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Abstract: This paper presents the results of a parametric analysis conducted to assess relevant aspects of the long-term cyclic response of the
backfill-abutment system of a semi-integral bridge located in Texas. A two-dimensional finite-element model was developed using the soft-
ware Plaxis 2D version 2016 to analyze the influence of the completion season of the bridge construction, the stiffness of the bridge foun-
dation, and the lateral displacement amplitude of the bridge abutment on the development of lateral earth pressures on the abutment and
settlements on the backfill surface. The analysis was performed by considering the bridge subjected to annual temperature variations over
a 50-year period. The outcome of the present investigation indicated a clear influence of the completion season of the bridge construction
in the lateral earth pressures in the initial cycles, but the effect vanished in the long term. The completion season of bridge construction af-
fected the settlements throughout the entire 50-year period. Completing the bridge construction in the summer season led to the largest set-
tlements compared with other seasons, while winter was found to be the best period to complete the construction to prevent settlements.
Increasing the bridge foundation stiffness reduced both pressures and settlements only slightly. Lower displacement amplitudes caused
earth pressures to decrease with the cycles, while higher displacement amplitudes led to an increase of pressures in the initial cycles, followed
by a tendency of stabilization in the long term. Conversely, all investigated amplitudes resulted in a continuous increase of settlements with
the cycles. Lateral earth pressures continuously increased with increasing amplitude, while settlements escalated at a high rate under small
amplitudes and tended to stabilize under large amplitudes. Soil shearing prevailed over soil densification under low amplitudes, while a bal-
ance between both shearing and densification was reached under high amplitudes. DOI: 10.1061/JBENF2.BEENG-7064.© 2025 American
Society of Civil Engineers.

Author keywords: Bridge abutment; Semi-integral bridge; Bridge construction completion season; Foundation stiffness; Lateral
displacement amplitude.

Introduction

Disadvantages related to expansion joints have encouraged the use
of integral abutment bridges (IABs) and semi-integral abutment
bridges (SIABs) as an alternative to conventional abutment bridges.
Both IABs and SIABs are structures in which the superstructure is
totally integrated to the abutments. The main difference between

IABs and SIABs relies on the mode of integration between
the superstructure-abutment system and the bridge foundation.
While IABs are constructed without expansion joints and bearing
pads, resulting in a fully integrated continuous system (Husain
and Bagnariol 1996; Burke 2009), SIABs are built without expan-
sion joints, but with bearing pads, which results in a continuous
system not fully connected to the foundation (Husain and Bagnariol
1999; Burke 2009). However, the lack of expansion joints can lead
to lateral earth pressures on the abutment in excess of those pre-
dicted by earth pressure theories, as well as settlements on the
ground surface that may compromise the safety of road users
(Banks and Bloodworth 2018; Caristo et al. 2018; Abdel-Fattah
and Abdel-Fattah 2019; Al-qarawi et al. 2020).

Several studies have been conducted to address the problems as-
sociated with integral bridge abutments undergoing lateral cyclic
loading. Investigations have involved both field instrumentation
(Breña et al. 2007; Frosch and Lovell 2011; Kim and Laman
2012; Huntley and Valsangkar 2013; Alhowaidi et al. 2023) and
numerical and physical modeling (Gabrieli et al. 2015; Banks
and Bloodworth 2018; Caristo et al. 2018; Abdel-Fattah and
Abdel-Fattah 2019; Al-qarawi et al. 2020; Zadehmohamad et al.
2021; Liu et al. 2022; Farhangi et al. 2023). Results from these in-
vestigations have shown that the lateral earth pressures on the abut-
ment wall and the settlements of the retained backfill surface
increase with an increasing number of cycles. These observed
trends have been associated with densification, rearrangement of
particles, and flow of particles in the backfill soil caused by the
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cyclic movements of the abutment. Findings from these studies
provide the baseline data to conduct further investigations on the
behavior of semi-integral bridge abutments in need of elucidation.

While progress has been made in understanding the cyclic re-
sponse of backfill-abutment systems of integral bridges, limited at-
tention has been paid to semi-integral systems. Semi-integral
bridge abutments have been reported to present some advantages
over integral abutments. For example, semi-integral connections
give the superstructure some freedom of movement in the long-
itudinal direction, which reduces stresses and moments transferred
to supporting piles and prevents damage upon cycling during the
bridge lifespan (Arsoy et al. 2002, 2004). Additionally, semi-
integral connections minimize the effects of differential longitudi-
nal forces on the abutment, which allows higher skew angles
and requires less restrictive subsurface conditions (Husain and
Bagnariol 1999; Burke 2009).

