.18 -
Normal stiffness (EA) — Anchor kN - - - 2.99x 108
Out-of-plane spacing (Lspacing) m - - - 2.62

Source: Elaborated by the author (2020).

4.3 Approach for calculating the prescribed horizontal displacements

As suggested by AASHTO (2012), the variation of the bridge length (AL) was
estimated by AL = aLLAT, where a is the thermal expansion coefficient of the bridge material,
L is the bridge length, and AT is the bridge temperature variation. In the absence of laboratory
tests or more precise data, a coefficient of thermal expansion of 10.8 x 10" /°C was assumed
for the concrete, which is within the range recommended by AASHTO (2012). The prescribed
horizontal displacements were calculated by dividing AL by two. This assumption is believed
to be in accordance with field conditions since both north and south backfills were built with
the same material and compaction degree (TxDOT, 2016), thus leading to equivalent
displacements. The same approach was used by Banks and Bloodworth (2018), Bloodworth et
al. (2012), Civjan et al. (2007), and Karalar and Dicleli (2018).

As reported by Emerson (1977), England, Tsang and Bush (2000), Hoffman, McClure
and West (1983), Imbsen et al. (1985), Lee (1994), Moorty and Roeder (1992), Potgieter and
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Gamble (1989) and Thepchatri, Johnson and Matlock (1977), the most significant factors
affecting the bridge temperature are solar radiation, ambient air temperature, wind speed,
precipitation and structural material thermal properties. Combinations of these factors can
produce situations in which the bridge temperature is not necessarily equal to the ambient air
temperature. Consequently, bridge temperature and associated horizontal displacements can be
very complex to predict.

Due to limited field instrumentation, and to simplify the complex interaction
mechanisms of heat transfer and flow involving the bridge and the surrounding environment,
bridge temperature variations were assumed to equal ambient air temperature variations. AT
values were calculated from minimum and maximum daily temperatures recorded by the
temperature sensors. As an example, Figure 4.5 presents hourly ambient air temperatures
recorded on July 14, 2017. In the first hours of the day, the temperature followed a descending
path until reaching a minimum value (Twmin). Then, the temperature increased until reaching a
maximum value (Tmax). Horizontal displacements pushing the abutment against the backfill
were calculated using the difference between Tmin and Tmax of the current day, while horizontal
displacements pulling the abutment away from the backfill were calculated using the difference

between Tmax of the current day and Tmin of the next day.

Figure 4.5 — Ambient air temperatures recorded on July 14, 2017.
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5 BACKFILL-ABUTMENT SYSTEM NUMERICAL RESPONSE

5.1 Numerical model validation

The proposed numerical model was validated based on the field data collected by
Walter (2018). Calculation data were restricted to a 100-day period, counted from the beginning
of the field monitoring, to avoid long computational periods. The numerical simulation was
performed by applying prescribed horizontal displacements (dn) to the abutment, as to represent
the cyclic lateral displacements of the abutment due to daily maximum expansions and
contractions of the bridge. Figure 5.1 shows dn values calculated via the approach described in
subsection 4.3. A positive sign is assigned to lateral displacements pushing the abutment against
the backfill (passive direction) while a negative sign means that the lateral displacements pull
the abutment away from the backfill (active direction). As shown in Figure 5.1, in general, the

calculated displacements ranged within +£1 mm, which represents +0.1% of the abutment height.

Figure 5.1 — Prescribed horizontal displacements used to validate the numerical model.
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The maximum and minimum daily cyclic lateral earth pressures measured in the field
are compared with the numerical predictions in Figure 5.2. The numerical values represent the

average of stresses in eleven stress points on the backfill-abutment interface, as to coincide with
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the same vertical positions of the pressure cells in the field. The numerical and field lateral earth
pressures are also compared in a 1:1 chart, as shown in Figure 5.3. The relationship between
numerical predictions and field measurements yielded a coefficient of Pearson product-moment
correlation (r) of 0.905, which represents a coefficient of determination (r?) of 0.82. According
to Salkind (2017), the r value assesses the relationship between two continuous variables, and
the r* value represents the variance percentage in one variable that can be explained by the
variance in the other variable. In this case, r = 0.905 corresponds to a very strong relationship
(SALKIND, 2017) between the numerical prediction and field measurement. Moreover, the
obtained r? value means that 82% of the variance in the numerical prediction is accounted for
by the variance in the field measurement.

Additional numerical simulations were carried out with strength reduction factors
(Rinter) equal to 0.1, 0.3, 0.5, and 0.9. The r and r*> values produced by these numerical
simulations were compared with the r and r* values produced by the numerical simulation with
Rinter = 0.7 (Table 5.1) to analyze the influence of Riner in the numerical model validation. The
results showed that the best relationship between numerical predictions and field measurements
was obtained with Riner = 0.7. Therefore, the numerical model validation can be considered
satisfactory, given the many variables and inherent imprecision involved in the whole

calibration process.

Figure 5.2 — Comparison between field and numerical lateral earth pressures.
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Figure 5.3 — Dispersion of the lateral earth pressures.
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Table 5.1 — Relationship between numerical predictions and field measurements for different
values of Rinter.

Rinter r r’ Variance Relationship (SALKIND, 2017)
0.1 0.14 0.02 2% Weak or no relationship
0.3 0.34 0.12 12% Weak relationship
0.5 0.35 0.12 12% Weak relationship
0.7 0.91 0.82 82% Very strong relationship
0.9 0.20 0.04 4% Weak or no relationship

Source: Elaborated by the author (2020).

5.2 Analysis of the daily cyclic response

Analysis of the response of the backfill-abutment system upon daily cyclic lateral
displacements of the abutment was carried out after validation of the numerical model. Figures
5.4 and 5.5 show, respectively, the maximum and minimum lateral earth pressures as a function
of the abutment height ratio (z/h), where z is the depth measured from the top of the abutment,
and h is the abutment height, for selected daily cycles.
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Figure 5.4 — Distributions of maximum lateral earth pressures along the abutment height for
selected daily cycles.
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Figure 5.5 — Distributions of minimum lateral earth pressures along the abutment height for
selected daily cycles.
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The lateral earth pressures presented a nonlinear distribution along the abutment
height. In general, larger values of maximum lateral earth pressures occurred within the upper
and bottom thirds of the abutment while larger values of minimum lateral earth pressures
occurred within the bottom third of the abutment. Particularly, the minimum lateral earth
pressures were nearly zero within the upper third of the abutment. No simplified shape for the
distributions of maximum and minimum lateral earth pressures could expressly be identified.
Similar profiles have been obtained elsewhere by physical measurements and numerical
simulations (ABDEL-FATTAH; ABDEL-FATTAH, 2019; ABDEL-FATTAH; ABDEL-
FATTAH; HEMADA, 2018; PAIK; SALGADO, 2003; XU; LIU, 2019).