Despite these advantages, the use of semi-integral bridges is still
small compared with integral bridges. In the academic field, there is
a reduced number of publications on semi-integral bridges, the ma-
jority of which concentrate on the structural features of the bridge
(Shid Moosavi and Rahai 2018; Hussein et al. 2022; Ahmed et al.
2023), while important geotechnical aspects are set aside. Among
the geotechnical investigations, the greatest interest has been in
the lateral earth pressure behavior upon cyclic movements, and
other important aspects, such as backfill settlements and deforma-
tions, failure mechanisms developments, displacement amplitude
effects, bridge foundation stiffness effects, and bridge construction
completion (the moment in which the bridge project is considered
completed and ready for use) season effects, have been overlooked.

Steinberg et al. (2004) monitored the wing walls of two skewed
semi-integral bridges for approximately 1 year and noted a nonlin-
ear increase in the horizontal forces on the wing walls due to lon-
gitudinal movements of the bridge. Hoppe and Bagnall (2008)
monitored a highly skewed semi-integral bridge for a 17-month pe-
riod and recorded significant variations in the lateral earth pressures
at the back wall and wing walls in the lateral direction. The authors
related these significant variations to the predominant movement
direction, which is along the long diagonal, of thermally induced
expansion and contraction at the skewed superstructure. Also,
cracks were observed at the wing wall as a consequence of an un-
balanced passive earth pressure. Kim et al. (2014) monitored a
semi-integral bridge for about 3 years and observed a slight

increase in the lateral earth pressures on the abutment with temper-
ature fluctuation cycles. The authors attributed this change to the
poor backfill compaction and the low height of the abutment.
Huang et al. (2022) conducted small-scale physical model tests
on a semi-integral bridge abutment subjected to cyclic lateral load-
ing and noted an increase in the lateral earth pressures behind the
abutment with the cycles. The increase rate gradually slows
down cycle by cycle, and this behavior was associated with the
gradual compaction experienced by the soil mass with an increas-
ing number of cycles.

Accordingly, this paper presents a parametric analysis to inves-
tigate relevant aspects of the long-term cyclic behavior of the
backfill-abutment system of a semi-integral bridge subjected to
temperature fluctuations. A two-dimensional finite-element (FE)
model was developed to analyze the influence of the completion
season of the bridge construction, the stiffness of the bridge foun-
dation, and the lateral displacement amplitude of the bridge abut-
ment on the development of lateral earth pressures on the
abutment and settlements of the backfill surface upon cycling.
The study represents a 50-year period of annual cycles of expan-
sion–contraction of the bridge superstructure.

Methodology

The bridge evaluated in this study is a semi-integral, stub-type con-
crete bridge, with a length of 20.53 m and a width of 7.85 m, lo-
cated at Anderson County, in Texas where Road 2133 crosses
the Mack Creek (Fig. 1). The bridge superstructure, which is
integrally connected to 1.05-m high and 0.3-m-thick-reinforced
concrete abutments, is composed of a 0.15-m-thick-reinforced
concrete deck supported on 0.5-m-high prestressed concrete box
beams. The superstructure-abutment system is supported by
6.6-m-long-driven PZC-18 steel sheet piles, connected to
0.83-m-wide and 0.75-m-high reinforced concrete pile caps. The
space between the abutments and the pile caps was filled out
with a 40-mm-thick preformed bituminous fiber material
(PBFM), while a 70-mm-thick laminated elastomeric bearing pad
(LEBP) was placed between the pile caps and the bridge super-
structure. Wing walls composed of 2.1-m-long-driven PZC-18
steel sheet piles were built normal to the abutments to retain the
backfill material. The backfill material in contact with the bridge

(a) (b)

Fig. 1. (a) Photograph of the semi-integral bridge after completion of construction (image by Jorge G. Zornberg); and (b) schematic elevation view of
the bridge in the region of the abutment.
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abutment consists of a clean, poorly graded gravel (GP), and the
natural ground is composed of a sandy soil layer overlying a clayey
soil layer. Further details about the bridge properties and subsoil
conditions can be found in Silva et al. (2023).

The proposed numerical study was carried out with a plain-
strain FE model of the north abutment, developed with the software
Plaxis 2D version 2016 (Brinkgreve et al. 2016). Fig. 2 shows the
geometry of the proposed numerical model. The mesh size
extended to a length of 40 m in the horizontal direction and
20 m in the vertical direction. The model is composed of a
6.35-m-thick silty sand layer over a 13.5-m-thick sandy clay
layer, with a triangular-shaped gravel backfill in contact with the
abutment wall. The soil and concrete materials were modeled by
using a mesh containing 4,410 15-node triangular solid elements,
while the foundation sheet piling was modeled by using plate ele-
ments. Because approach slabs were not used in the bridge built in
Texas, the modeling of approach slabs above the backfill was not
considered in the present investigation. The lateral boundaries of
the mesh are free to move in the vertical direction and fixed in
the horizontal direction, while the base of the mesh is constrained
from moving in both vertical and horizontal directions. Further de-
tails about the FE model can be found in Silva et al. (2023).