Diagrams with a linear shape or with a regular geometric shape have been proposed
by most conventional methods for predicting lateral earth pressures (CLOUGH; DUNCAN,
1991). For example, AASHTO (2012) suggests that lateral earth pressures should be assumed
linearly proportional to soil depth considering lateral earth pressure coefficients calculated from
Coulomb or Rankine’s Theories. However, physical measurements and numerical simulations
have revealed nonlinear lateral earth pressure distributions on abutments undergoing cyclic
lateral displacements (ABDEL-FATTAH, M.; ABDEL-FATTAH, T., 2019; ABDEL-
FATTAH, M.; ABDEL-FATTAH, T.; HEMADA, 2018; BANKS; BLOODWORTH, 2018;
CARISTO; BARNES; MITOULIS, 2018; CIVJIAN etal.,2013; HUNTLEY; VALSANGKAR,
2013; KIM et al., 2014; LEHANE, 2011; MITOULIS et al., 2016; XU; LIU, 2019). The
nonlinear distributions observed for the lateral earth pressures can be related to the transfer of
stresses between the backfill and the abutment due to soil-structure interface friction. This
transfer of stresses is commonly known as arching in soils and results in nonlinear distributions
of lateral earth pressures on the abutment (COSTA; ZORNBERG, 2020; HANDY, 1985;
PAIK; SALGADO, 2003; TERZAGHI, 1943).

The obtained lateral earth pressure profiles can be related to the lateral displacement
amplitude of the abutment. The imposed displacement amplitude was not enough to overcome
the shear strength of the backfill and slip upward a soil portion toward the backfill surface
during the passive direction. Therefore, since the largest lateral displacements were imposed at
the top of the abutment, the maximum lateral earth pressures within the upper third of the
abutment were more affected by the cyclic lateral displacements, which can justify the obtained
profiles for maximum lateral earth pressures. On the other hand, the imposed displacement
amplitude was enough to overcome the shear strength of the backfill and slip downward a soil
portion toward the gap developed between the abutment and the backfill during the active

direction. Therefore, the soil near the upper third of the abutment was displaced toward the
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bottom third of the abutment, which can explain the obtained profiles for minimum lateral earth
pressures.

The previously mentioned behavior can be observed from shadings of relative shear
stress (Tre1), as shown in Figure 5.6, arrows of resultant displacement (ures), as presented in
Figure 5.7, and shadings of deviatoric strain (ys), as shown in Figure 5.8. 1 gives an indication
of the proximity of the stress point to the failure envelope and is defined as the ratio between
the maximum value of mobilized shear stress (Tmob) and the maximum value of shear stress for
the case where the Mohr’s circle is expanded to touch the Coulomb’s failure envelope with the

center of Mohr’s circle constant (Tmax). Ures indicates the direction of movement of the soil

elements. ys is defined as \/% [(ax - Z—V)z + (ay - Z—V)Z + (sz - Z—V)z + %(yiy + yiz + yﬁx)], where &
is the axial strain in x-direction, &y is the axial strain in y-direction, &, is the axial strain in z-
direction, &y 1s the volumetric strain, yxy is the shear strain in xy-plane, vy is the shear strain in
yz-plane, and vz« is the shear strain in zx-plane.

The shadings show that 1.1 was less than one (Tmob < Tmax) in the whole backfill for the
passive direction, which indicates the absence of soil failure. On the other hand, for active
direction, Tr1 was equal to one (Tmob = Tmax) in @ zone of the backfill near the upper third of the
abutment while T was less than one (Tmob < Tmax) in the other zones of the backfill, which
indicates a potential zone of soil failure near the upper third of the abutment. The arrows
demonstrate that, during the passive direction, the soil was not displaced toward the backfill
surface. During the active direction, the soil was displaced toward the bottom third of the
abutment. The shadings also show that, with the cycles, a shear band was formed at a certain

distance from the abutment, indicating a sliding surface.

Figure 5.6 — Shadings of relative shear stress in the backfill for a typical daily cycle: a)
passive direction; b) active direction.
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Source: Elaborated by the author (2020).




Figure 5.7 — Arrows of resultant displacement in the backfill for a typical daily cycle: a)
passive direction; b) active direction.
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Source: Elaborated by the author (2020).
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Figure 5.8 — Shadings of accumulated deviatoric strain (in %) in the backfill at the end of
selected daily cycles: a) 1st cycle; b) 33rd cycle; ¢) 66th cycle; d) 100th cycle.
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Source: Elaborated by the author (2020).

The lateral earth pressure coefficient (K) was calculated to assess the behavior of the
lateral earth pressures with the daily cycles. K values were calculated by dividing the total
lateral soil force acting on the abutment by the total lateral soil force of a triangular hydrostatic
stress distribution acting over the height of the abutment (ENGLAND; TSANG; BUSH, 2000).
Figure 5.9 shows K values calculated for daily cycles.

The maximum lateral earth pressure coefficient (Kmax) remained below Rankine’s
passive lateral earth pressure coefficient (Kp rankine) throughout the entire analyzed cycles, while
the minimum lateral earth pressure coefficient (Kmin) remained close to Rankine’s active lateral
earth pressure coefficient (Ka rankine) for almost the entire analyzed cycles. Trends for the Kmax
and Knin behavior could be identified as the cycles went by. Kmax firstly presented a slight
downward trend within the first 46 cycles. Then, Kmax increased until the 62nd cycle and
reduced until the 71st cycle. Lastly, Kmax showed a slight upward trend from the 72nd cycle.
The tendencies identified for Kmin were firstly characterized by a decrease within the first 10

cycles. Finally, Kmin became virtually constant from the 11th cycle, with some minor scattering.
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Variation of Kmax and Kmin can be associated with the changes of 6n due to temperature
fluctuations since the daily temperature variations are not constant. Furthermore, Kmin was less

affected by the cyclic lateral displacements of the abutment than Kax.

Figure 5.9 — Lateral earth pressure coefficients for daily cycles.
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Physical measurements and numerical simulations have shown that maximum lateral
earth pressures are more affected by cyclic lateral displacements of the abutment than minimum
lateral earth pressures (AL-QARAWI; LEO; LIYANAPATHIRANA, 2020; BANKS;
BLOODWORTH, 2018; CLAYTON; XU; BLOODWORTH, 2006; ENGLAND; TSANG;
BUSH, 2000; HUNTLEY; VALSANGKAR, 2013; KIM; LAMAN, 2012; LEHANE, 2011;
TATSUOKA et al., 2009; XU; CLAYTON; BLOODWORTH, 2007, ZADEHMOHAMAD;
BAZAZ, 2019). This probably happens due to the magnitude of lateral displacement required
to reach the passive and active failure states. According to Clough and Duncan (1991) and
Hambly and Burland (1979), the active failure state takes place for a magnitude of lateral
displacement equal to approximately 10% of the magnitude required for mobilizing the passive
failure state. This difference is mainly associated with the different confining pressures in the

two failure states (ENGLAND; TSANG; BUSH, 2000), which allows that the active failure
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state takes place long before the passive failure state in granular backfills upon cyclic loading
(TATSUOKA et al., 2009).

Vertical displacement profiles of the backfill surface along the distance from the
abutment for selected daily cycles were also analyzed (Figure 5.10). Displacements were
obtained at the end of each cycle. In the figure, the downward vertical displacement (settlement)
is taken as positive. The largest settlement occurred near the backfill-abutment interface and
decreased with increasing distance from the abutment. According to the profiles, settlements
were more influenced by the cyclic lateral displacements within a zone with dimension equal
to abutment height measured from the abutment. The settlement within this zone increased with
the cycles, what indicates the presence of ratcheting. Moreover, no tendency of upward vertical
displacement (heave) was observed on the backfill surface, what indicates the absence of the

soil granular flow as defined by England, Tsang and Bush (2000).

Figure 5.10 — Vertical displacement profiles of the backfill surface along the distance from the
abutment for selected daily cycles.
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Figure 5.11 shows the vertical displacements at the top of the backfill-abutment
interface for daily cycles. The settlement increased with the cycles according to a nonlinear
fashion with a slight decreasing rate. No tendency of stabilization (steady state) could expressly

be identified with increasing cycles. Results of laboratory experiments and numerical
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simulations have shown a similar behavior for the vertical displacement of the backfill surface
(AL-QARAWI; LEO; LIYANAPATHIRANA, 2020; ARGYROUDIS et al., 2016; CARISTO;
BARNES; MITOULIS, 2018; DAVID; FORTH; YE, 2014; ENGLAND; TSANG; BUSH,
2000; MITOULIS et al, 2016; MUNOZ et al, 2012; TATSUOKA et al., 2009;
ZADEHMOHAMAD; BAZAZ, 2019).

Figure 5.11 — Vertical displacements at the top of the backfill-abutment interface for daily

cycles.
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As discussed in subsection 2.3, the backfill surface is expected to present settlement
and heave due to cyclic lateral loading. However, no heave was observed in the vertical
displacement profiles of the backfill surface, as shown in Figure 5.10. The obtained profiles can
be explained by the influence of the lateral displacement amplitude of the abutment. In this
case, the displacement amplitude was sufficient to densify the soil near the backfill-abutment
interface, but not enough to produce a soil granular flow that could raise the backfill surface.
This characteristic can be noted in Figure 5.12, which shows arrows of accumulated resultant
displacement after the daily cyclic lateral loading. The arrows show that the whole backfill
displaced downward, which indicates the absence of the soil granular flow defined by England,

Tsang and Bush (2000).



70

Figure 5.12 — Arrows of accumulated resultant displacement in the backfill after the daily
cyclic lateral loading.

Source: Elaborated by the author (2020).

However, the displacement amplitude was not sufficient to cause the maximum
densification of the backfill, what can explain the continuous settlement increase shown in
Figure 5.11. On the other hand, the decreasing rate of the settlement with the cycles can be
related to soil densification. Densification of the soil gradually increased the backfill stiffness
with the cycles, reducing the settlement increment at each cycle. The densification of the
backfill is shown in Figure 5.13, which presents shadings of accumulated compressive
volumetric strain in the backfill at the end of selected daily cycles. The shadings show that
larger compressive volumetric strains occurred near the backfill-abutment interface and
decreased with distance from the abutment, which can justify the profiles presented in Figure
5.10. Moreover, the increase of the compressive volumetric strains with the cycles indicates the
presence of ratcheting and can explain the continuous increase in the vertical displacement of

the backfill surface (Figure 5.11).
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Figure 5.13 — Shadings of accumulated compressive volumetric strain (in %) in the backfill at
the end of selected daily cycles: a) Ist cycle; b) 33rd cycle; ¢) 66th cycle; d) 100th cycle.
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Source: Elaborated by the author (2020).

5.3 Analysis of the annual cyclic response

Analysis of the response of the backfill-abutment system upon annual cyclic lateral
displacements of the abutment is presented in this subsection. AASHTO (2012) recommends
designing permanent retaining walls for a minimum service life of 75 years for most
applications and 100 years for a greater level of safety and/or longer service life for retaining
walls supporting bridge abutments. This means that the bridge would be subjected to a
minimum of 75 or 100 cycles of annual thermal variation, depending on the considered design
condition. The present analysis included 100 annual cycles of lateral displacement of the
abutment.

Since the bridge was completed in the summer season, it initially contracted until the
winter season, when it reached its minimum longitudinal length. Then, the bridge expanded
until the summer season of the next year, completing the annual cycle. Following this rationale,

at new each annual cycle, the abutment was firstly displaced away from the backfill, and then
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it was displaced towards the backfill. This scenario was modeled by applying cycles of 61 equal
to 5 mm to represent the cyclic lateral displacements of the abutment due to annual maximum
expansions and contractions of the bridge. The value of 5 mm was calculated via the approach
described in subsection 4.3, considering a temperature variation of 45 °C, as recommended by
AASHTO (2012) for the location where the bridge was built.

Figures 5.14 and 5.15 show, respectively, the maximum and minimum lateral earth
pressures as a function of the abutment height ratio for selected annual cycles. In general, the
largest values of maximum lateral earth pressures occurred within the middle third of the
abutment, while the largest values of minimum lateral earth pressures occurred within the
bottom third of the abutment. Particularly, the lateral earth pressures for the active condition
were nearly zero within the upper third of the abutment. The distributions of maximum lateral
earth pressures can be approximated by a bi-linear shape with the largest pressures occurring
within the middle third of the abutment. The distributions of minimum lateral earth pressures
can be described by a triangular shape with the largest pressures occurring within the bottom
third of the abutment. Similar profiles have been obtained by physical measurements and
numerical simulations (ABDEL-FATTAH; ABDEL-FATTAH, 2019; ABDEL-FATTAH;
ABDEL-FATTAH; HEMADA, 2018; BANKS; BLOODWORTH, 2018; CARISTO;
BARNES; MITOULIS, 2018; CIVJAN et al., 2013; KIM et al., 2014; LEHANE, 2011,
MITOULIS et al., 2016; PAIK; SALGADO, 2003).

The lateral earth pressures presented a nonlinear distribution along the abutment height
due to arching in soils, as discussed in subsection 5.2. The obtained lateral earth pressure
profiles can be related to the lateral displacement amplitude imposed at the abutment, which
was sufficient to overcome the shear strength of the backfill in both passive and active
directions. During the passive direction, the abutment forced a soil portion to slip upward
toward the backfill surface, inducing a concentration of lateral earth pressures at the middle
third of the abutment, which can explain the obtained maximum lateral earth pressure profiles.
During the active direction, a soil portion was slipped downward toward the gap developed
between the abutment and the backfill. This slip displaced the soil toward the bottom third of
the abutment, which can justify the obtained minimum lateral earth pressure profiles. The
previously mentioned behavior can be observed from shadings of relative shear stress (Trel), as
shown in Figure 5.16, arrows of resultant displacement (urs), as shown in Figure 5.17, and
shadings of deviatoric strain (ys), as shown in Figure 5.18. 1wl and ys were defined as described

in subsection 5.2.
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Figure 5.14 — Distributions of maximum lateral earth pressures along the abutment height for
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Figure 5.15 — Distributions of minimum lateral earth pressures along the abutment height for
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Figure 5.16 — Shadings of relative shear stress in the backfill for a typical annual cycle: a)
passive direction; b) active direction.
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Source: Elaborated by the author (2020).