The stress–strain behavior of the soil and the structural mate-
rials was modeled, respectively, by using the hardening soil
(HS) constitutive model (Schanz et al. 1999) and by an isotropic
linear–elastic relationship. A power coefficient for the stress-level
dependency of stiffness (m) of 0.5 was adopted for the soil mate-
rials. The soil–structure interface properties were taken into ac-
count by using strength reduction factors (Rinter) of 0.5 for the
soil–steel interface and 0.7 for the soil–concrete interface (Silva
et al. 2023).

The soil properties were defined based on the results of labora-
tory and Texas Cone Penetrometer (TCP) tests, as well as on rele-
vant correlations, as discussed by Silva et al. (2023). Parameters
assigned for the backfill gravel were adopted using the results
from a series of conventional consolidated isotropically drained
(CID) triaxial tests, while parameters attributed for the silty sand
and the sandy clay layers were defined from the results of TCP
tests. Specifically, the undrained shear strength for the sandy clay
layer was estimated as 2.15NTCP (kPa), where NTCP is TCP blow-
count resistance, as suggested by Vipulanandan et al. (2008), and
the effective friction angle for the silty sand layer was estimated
from recommendations reported in TxDOT (2020).

In summary, unit weight (γ) values of 19, 17, and 20 kN/m3

were adopted for the sandy clay, the silty sand, and the gravel, re-
spectively. Reference drained Young’s modulus at 50% of maxi-
mum strength (Eref

50 ) of 60, 40, and 30 MPa were assigned to the
sandy clay, the silty sand, and the gravel, respectively. An un-
drained shear strength (Su) of 210 kPa was assumed for the sandy
clay, and peak effective friction angles (ϕ′

p) of 31.5° and 43°
were assumed for the silty sand and the gravel, respectively. Addi-
tionally, a dilatancy angle (ψ) of 10° was considered for the gravel,
and an effective cohesion (c′) of 15 kPa was assumed for the silty
sand. The following properties were adopted for the reinforced con-
crete: unit weight (γ) of 25 kN/m3, Young’s modulus (E) of
30 GPa, and Poisson’s ratio (ν) of 0.2. The following parameters
were set to the sheet pile: weight per unit length (w)= 1.16 kN/
m/m, axial stiffness (EA)= 3.16 × 106 kN/m, flexural stiffness
(EI)= 7.33 × 104 kNm2/m, and Poisson’s ratio (ν)= 0.3. Further
details about the soil properties can be found in Silva et al. (2023).

Temperature-induced cyclic loads were incorporated in the nu-
merical model by imposing prescribed horizontal displacements at
the top of the abutment to simulate the effects of expansion and
contraction of the superstructure due to temperature fluctuations.

Bridge length changes (ΔL) due to temperature variation were pre-
dicted as follows (AASHTO 2017):

ΔL = α · L · ΔT (1)

where α= thermal expansion coefficient of the bridge material, as-
sumed equal to 10.8 × 10−6 ◦C−1 (AASHTO 2017); L= bridge
length; and ΔT= bridge temperature variation. The prescribed hor-
izontal displacements were calculated by dividing the predicted ΔL
value by 2 (this assumption is believed to be in accordance with
field conditions since both backfills were built with the same mate-
rial). Further details about the implementation of temperature-
induced cyclic loads in the numerical model can be found in
Silva et al. (2023).

A total of 50 cycles of lateral displacements of the abutment
were assigned to simulate the bridge behavior over a 50-year pe-
riod. Daily cycles were ignored in the numerical simulations,
since daily temperature changes are expected to be much smaller
than seasonal temperature changes (Liu et al. 2022). Eliminating
daily cycles is assumed to have negligible impact on long-term
analyses and has been widely adopted by similar studies on integral
and semi-integral bridge abutments to reduce computational time
(Caristo et al. 2018; Abdel-Fattah and Abdel-Fattah 2019; Zadeh-
mohamad et al. 2021; Liu et al. 2022; Ahmed et al. 2023; Farhangi
et al. 2023). Springman et al. (1996) concluded that daily temper-
ature cycles were not more critical to design than annual tempera-
ture cycles. England et al. (2000) noted that the overall effect of
daily and seasonal temperature variations was comparable to that
of seasonal temperature variations alone. Banks and Bloodworth
(2018) observed an increase of only 10% in the soil stresses be-
tween a long-term analysis with daily cycles within the annual be-
havior and an analysis with the same time span but with annual
cycles only. However, the more conservative result with the daily
cycles was attributed to the intrinsic features of the soil model used.

The variables selected for investigation were the season of the
year when bridge construction is completed, the stiffness of the
bridge foundation, and the amplitude of the lateral displacement.
The completion season of the bridge construction was studied for
an imposed lateral displacement (d ) of ± 5 mm, which corresponds
to a normalized lateral displacement (d/h) of ± 0.5% (where h is the
abutment height in contact with the backfill). The magnitude of the
imposed lateral displacement (d ) was obtained by assuming a tem-
perature amplitude equal to 45°C, according to AASHTO’s (2017)
recommendations for the location of the bridge.

The sequence of lateral displacements in an annual cycle for the
four seasons of the year is depicted in Fig. 3. The bridge abutment
completed in the spring season displaces d/2 toward the backfill
from spring to summer, d away from the backfill from summer to
winter, and d/2 toward the backfill from winter to spring
[Fig. 3(a)]. The bridge abutment completed in summer displaces
d away from the backfill from summer to winter and d toward
the backfill from winter to summer [Fig. 3(b)]. Accordingly, the
bridge abutments completed in autumn and in winter displace in
the opposite way to those completed in spring and in summer, re-
spectively [Figs. 3(c and d)].

The effect of the bridge foundation stiffness was evaluated for
three different sheet pile profiles manufactured by Gerdau, which
are PZC-12, PZC-18, and PZC-28. Table 1 presents the structural
parameters of the selected sheet pile profiles, according to Gerdau
(2019). The same lateral displacement amplitude assumed for the
completion season of the bridge construction was applied to this
analysis (i.e., d/h equal to ± 0.5%). The displacement sequence fol-
lowed that of the bridge completed in summer, since the construc-
tion of the Mack Creek bridge was concluded in July (Zornberg
et al. 2019).
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The impact of the lateral displacement amplitudes of the bridge
abutment was assessed for d/h equal to ±0.1%, ±0.2%, ±0.3%,
±0.4%, and ± 0.5%. These values were chosen based on previous
numerical and experimental investigations (Ng et al. 1998;
Bloodworth et al. 2012; Civjan et al. 2013; Huntley and Valsangkar

2013; Mitoulis et al. 2016; Caristo et al. 2018). The summer
displacement sequence was assumed to this analysis as well.

The phases considered in the numerical simulations included:
(1) calculation of the initial geostatic stresses in the subsoil; (2) in-
stallation of the structural elements, placement of the granular

Fig. 2. Numerical model geometry.

(a) (b)

(c) (d)

Fig. 3. Lateral displacements of a bridge abutment for the four different completion seasons of construction along the year: (a) spring; (b) summer;
(c) autumn; and (d) winter.
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backfill and application of the loads on the abutment, pile cap and
backfill; and (3) application of the sequential lateral displacements
on the abutment.

Model Validation

The numerical model was validated against data collected in the
field. Prescribed horizontal displacements were applied to the abut-
ment to simulate the temperature-induced cyclic lateral movements
induced by daily maximum expansions and contractions of the
bridge superstructure. The corresponding lateral earth pressures
were then compared with readings recorded from earth pressure
cells installed on the bridge abutment wall. Fig. 4 compares pre-
dicted and measured lateral earth pressure values for 100 daily cy-
cles. The maximum and minimum values of lateral earth pressures
presented in Fig. 4 correspond to those obtained for the daily max-
imum expansions and contractions of the bridge superstructure, re-
spectively. It is observed that field and numerical data showed a
close relationship, with very small discrepancies. The correspond-
ing Pearson’s product-moment correlation coefficient (r) was equal
to 0.905, indicating a very strong correlation between both vari-
ables (Salkind 2017). Additional information on the model valida-
tion can be found in Silva et al. (2023).

Results and Discussion

Influence of the Completion Season of Bridge
Construction

Fig. 5 shows the peak wall reaction ratio (Kwp) for selected annual
cycles, considering the four completion seasons of the bridge con-
struction. The values of Kwp were defined according to the

following equation (England et al. 2000):

Kwp =
Pmax

0.5γh2
(2)

where Pmax=maximum total soil lateral force acting on the abut-
ment wall per unit length; γ= unit weight of the backfill material;
and h= abutment height in contact with the backfill (0.9 m). It is
noted that, for all four scenarios, Kwp presented a significant in-
crease in the first cycles, followed by stabilization. A clear effect
of the completion season of the bridge construction is noted in
the initial cycles only. The effect vanished from the fifth cycle on-
ward, and Kwp remained virtually uninfluenced by the completion
season. Similar results were reported by England et al. (2000)
and Caristo et al. (2018).