Figure 5.17 — Arrows of resultant displacement in the backfill for a typical annual cycle: a)
passive direction; b) active direction.

a)

Source: Elaborated by the author (2020).



Figure 5.18 — Shadings of accumulated deviatoric strain (in %) in the backfill at the end of
selected annual cycles: a) 1% cycle; b) 33" cycle; ¢) 66 cycle; d) 100" cycle.

.

b)
&3
L)
o] 2 4 6 8 10

Q 2 4 ] g 10
c) d)
Shear zone
Shear band
Y] 2 4 G g 10

Source: Elaborated by the author (2020).

The shadings show potential zones of soil failure (t.1 = 1) near the abutment in both
passive and active directions. The arrows demonstrate that, during the passive direction, the soil
near the upper third of the abutment was displaced toward the backfill surface. During the active
direction, the soil was displaced toward the bottom third of the abutment. The shadings also
show that, with the cycles, a shear band was formed at a certain distance from the abutment,
and a shear zone was formed near the upper third of the abutment, indicating sliding surfaces.

Figures 5.19 presents the evolution of the lateral earth pressure coefficient (K) with
the annual cycles. The maximum lateral earth pressure coefficient (Kmax) presented a nonlinear
increase with a decreasing rate within the first cycles and then reached the steady state slightly
below Ky rankine 1n the fifth cycle. The Kmax value at the steady state can be assumed as 4.1. On
the other hand, the minimum lateral earth pressure coefficient (Kmin) remained at the steady
state close to Ka rankine throughout the entire analyzed cycles. Moreover, Kmin was less affected
by the annual cycles of lateral displacements of the abutment than Kmax, probably due to the

magnitude of soil lateral displacement required to reach the passive and active failure states, as
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discussed in subsection 5.2. Results of field monitoring, laboratory experiments, and numerical
simulations have shown a similar behavior (AL-QARAWI; LEO; LIYANAPATHIRANA,
2020; BANKS; BLOODWORTH, 2018; CARISTO; BARNES; MITOULIS, 2018; FROSCH;
LOVELL, 2011; GABRIELI; ZORZI; WAN, 2015; KIM; LAMAN, 2012; LEHANE, 2011;
RAVIJEE et al., 2018; TATSUOKA et al., 2009; ZADEHMOHAMAD; BAZAZ, 2019).

Figure 5.19 — Lateral earth pressure coefficients for annual cycles.
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The behavior observed for the variation of Kmax with the cyclic lateral displacements
of the abutment (Figure 5.19) depends on the effects of soil densification and granular flow
promoted by cycling. As discussed in subsection 2.3, densification and granular flow have
opposite effects on the backfill. While densification increases the stiffness of the soil, granular
flow contributes to reducing it. The influence of the effect of soil densification appeared to be
preponderant on the initial cycles, which led to increased maximum lateral pressure
coefficients. However, a balance between both effects appeared to have been reached in the
following cycles, resulting in constant maximum lateral earth pressure coefficients. At this
moment, the soil reached the shakedown state. Figure 5.20 shows the lateral earth pressure
coefficient as a function of the lateral displacement of the abutment for selected annual cycles.
It is possible to observe that the cyclic lateral displacements resulted in closed hysteresis loops
after some cycles, which indicates that the elastic shakedown has been reached with increasing

cycles.
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Figure 5.20 — Lateral earth pressure coefficients during the cyclic process for selected annual
cycles.
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Profiles of vertical displacement of the backfill surface for selected annual cycles were
also presented in Figure 5.21. Displacements were obtained at the end of each cycle. Positive
values were assigned for the settlements in the figure. The largest settlement occurred near the
backfill-abutment interface and decreased with the distance from the abutment. As the cycles
increased, a heave zone was formed at a certain distance from the abutment, which suggests the
presence of the soil granular flow defined by England, Tsang and Bush (2000). The peak heave
was approximately 25% of the peak settlement. The influence zone of the displacements can be
assumed to cover a distance equal to abutment height measured from the abutment. Within this
zone, settlements and heave increased with the cycles, which indicates the presence of
ratcheting.

Figure 5.22 shows the evolution of the vertical displacements at the top of the backfill-
abutment interface. It is noted a sharp increase in the settlement in the first five cycles, followed
by a nearly linear increase in the next cycles. A tendency of reaching the steady state was not
observed. The results agree with the experimental and numerical findings reported in the
technical literature (AL-QARAWI; LEO; LIYANAPATHIRANA, 2020; ARGYROUDIS et
al., 2016; CARISTO; BARNES; MITOULIS, 2018; DAVID; FORTH; YE, 2014; ENGLAND;
TSANG; BUSH, 2000; MITOULIS et al., 2016; MUNOZ et al., 2012; TATSUOKA et al.,
2009; ZADEHMOHAMAD; BAZAZ, 2019).
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Figure 5.21 — Vertical displacement profiles of the backfill surface along the distance from the
abutment for selected annual cycles.

Distance from the abutment (m)
0.0 0.5 1.0 1.5 2.0 2.5 3.0

R

End of the backfill (2.7 m) /"

Vertical displacement (mm)

20 1. Zone of influence _

25 -
----------- Istcycle ------2nd cycle 5th cycle 10th cycle
— — 20th cycle — - —35thcycle — - - -60th cycle 100th cycle

Source: Elaborated by the author (2020).

Figure 5.22 — Vertical displacements at the top of the backfill-abutment interface for annual

cycles.
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Vertical displacements on the backfill surface are associated with the effects of soil
densification and granular flow. While densification reduces the settlement increment, granular
flow plays an opposite effect. The influence of the effect of densification appeared to be more
significant for the first five cycles, while a balance between both effects appeared to have been
reached in the subsequent cycles. The densification of the backfill is shown in Figure 5.23,
which presents shadings of accumulated compressive volumetric strain in the backfill at the end
of selected annual cycles, while the vectors of accumulated resultant displacement shown in
Figure 5.24 suggest the occurrence of the granular flow defined by England, Tsang and Bush
(2000). The shadings show that larger compressive volumetric strains occurred near the
backfill-abutment interface and decreased with distance from the abutment, which agrees with
the profiles of Figure 5.18. Moreover, the increase in the compressive volumetric strains with
the cycles shows the occurrence of ratcheting in the soil and explains the continuous increase
in the vertical displacement of the backfill surface (Figure 5.19). The arrows show that a soil
portion is displaced toward the backfill surface, which indicates the occurrence of the soil

granular flow defined by England, Tsang and Bush (2000).