Fig. 6 shows the normalized maximum backfill settlement
(ρmax/h) for different completion seasons of the bridge construc-
tion. The maximum settlement (ρmax) was obtained where the back-
fill surface meets the abutment wall face. It is noted that ρmax/h
presented a significant increase with the cycles, with no tendency
for stabilization. Differently from the lateral earth pressures, the set-
tlements were found to be highly affected by the construction com-
pletion season. The largest settlements took place for the bridge

Table 1. Structural parameters of sheet pile profiles

Parameter

Profile

PZC-12 PZC-18 PZC-28

Poisson’s ratio, ν 0.3 0.3 0.3
Axial stiffness, EA (kN/m) 2.61 × 106 3.16 × 106 4.44 × 106

Flexural stiffness, EI (kN ·m2/m) 4.01 × 104 7.33 × 104 1.30 × 105

Weight per unit length, w (kN/m/m) 0.98 1.16 1.66

Note: A= cross-sectional area of a sheet pile; and I=moment of inertia of a
sheet pile.

Fig. 4. Comparison between predicted and measured lateral earth
pressures.

Fig. 5. Peak wall reaction ratios for selected annual cycles, considering
different completion seasons of bridge construction.

Fig. 6. Normalized maximum settlements for selected annual cycles,
considering different completion seasons of bridge construction.
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completed in summer, while the smallest settlements occurred in
winter. Accordingly, intermediate settlements were found for
spring and autumn. At Cycle no. 50, settlements for the bridge
completed in winter were about 47% smaller than settlements for
the bridge completed in summer.

When the abutment initially displaces away from the backfill
(active mode) (i.e., bridge construction completed in summer or
in autumn), the soil near the structure first undergoes a decompres-
sion when it slips downward to fill the gap that formed between the
abutment and the backfill. In this case, the reduction in stiffness ex-
perienced by the soil mass tends to magnify settlements on the
backfill surface at the end of the cycle. On the other hand, when
the abutment initially displaces against the backfill (passive
mode) (i.e., bridge construction completed in winter or in spring),
the soil mass near the abutment wall is first pushed against the un-
disturbed soil far from the structure, which makes it denser. In this
situation, the increase in stiffness experienced by the soil mass
tends to diminish surficial settlements at the end of the cycle.

The findings from the present study contrast with results from
other studies. Numerical simulations carried out by England et al.
(2000) showed that the largest settlements occurred with the bridge
construction completed in winter. On the other hand, Caristo et al.
(2018) demonstrated, also with numerical simulations, that settle-
ments were not influenced by the completion season of bridge con-
struction. The discrepancy between the results of these two studies
and the results of the present work can be explained by the different
characteristics of the numerical models used in each case. England
et al. (2000) modeled a part of an integral abutment subjected to ro-
tation movements only, while Caristo et al. (2018) modeled a com-
plete integral abutment undergoing combined movements of
rotation and translation. On the other hand, in the present investiga-
tion, a semi-integral abutment experiencing both rotation and trans-
lation movements was modeled. Furthermore, in contrast to the
present investigation, the effects of the superstructure and the ap-
proach road were ignored in the studies of both England et al.
(2000) and Caristo et al. (2018).

The results obtained in the present study encourage the assess-
ment of the influence of the completion season of the bridge con-
struction in the design phase of semi-integral abutment bridges,
since it may affect the safety of road users and the road riding qual-
ity. For the specific case under evaluation, the conclusion of the
bridge in summer would be the most unfavorable scenario for the
development of settlements on the backfill surface, which would re-
quire earlier and more frequent maintenance programs in compar-
ison with the other seasons. As a matter of fact, field inspections
carried out during the first 3 years after the opening of the Mack
Creek bridge to traffic visually confirmed, in both abutments, the
formation of a noticeable depression between the approach road
and the bridge deck, as well as a gap between the wing wall and
the abutment (Mofarraj and Zornberg 2022).

Influence of the Stiffness of the Bridge Foundation

The behavior of Kwp and ρmax/h with the cycles for different sheet
pile profiles is shown in Figs. 7 and 8, respectively. It is noted that
Kwp significantly increased within the first cycles, and then, it
tended to stabilize (Fig. 7), while ρmax/h increased continuously
with the cycles and showed no tendency for stabilization (Fig. 8).
It can be also noted that an increase in the sheet piling stiffness
caused a very discrete impact on the reduction of stresses and set-
tlements on the backfill-abutment system. While replacing Profile
PZC-12 with Profile PZC-28 results in an increase of 224% in
the flexural stiffness (EI), it represents a reduction of only 8% in
Kwp and 5% in ρmax/h at Cycle no. 50.