Figure 5.23 — Shadings of accumulated compressive volumetric strain (in %) in the backfill at
the end of selected annual cycles: a) 1% cycle; b) 33" cycle; ¢) 66 cycle; d) 100" cycle.
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Figure 5.24 — Arrows of accumulated resultant displacement in the backfill after the annual
cyclic lateral loading.

Source: Elaborated by the author (2020).
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6 PARAMETRIC ANALYSIS

A parametric analysis with parameters of interest was performed after predicting the
response of the backfill-abutment system upon daily and annual cyclic lateral displacements.
Numerical simulations were carried out by considering 50 cycles of lateral displacements of the
abutment. This number of cycles was chosen based on the results of physical measurements
and numerical simulations presented in the technical literature (AL-QARAWI; LEO;
LIYANAPATHIRANA, 2020; BANKS; BLOODWORTH, 2018; CARISTO; BARNES;
MITOULIS, 2018; ENGLAND; TSANG; BUSH, 2000; KIM; LAMAN, 2012; RAVIJEE et al.,
2018; TATSUOKA et al., 2009). Results presented in subsection 5.3 corroborate the findings
reported in the technical literature. It has been found that stabilization (steady state) of the lateral
earth pressures on the abutment, and the variation rate of the vertical displacement of the
backfill surface is usually reached within 50 cycles. Limiting the number of cycles can save
time and unnecessary computational efforts. The previous analyses revealed that maximum
lateral earth pressures are more affected by cyclic lateral displacements of the abutment than
minimum lateral earth pressures. For this reason, the parametric analysis presented in this

section included results of maximum lateral earth pressures only.

6.1 Bridge completion season

The first parameter of investigation was the influence of the completion season of
bridge construction. Simulations were performed for an amplitude of prescribed horizontal
displacements (6n) equal to 5 mm, which represents the cyclic lateral displacements of the
abutment due to annual maximum longitudinal expansions and contractions of the bridge. Four
scenarios represented the lateral displacements of the abutment for bridge construction
completed in spring, summer, autumn, and winter. When the bridge is completed in spring, the
abutment initially displaces on/2 towards the backfill from spring to summer. Then, the
abutment displaces on away from the backfill from summer to winter. Finally, the abutment
displaces on/2 towards the backfill from winter to spring, completing the annual cycle. When
the bridge is finished in summer, the abutment firstly displaces on away from the backfill from
summer to winter. Then, the abutment displaces on towards the backfill from winter to summer,
completing the annual cycle. When the bridge is completed in autumn and winter, the abutment

displaces in the opposite way as for the bridge finished in spring and summer, respectively.
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Figure 6.1 schematically illustrates the lateral displacements of the abutment during an annual

cycle for all analyzed scenarios.

Figure 6.1 — Schemes of annual cycles of lateral displacements of the abutment for all
analyzed scenarios: a) autumn; b) spring; ¢) summer; d) winter.
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Source: Elaborated by the author (2020).

Figure 6.2 shows the maximum lateral earth pressures along the abutment for the four
scenarios after 50 annual cycles of lateral displacements. In the four scenarios, the maximum
lateral earth pressures presented a nonlinear distribution along the abutment height with the
largest values of maximum lateral earth pressures occurring within the middle third of the
abutment. The distributions of maximum lateral earth pressures can be approximated by a bi-
linear shape with the largest pressures occurring within the middle third of the abutment. Figure
6.3 presents the evolution of Kmax with the annual cycles for the four seasons. For all analyzed
scenarios, Kmax presented a nonlinear increase with a decreasing rate in the initial cycles and

then reached the steady state slightly below K rankine from the fifth cycle.
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Figure 6.2 — Distributions of maximum lateral earth pressures along the abutment height for
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Figure 6.3 — Maximum lateral earth pressure coefficients for annual cycles considering the
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The maximum lateral earth pressure profiles (Figure 6.2) and the Kmax values (Figure
6.3) were not significantly affected by the completion season of bridge construction. Although
the analyzed scenarios simulated different initial movements of the abutment, the fact that the
amplitude of the displacements was the same in all scenarios can explain the observed
characteristic. Similar results were observed in numerical simulations carried out by Caristo,
Barnes and Mitoulis (2018), and England, Tsang and Bush (2000).

Vertical displacement profiles of the backfill surface along the distance from the
abutment after 50 annual cycles were also assessed (Figure 6.4). Displacements correspond to
the end of each cycle. Downward vertical displacements (settlement) were considered positive
in the figure. For all seasons, the largest settlement took place near the backfill-abutment
interface. Settlements decreased with increasing distance from the abutment. A heave zone was
formed at a certain distance from the abutment for a bridge completed in spring, autumn, and
winter while no heave was observed for a bridge finished in summer. Vertical displacements

took place within an influence zone equal to the abutment height measured from the abutment.

Figure 6.4 — Vertical displacement profiles of the backfill surface along the distance from the
abutment for the analyzed scenarios after 50 annual cycles.
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Figure 6.5 shows the vertical displacements at the top of the backfill-abutment

interface for varying annual cycles. For all analyzed season scenarios, settlements increased
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nonlinearly with a decreasing rate in the first cycles and then increased linearly. No tendency
of reaching the steady state could be observed with increasing cycles. The largest settlements
occurred for a bridge finished in summer, while the smallest settlements took place for a bridge
finished in winter. Intermediate settlements were obtained for spring and autumn seasons, with

slightly higher values for the former.

Figure 6.5 — Vertical displacements on the top of the backfill-abutment interface for annual
cycles considering the analyzed scenarios.
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As observed in Figures 6.4 and 6.5, the vertical displacements on the backfill surface
were influenced by the completion season of the bridge construction. The differences in the
displacements between seasons can be associated with the initial movement of the abutment
(Figure 6.1). When a bridge is completed in summer, the abutment firstly displaces away from
the backfill, and, consequently, the soil initially tends to flow downwards towards the gap
developed between the abutment and the backfill, resulting in larger settlements. On the other
hand, a bridge finished in winter will have the abutment firstly displacing to the backfill.
Therefore, the soil initially tends to flow upwards towards the backfill surface, resulting in
smaller settlements. Settlements with intermediate amplitudes in spring and autumn are
explained by the fact that the initial lateral abutment displacement in both seasons is half that

at the beginning of summer and winter. The absence of heave for the bridge construction
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completed in summer may be explained by an insufficient number of cycles. In this case, more
than 50 cycles are needed to develop a heave on the backfill surface, as observed in subsection
5.3 after 60 annual cycles.

Numerical simulations carried out by England, Tsang and Bush (2000) showed that
the completion season of the bridge construction influenced the vertical displacements on the
backfill surface. The authors reported that the largest settlements occurred for a bridge
completed in winter. On the other hand, numerical simulations performed by Caristo, Barnes
and Mitoulis (2018) demonstrated that the vertical displacements on the backfill surface were
not influenced by the completion season of the bridge construction. The differences between
the results obtained by England, Tsang and Bush (2000), Caristo, Barnes and Mitoulis (2018),
and the present investigation can be attributed to differences in the proposed models. England,
Tsang and Bush (2000) modeled a part of an integral abutment considering only rotation
movements of the abutment. Caristo, Barnes and Mitoulis (2018) completely simulated an
integral abutment considering combined movements of rotation and translation of the abutment.
The present investigation fully modeled a semi-integral abutment considering combined
movements of rotation and translation of the abutment. Furthermore, the effects of the
superstructure on the abutment and the approach slab/road on the backfill were not considered
by those authors, unlike this investigation.