The small influence of the sheet piling stiffness on the cyclic re-
sponse of the backfill-abutment system is due to the semi-integral
connections between the abutment-superstructure system and the
foundation system of the bridge, which contributes to alleviate
the forces caused by the cyclic extension-contraction movements
of the bridge’s superstructure. The Mack Creek Bridge has a
70-mm-thick LEBP between the pile cap and the superstructure,
and a 40-mm-thick PBFM between the pile cap and the bridge abut-
ment, which were taken into consideration in the proposed numer-
ical model, as discussed by Silva et al. (2023). Therefore, an
increase in pile stiffness is expected to play a small impact on the
backfill-abutment cyclic response, as shown in Figs. 7 and 8.
These findings corroborate the results of the numerical study per-
formed by Arsoy et al. (2002), which showed that, for a constant
temperature variation, the lateral displacements of piles supporting
semi-integral abutments were less than those of piles supporting in-
tegral abutments.

From a design standpoint, the comparatively small influence of
the pile foundation stiffness of semi-integral bridges is beneficial,
since the required bridge performance could be achieved with slen-
der pile elements. However, the choice of piling stiffness must be
carefully evaluated in design to ensure a balanced approach

Fig. 7. Peak wall reaction ratios for selected annual cycles and different
sheet pile profiles.

Fig. 8. Normalized maximum settlements for selected annual cycles
and different sheet pile profiles.
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between engineering performance and economic feasibility in the
semi-integral bridge design and construction.

Influence of the Lateral Displacement Amplitude

Fig. 9 shows the variation of Kwp with selected annual cycles, for
different lateral displacement amplitudes imposed on the bridge
abutment. It is noted that Kwp increased with increasing imposed
lateral displacement amplitude. However, Kwp reduced slightly
with the annual cycles for the lower values of d/h of 0.1% and
0.2%, while the higher values of d/h of 0.3%, 0.4%, and 0.5%
led to an increase of Kwp in the initial cycles, followed by a ten-
dency to stabilize. The larger d/h, the more significant was the in-
crease in Kwp. The results of Fig. 9 also suggest that there is a
normalized lateral displacement, between 0.2% and 0.3%, for
which Kwpwould not be affected by the cyclic lateral displacements
of the abutment.

The response of ρmax/h with the annual cycles is depicted in
Fig. 10 for different lateral displacement amplitudes. It is observed
that ρmax/h increased significantly with increasing lateral displace-
ment amplitude, and no stabilization of ρmax/h was observed for
any displacement amplitude. The shape of the curves reveals a
nearly linear growth of ρmax/h with the cycles for lower amplitudes
(i.e., d/h= 0.1% and 0.2%), while higher amplitudes (i.e., d/h=
0.3%, 0.4%, and 0.5%) caused a nonlinear increase of ρmax/h in
the first five cycles, followed by a linear increase. The growth
rate of ρmax/h in the initial cycles increases with increasing dis-
placement amplitude. The results depicted in Figs. 9 and 10 are
in accordance with those reported by England et al. (2000), from
small-scale physical model tests and numerical simulations.

The long-term cyclic response of the backfill-abutment sys-
tem is investigated subsequently. Figs. 11 and 12 show Kwp and
ρmax/h as a function of the relative displacement amplitude (d/h)
after Cycle no. 50, respectively. Cycle no. 50 was chosen because
it represents the longest period in the present analysis. For refer-
ence, earth pressure coefficients calculated according to Rankine’s
(1857) theory for a passive earth pressure condition (Kp,Rankine) and
design methods for integral bridge abutment specified in Document
PD6694-1 (BSI 2011) and in Massachusetts Department of Trans-
portation’s Bridge Design Guidelines (MassDOT 2020) are also
plotted in Fig. 11.

The method described in PD6694-1 (BSI 2011) assumes an
earth pressure coefficient, K*, calculated from the following

equation:

K* = Ko + C ×
d′

h

( )0.6
[ ]

Kp (3)

where Ko= at-rest earth pressure coefficient, calculated as
1 − sin∅ (Jaky 1944); h= abutment wall height in contact with
the backfill; d′ =wall movement range h/2 below ground level,
taken as 0.5 times the displacement range at the top of the abutment
according to PD6694-1 (BSI 2011); Kp= passive earth pressure co-
efficient obtained from Eurocode 7 (BSI 2014), assuming an inter-
face friction angle equal to ∅/2; and C= coefficient calculated
from the following equation:

C = 0.51Es + 14.9 (20 ≤ C ≤ 66) (4)

where Es= backfill Young’s modulus (MPa), set as 30 MPa (Silva
et al. 2023). MassDOT’s (2020) solution requires that an earth pres-
sure coefficient, K*

m, be calculated from the following empirical

Fig. 9. Peak wall reaction ratios for selected annual cycles and lateral
displacement amplitudes imposed on the bridge abutment.

Fig. 10. Normalized maximum settlements for selected annual cycles
and lateral displacement amplitudes imposed on the bridge abutment.