Finally, although the completion season of the bridge construction has not influenced
the maximum lateral earth pressures on the abutment, the results showed that completing the
construction of the bridge in summer represents the most unfavorable situation because of
excessive settlements. For this reason, the following investigations were simulated for the
summer scenario since it represented the most unfavorable situation. Another argument for
simulating the summer scenario is that it represents the start condition of movement of the

bridge abutment in the field.

6.2 Sheet pile stiffness

The influence of the foundation stiffness on the backfill-abutment system performance
was investigated by varying the sheet pile profile. Three profiles were selected for this analysis:
PZC-12,PZC-18, and PZC-28 (GERDAU, 2019). Table 6.1 shows the structural parameters of
the selected profiles.
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Table 6.1 — Structural parameters of the sheet pile profiles.

Parameter Unit PZC-12 PZC-18 PZC-28
Normal stiffness (EA) kKN/m | 2.61x10° | 3.16 x 10° | 4.44x 10°
Flexural rigidity (EI) kNm%m | 4.01x 10* | 7.33x 10* | 1.30x 10°
Weight (w) kN/m/m 0.98 1.18 1.66

Source: Elaborated by the author (2020).

Figure 6.6 shows the maximum lateral earth pressures along the abutment height for
the three profiles after 50 annual cycles of lateral displacements. For all profiles, the maximum
lateral earth pressures presented a nonlinear distribution along the abutment height. The largest
values of maximum lateral earth pressures occurred within the middle third of the abutment.
The distributions of maximum lateral earth pressures can be approximated by a bi-linear shape
with the largest pressures occurring within the middle third of the abutment. Figure 6.7 shows
the maximum lateral earth pressure coefficient (Kmax) values calculated for annual cycles.
Similar trends were obtained for all investigated profiles. Kmax presented a nonlinear increase
with a decreasing rate in the first cycles and then reached the steady state slightly below

Kp,Rankine-

Figure 6.6 — Distributions of maximum lateral earth pressures along the abutment height after
50 annual cycles considering the selected values of foundation stiffness.
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Figure 6.7 — Maximum lateral earth pressure coefficients for annual cycles considering the
selected values of foundation stiffness.
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Vertical displacement profiles of the backfill surface along the distance from the
abutment for the three profiles after 50 annual cycles are shown in Figure 6.8. The
displacements were obtained at the end of each cycle. Settlements are considered positive in
the figure. For all profiles, the largest settlement occurred near the backfill-abutment interface
and decreased with increasing distance from the abutment. A heave zone was formed at a certain
distance from the abutment. The influence zone of displacements can be assumed to occur
within a distance equal to the abutment height measured from the abutment. Figure 6.9 shows
the vertical displacements at the top of the backfill-abutment interface for annual cycles. For
all investigated profiles, settlements presented a nonlinear increase with a decreasing rate in the
initial cycles and then increased according to a nearly linear trend. A tendency of reaching the
steady state could not be observed with increasing cycles.

As observed in Figures 6.6, 6.7, 6.8, and 6.9, the response of the backfill-abutment
system upon imposed cyclic lateral displacements at the abutment was not significantly
influenced by the variation of the stiffness of the sheet piles used in the foundation of the SIAB.

This can be associated with the fact that the abutment is not integrated to the foundation system.
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Figure 6.8 — Vertical displacement profiles of the backfill surface along the distance from the
abutment for the different values of foundation stiffness after 50 annual cycles.
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Figure 6.9 — Vertical displacements on the top of the backfill-abutment interface for annual
cycles considering the different values of foundation stiffness.
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6.3 Lateral displacement amplitude

The last parameter of investigation was the influence of the lateral displacement
amplitude of the abutment. Table 6.2 presents a compilation of lateral displacements of the
abutment measured or assumed in various numerical and experimental investigations. It is
observed that the values of on/h situate within the range between 0.1% and 0.5%. Five different
values of relative lateral displacement (6n/h) were chosen based on information from the sources

cited in Table 6.2: 0.1%, 0.2%, 0.3%, 0.4% and 0.5%.

Table 6.2 — Lateral displacement of the abutment from several sources in the technical

literature.
Reference Amplitude (mm) | Abutment height (m) | dn/h (%)

6 0.1
Ng, Springman and Norrish (1998) 6.4

12 0.2
Bloodworth et al. (2012) 16 4 0.4

12 0.3
Civjan et al. (2013) 4

20 0.5
Huntley and Valsangkar (2013) 15 4 0.4
Mitoulis et al. (2016) 30 7 0.4
Caristo, Barnes and Mitoulis (2018) 27 7 0.4

Source: Elaborated by the author (2020).

Figure 6.10 shows maximum lateral earth pressures along the abutment height for the
selected amplitudes after 50 cycles. For all selected values of dn/h, the maximum lateral earth
pressures presented a nonlinear distribution along the abutment height. The lowest amplitude
presented the largest values of maximum lateral earth pressure situating within the upper and
bottom thirds of the abutment. Intermediate amplitudes concentrated the largest values of
maximum lateral earth pressure in the upper third of the abutment. The highest amplitude
presented the largest values of maximum lateral earth pressure occurring within the middle third

of the abutment.
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Figure 6.10 — Distributions of maximum lateral earth pressures along the abutment height for
the selected values of on/h after 50 cycles of lateral displacements of the abutment.
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As discussed in subsection 5.2 and 5.3, the behavior observed in Figure 6.10 is
explained by the development of shear zones in the backfill due to cyclic lateral displacements
of the abutment. Figure 6.11 presents shadings of deviatoric strain in the backfill for all
analyzed amplitudes. The shadings show the formation of a particularly intense shear zone
developing in the upper third of the abutment. The intensity of shearing increased with

increasing amplitude.



Figure 6.11 — Shadings of deviatoric strains (in %) in the backfill accumulated after 50 cycles
of on/h equal to: a) 1 mm; b) 2 mm; ¢) 3 mm; d) 4 mm; e) 5 mm.
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Source: Elaborated by the author (2020).