Fig. 11. Peak wall reaction ratios versus normalized lateral displace-
ments after Cycle no. 50 and comparison with earth pressure coeffi-
cients from design guidelines.
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relationship:

K*
m = 0.43 + 5.7[1 − e−190(d/h)] (5)

where d= total displacement at the top of the abutment; and h=
abutment wall height in contact with the backfill. The values of
d/h were assumed equal to 0.1%, 0.2%, 0.3%, 0.4%, and 0.5%
for both design guidelines.

As depicted in Fig. 11, Kwp exhibited a nearly linear growth with
d/h. Rankine’s theory for the passive condition gave good predic-
tions of Kwp for the range of large amplitudes around
d/h = 0.5%. On the other hand, the methods by PD6694-1 (BSI
2011) and MassDOT (2020) resulted in suitable predictions of
Kwp for the range of low amplitudes (i.e., d/h between 0.1% and
0.3%). When d/h > 0.3%, results from both methods gradually
moved away from the numerical results as d/h grew. The backfill
response to displacement amplitude variations, in terms of long-
term settlements, was meaningful, as shown in Fig. 12. Under
lower amplitudes, ρmax/h presented a rapid increase with d/h.
After d/h around 0.3%, the growth rate of ρmax/h decreased dramat-
ically and tended to stabilize with increasing d/h.

Despite its complexity, the overall behavior of a granular back-
fill upon cyclic lateral displacements of the abutment can be under-
stood in terms of volume changes (densification and/or dilatation),
rearrangement of particles (fabric changes), and flow of particles
(shearing) (England et al. 2000; Cosgrove and Lehane 2003;
Clayton et al. 2006). Densification leads to greater homogeneity,
strength, and stability of the backfill, while fabric changes and
shearing inhibit volume changes, thus reducing the backfill stability
(England et al. 2000). Consequently, soil densification leads to an
elevation of the lateral earth pressures due to the increase in soil
stiffness, while soil shearing induces a reduction in the lateral
earth pressures, with both effects increasing settlements of the
backfill surface (Silva et al. 2023). Experimental evidence showing
soil densification and particle flow in a backfill-abutment system
undergoing cyclic lateral movements can be found from the results
of small-scale physical model tests with granular soils reported
by several researchers (Tatsuoka et al. 2009; Gabrieli et al. 2015;
Al-qarawi et al. 2020).

In the present investigation, volume changes and shearing in the
backfill soil are inspected from information depicted in Figs. 13 and
14, respectively. Volume changes in the soil were evaluated from
volumetric strain (εv) values calculated according to Eq. (6),

while soil shearing was evaluated from deviatoric strain (γd) values
defined according to Eq. (7) (Brinkgreve et al. 2016):

εv = εx + εy + εz (6)

γd =

����������������������������������������������������������������
2

3
εx −

εv
3

( )2
+ εy −

εv
3

( )2
+ εz −

εv
3

( )2
+
1

2
(γ2xy + γ2yz + γ2zx)

[ ]√

(7)

where εx = axial strain in the x-direction; εy = axial strain in the
y-direction (εy = 0 in plane-strain conditions); εz = axial strain in
the z-direction; γxy= shear strain in the xy-plane; γyz= shear strain
in the yz-plane (γyz= 0 in plane-strain conditions); and γzx= shear
strain in the zx-plane. Fig. 13 presents shadings of cumulative vol-
umetric strains after completion of Cycle no. 50, for the target dis-
placement amplitudes of 0.1%–0.5%. Shadings of cumulative
deviatoric strains after completion of Cycle no. 50 are shown in
Fig. 14 for the same displacement amplitudes. In both figures, dis-
tances x and z are normalized by the abutment height (h) in contact
with the backfill, and the origin of both x- and z-axes is placed at the
abutment toe.

According to Fig. 13, the magnitude of the volumetric strains in-
creased with increasing lateral displacement amplitudes. As the dis-
placement amplitude increased, a zone of soil dilatation (negative
volumetric strains) developed in a small region near the backfill
surface, close to the abutment wall, while a comparatively large
zone of soil densification (positive volumetric strains) spread
below the dilatant area and concentrated at the middle third of
the backfill. The densification of the soil with increasing displace-
ment amplitude led the backfill to a gradually stiffer state, which
explains the growth of Kwp shown in Fig. 11. Densification and di-
latation of the soil were significantly less prominent with lower am-
plitudes of d/h= 0.1% and 0.2% than with the higher amplitudes of
d/h= 0.3%, 0.4%, and 0.5%.

As shown in Fig. 14, the magnitude of the displacement ampli-
tude was found to define how shearing propagates in the backfill
soil. The lower amplitudes of d/h= 0.1% and 0.2% led to the de-
velopment of shear bands in the soil mass, propagating from spe-
cific depths along the abutment wall face and reaching the
backfill surface. The shear zone was larger with d/h = 0.2% than
with d/h = 0.1%. Conversely, the higher amplitudes of d/h=
0.3%, 0.4%, and 0.5% led to a different shearing mechanism, in
which a single shear band propagated from the abutment toe and
reached the backfill surface at a distance x/h equal to approximately
0.7. This mechanism also included a region of intense diffused
shearing that spreads from the upper corner of the backfill and en-
compasses the whole sliding mass. Shearing in the soil mass was
clearly more intense with lower displacement amplitudes.