Figure 6.12 shows the evolution of Kmax with the cycles. Kmax remained below K rankine
with all selected displacement amplitudes. For dn/h = 0.1%, Kmax presented a slight decrease
within the first 40 cycles and then reached the steady state around 0.75. For dn/h = 0.2%, Kmax
remained virtually constant around 1.5. For dn/h = 0.3%, 0.4% and 0.5%, Kmax increased within
the initial cycles and then reached the steady state around 2.25, 3.2 and 4.1, respectively. As
discussed in subsection 2.3, the behavior shown in Figure 6.12 can be explained by the effects
of densification and granular flow of the soil produced by cycling. In the case of dn/h = 0.1%,
the effect of soil granular flow prevailed over the effect of soil densification within the first 40

cycles, what reduced the maximum lateral earth pressure coefficient. A balance between both
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effects was reached afterward, and Kmax became constant. The amplitude of on/h = 0.2% resulted
in a constant maximum lateral earth pressure coefficient, which revealed a balance between
densification and granular flow effects. On the other hand, for én/h equal to 0.3%, 0.4% and
0.5%, the effect of soil densification prevailed over the effect of soil granular flow within the
initial cycles. Eventually, a balance between both effects was reached with increasing cycles,

and Kmax remained unchanged.

Figure 6.12 — Maximum lateral earth pressure coefficients with cycles considering the
selected values of dn/h.
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For a better understanding of the influence of the lateral displacement amplitude on
the maximum lateral earth pressures, the maximum lateral earth pressure coefficient at the
steady state (Kmax,ss) Was plotted against dn/h, as shown in Figure 6.13. It is possible to observe
that Kmaxss increased with dn/h according to an approximately linear fashion. Moreover, the
results showed that maximum lateral earth pressure predictions with Kp rankine proved to be on
the safe side until on/h = 0.55. Similar results to those presented in Figures 6.10, 6.12, and 6.13
were obtained in experimental tests and numerical simulations performed by Abdel-Fattah and
Abdel-Fattah (2019), Abdel-Fattah, Abdel-Fattah and Hemada (2018), England, Tsang and
Bush (2000), Gabrieli, Zorzi and Wan (2015), Ng, Springman and Norrish (1998), and Zorzi,
Artoni and Gabrieli (2017).
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Figure 6.13 — Variation of the maximum lateral earth pressure coefficients at the steady state
with the relative lateral displacements.
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Vertical displacement profiles of the backfill surface along the distance from the
abutment for the different values of on/h after 50 cycles were also analyzed (Figure 6.14). The
displacement was obtained at the end of each cycle. Settlements were considered positive and
heave values negative. All lateral displacement amplitudes yielded maximum settlements near
the backfill-abutment interface. A heave zone was not identified on the backfill surface for on/h
equal to 0.1% to 0.4%. On the other hand, the cyclic lateral displacement of 6n/h = 0.5% caused
a heave in the soil mass. The zone where displacements are significant can be assumed to occur
within a distance equal to the abutment height measured from the abutment. Figure 6.15 shows
the variation of the vertical displacements at the top of the backfill-abutment interface with
cycles. For all values of dn/h, settlements increased with cycles. For dn/h equal to 0.1% and
0.2%, settlements increased according to a virtually linear fashion from the beginning of
cycling. On the other hand, for 6n/h equal to 0.3%, 0.4%, and 0.5%, settlements firstly presented
a nonlinear increase with a decreasing rate in the initial cycles, followed by a nearly linear

increase. No tendency of reaching the steady state was noted.
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Figure 6.14 — Vertical displacement profiles of the backfill surface along the distance from the
abutment for the different values of on/h after 50 cycles.
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Figure 6.15 — Vertical displacements on the top of the backfill-abutment interface with cycles
considering the different values of dn/h.
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As discussed in subsections 5.2 and 5.3, the behavior observed for the vertical
displacement of the backfill surface can be related to the effects of soil densification and
granular flow. Displacement amplitudes of 0.1%, 0.2%, 0.3%, and 0.4% were sufficient to
cause densification of the soil near the backfill-abutment interface, but not to produce a soil
granular flow that could raise the backfill surface. On the other hand, the displacement
amplitude of 0.5% was sufficient to densify the soil near the backfill-abutment interface and
produce a soil granular flow that raised the backfill surface. In the case of on/h equal to 0.1%,
despite having prevailed over the effect of soil densification, the magnitude of the effect of soil
granular flow was not enough to affect the behavior of the settlement with the cycles. For dn/h
equal to 0.2%, a balance between both effects occurred from the beginning of the cyclic lateral
displacements of the abutment. On the other hand, for on/h equal to 0.3%, 0.4% and 0.5%, the
effect of soil densification prevailed over the effect of soil granular flow within the first cycles.
Then, a balance between both effects was reached.

For a better understanding of the influence of the lateral displacement amplitude on
the vertical displacement on the backfill surface, the maximum settlement obtained after 50
cycles of lateral displacement of the abutment was plotted against on/h, as shown in Figure 6.16.
It is possible to observe that the settlement tended to stabilize after undergoing an initial
increase. Similar results to those presented in Figures 6.14, 6.15, and 6.16 were obtained in
numerical simulations performed by England, Tsang and Bush (2000), and Ng, Springman and
Norrish (1998).
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Figure 6.16 — Variation of the vertical displacement on the top of the backfill-abutment
interface with the relative lateral displacements after 50 cycles.
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The behavior of the maximum settlement with the lateral displacement amplitude can
be related to the backfill densification. Backfill soil densification can be checked in Figure 6.17,
which shows compressive volumetric strains in the backfill accumulated after 50 cycles of
lateral displacement of the abutment for the selected values of dn/h. The shadings show that the
compressive volumetric strains increased with increasing on/h. With the lowest values of dn/h,
compressive volumetric strains were significantly affected by the variation of the amplitude of
lateral displacement of the abutment. However, it became less significant with the largest values

of dn/h.
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Figure 6.17 — Shadings of compression volumetric strains (in %) in the backfill accumulated
after 50 cycles of dn/h equal to: a) 1 mm; b) 2 mm; c¢) 3 mm; d) 4 mm; e) 5 mm.
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7 LESSONS LEARNED FROM THE SIAB NUMERICAL INVESTIGATION

Some aspects of interest regarding the SIAB design are discussed in this section. A
preliminary analysis should be performed to identify the lateral earth pressure distribution that
can be used to design the bridge abutment. Lateral earth pressures calculated from Rankine’s
theory showed to be on the safe side within a lateral displacement amplitude of about 0.5% of
the abutment height. For higher amplitudes, it is suggested that the lateral displacement
amplitude of the abutment be considered in the methodology to calculate the lateral earth
pressures on the abutment, as also suggested by England, Tsang and Bush (2000).

The results of the numerical simulations showed that the vertical displacements on the
backfill surface were more influenced by the cyclic lateral displacements of the abutment within
a zone with dimension equal to the abutment height measured from the abutment. Moreover,
the vertical displacements within this zone increased with the cycles. Therefore, solutions to
control and/or reduce the evolution of the vertical displacements on the backfill surface with
cycling within a distance from the abutment equal to the abutment height or more should be
anticipated to avoid safety and riding-quality issues for bridge users. Rubberized and/or
reinforced backfills and/or the use of expanded polystyrene inclusions have been proposed
elsewhere (AL-QARAWI; LEO; LIYANAPATHIRANA, 2020; ARGYROUDIS et al., 2016;
CARISTO; BARNES; MITOULIS, 2018; TATSUOKA et al., 2009; ZADEHMOHAMAD;
BAZAZ, 2019) as an alternative to conventional backfilling.

The completion season of the bridge construction should be considered in the design
of IABs and SIABs since it influences the vertical displacements on the backfill surface
(ENGLAND; TSANG; BUSH, 2000). In the present analysis, the largest backfill vertical
displacements were found to occur for a bridge finished in summer while the smallest ones
were found to take place for a bridge finished in winter. The design should include analyses of
both scenarios (i.e., bridge completed in summer and winter) in order to define the most
unfavorable situation since different responses can be obtained in each situation.

Finally, it is important to point out that the suggestions presented in this section were
given based on the results of numerical simulations considering the characteristics of the bridge
analyzed in the present investigation. Therefore, these suggestions should be understood as
preliminary. The different aspects must be verified by considering the particularities of each

project.
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8 CONCLUDING REMARKS

8.1 Summary

The present investigation assessed the effects of cyclic lateral displacements on the
response of the backfill-abutment system of a semi-integral abutment bridge (SIAB). A finite
element numerical model was developed and validated based on the project and field
monitoring of an instrumented SIAB located near the city of Palestine, Texas, United States of
American. Analyses of the response of the backfill-abutment system upon daily and annual
cyclic lateral displacements of the abutment were carried out after validation of the numerical
model. The daily response analysis was based on the numerical simulation performed to
validate the numerical model. On the other hand, the annual response analysis was carried out
taking into consideration design thermal variations recommended to the geographic location of
the bridge.

A parametric analysis with parameters of interest was performed after the analyses of
the daily and annual responses of the backfill-abutment system. Numerical simulations in this
phase of the investigation included studying the influence of the completion season of the bridge
construction, the foundation stiffness, and the lateral displacement amplitude. To address the
effect of the completion season of the bridge construction, four scenarios (spring, summer,
autumn, and winter) were analyzed by considering the same thermal variation used to predict
the annual response of the abutment. Three profiles of steel sheet pile (PZC-12, PZC-18, and
PZC-28) were selected to assess the influence of the foundation stiffness by considering the
same thermal variation adopted to predict the annual response and the bridge construction
completed in summer. Finally, five relative lateral displacements (0.1%, 0.2%, 0.3%, 0.4% and
0.5% of the abutment height) were evaluated by considering the bridge construction completed
in summer.

The main findings of this research are as follows:

- Predictions with the finite element numerical model produced good matches with

the field data.

- The lateral earth pressure presented a nonlinear distribution along the abutment

height in all numerical simulations.

- Cyclic lateral displacements of the abutment resulted in a zone of vertical

displacements on the backfill surface with dimension equal to abutment height

measured from the abutment in all numerical simulations.
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Vertical displacements on the backfill surface increased with cycles in all
investigated conditions, which indicates the occurrence of ratcheting in the
backfill.

The largest downward vertical displacement (settlement) of the backfill surface
occurred near the backfill-abutment interface and decreased with the distance from
the abutment in all investigated conditions.

Maximum lateral earth pressures were more affected by the cyclic lateral
displacements of the abutment than minimum lateral earth pressures.

The largest daily maximum lateral earth pressures occurred within the upper and
bottom thirds of the abutment while the largest annual maximum lateral earth
pressures occurred within the middle third of the abutment.

The largest daily and annual minimum lateral earth pressures were developed
within the bottom third of the abutment.

Daily and annual maximum lateral earth pressure coefficients were lower than
Rankine’s passive lateral earth pressure coefficient while daily and annual
minimum lateral earth pressure coefficients were close to Rankine’s active lateral
earth pressure coefficient.

Daily maximum lateral earth pressure coefficient presented a variable behavior
with cycles, which included alternating reduction and escalation, while the annual
maximum lateral earth pressure coefficient firstly increased with cycles and then
reached stabilization (steady state).

Daily minimum lateral earth pressure coefficient firstly decreased with cycles and
then reached the steady state while the annual minimum lateral earth pressure
coefficient remained virtually constant.

While a tendency of upward vertical displacement (heave) on the backfill surface
was not observed with the daily cycle analysis, a heave zone was formed at a
certain distance from the abutment with the annual cycle analysis.

The settlement at the top of the backfill-abutment interface increased according to
a nonlinear fashion with a decreasing rate for daily cycles while, for annual cycles,
the settlement at the top of the backfill-abutment interface firstly presented a
nonlinear increase with a decreasing rate within the first cycles and then increased
according to a linear fashion.

The maximum lateral earth pressure was not influenced by the completion season

of the bridge construction.
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The vertical displacement of the backfill surface was influenced by the completion
season of the bridge construction since the different initial movements of the
abutment resulted in different initial responses to the backfill.

The largest settlements occurred for the bridge construction completed in the
summer season while the smallest settlements occurred for the bridge construction
completed in the winter season. Therefore, completing the construction of the
bridge in the summer season represented the most unfavorable situation.

The absence of integration between the abutment and the foundation minimized
the influence of foundation stiffness on the response of the backfill-abutment
system.

The maximum lateral earth pressures on the abutment and the vertical
displacements of the backfill surface increased with increasing amplitude of lateral
displacement.

The largest values of maximum lateral earth pressure occurred within the upper
and bottom thirds of the abutment, for the lowest value of lateral displacement,
while, for the largest value of lateral displacement, the maximum lateral earth
pressure concentrated at the middle third of the abutment.

Comparatively smaller amplitudes caused a reduction of the maximum lateral earth
pressure coefficient with cycles, while comparatively higher amplitudes caused an
increase of the maximum lateral earth pressure coefficient with cycles. In both
situations, the steady state was reached.

The maximum lateral earth pressure coefficient in the steady state increased with
the relative lateral displacement according to an approximately linear fashion, and
no tendency of reaching a stabilization was observed.

Maximum lateral earth pressure predictions with Rankine’s passive lateral earth
pressure coefficient proved to be on the safe side until a relative lateral
displacement equal to 0.55% of the abutment height.

No tendency of heave was observed on the backfill surface for comparatively
smaller amplitudes, while a heave zone was formed at a certain distance from the
abutment for comparatively higher amplitudes.

For comparatively smaller amplitudes, the settlement at the top of the backfill-
abutment interface increased according to a linear fashion, while for comparatively

higher amplitudes, it firstly presented a nonlinear increase with a decreasing rate
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within the first cycles and then increased according to a linear fashion, for
comparatively higher amplitudes.
The settlement at the top of the backfill-abutment interface tended to stabilization

after undergoing an initial increase.

8.2 Recommendations for future research

During the execution of this research, other interesting aspects regarding the response

of the backfill upon cyclic lateral displacements of the abutment were identified and are cited

below:

the influence of the backfill stiffness,

the effect of reinforcements on the backfill performance,

the influence of isolated and combined movements of rotation and translation of
the abutment,

combined effects of temperature, creep, and shrinkage,

the effect of dynamic loading,

the response of non-granular materials,

the response of the combination of non-granular and granular materials,

the development of instrumented physical models and discrete element numerical

models to investigate parameters of interest.
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