The predominance of soil shearing over soil densification under
the low displacement amplitudes of d/h= 0.1% and 0.2% explains
the reduction in the lateral earth pressures and the increase in the
settlements with the cycles, as shown in Figs. 9 and 10, respec-
tively. Both amplitudes are deemed too small to cause any signifi-
cant densification of the retained soil mass. On the other hand, a
more balanced effect between shearing and densification was
reached with the higher amplitudes of d/h= 0.3%, 0.4%, and
0.5%, which were sufficiently large to densify the soil. Stabilization
of lateral earth pressures and an increase of settlements with the cy-
cles are a consequence of this equilibrium, as can be seen in Figs. 9
and 10.

The combination of high shearing and low densification that oc-
curred with low amplitudes (below d/h = 0.3%) resulted in more
instability of the backfill soil and led to a rapid increase in the long-
term settlements with increasing displacement amplitude, as shown

Fig. 12. Normalized maximum settlements versus normalized lateral
displacements after Cycle no. 50.
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(a) (b)

(c) (d)

(e)

Fig. 13. Contours of cumulative volumetric strains (%) in the backfill at the end of Cycle no. 50 for d/h equal to (a) 0.1%; (b) 0.2%; (c) 0.3%;
(d) 0.4%; and (e) 0.5%.

(a) (b)

(c) (d)

(e)

Fig. 14. Contours of cumulative deviatoric strains (%) in the backfill at the end of Cycle no. 50 for d/h equal to (a) 0.1%; (b) 0.2%; (c) 0.3%; (d) 0.4%;
and (e) 0.5%.
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in Fig. 12. On the other hand, the association of low shearing and
high densification that took place with high amplitudes
(d/h ≥ 0.3%) led the backfill soil to a more stable condition,
which includes the stabilization of the long-term settlements with
increasing amplitude. The change in the long-term settlement be-
havior was found to occur for an amplitude d/h of around 0.3%.

An additional analysis can be carried out to understand the ef-
fect of the bridge length on the long-term settlements of the back-
fill, based on the result presented in Fig. 12. Because of thermal
properties, the lateral displacements generated on the abutments
will be directly proportional to the length of the bridge. That is,
the longer the bridge, the greater the expected lateral displace-
ments. However, the data shown in Fig. 12 suggest that abutment
backfills of shorter bridges would be more prone to settlement var-
iations caused by changes in the lateral displacement magnitude.
This would not be the case for longer bridges, for which backfill
settlements would be much less dependent on lateral displace-
ment magnitude variations. By recognizing the impact of the lateral
displacement amplitude on the long-term response of the
backfill-abutment system, potential damaging effects on the bridge
that may arise from lateral displacement variations could be antic-
ipated with the design of systems that could better withstand
changes in loading conditions over time.

Conclusion

This paper presented the results of a parametric analysis on the
long-term response of the backfill-abutment system of a semi-
integral bridge. A two-dimensional FE model was used to analyze
the influence of the completion season of the bridge construction,
the stiffness of the bridge foundation, and the lateral displacement
amplitude of the bridge abutment on the development of lateral
earth pressures on the abutment wall and settlements on the backfill
surface. The parametric analysis included annual temperature var-
iations over a 50-year period. The following conclusions can be
drawn from the parametric analysis performed as part of this
investigation:
1. While the completion season of bridge construction was found

not to play a distinguished influence on the lateral earth pres-
sure, the embankment settlement was highly affected by the
construction season. Completing the semi-integral bridge con-
struction in summer produced the largest settlements, as com-
pared to the other seasons. Conversely, winter was found to
be the best period to complete construction. The maximum set-
tlement in summer was about 47% larger than that in winter.

2. Variations in piling foundation stiffness caused a very low im-
pact on the cyclic response of the backfill-abutment system of
the assessed semi-integral bridge. An increase of 224% in the
flexural stiffness of the pile foundation resulted in a reduction
of only 8% in the peak wall reaction ratio on the abutment
wall and 5% in the normalized maximum settlement of the back-
fill surface at Cycle no. 50.

3. The backfill-abutment system was significantly influenced by
the magnitude of the lateral displacement amplitude of the abut-
ment. Lower amplitudes caused lateral earth pressures to de-
crease with the cycles, while higher amplitudes led to an
escalation of lateral earth pressures in initial cycles and stabili-
zation in subsequent cycles. The results suggest that there is a
specific amplitude for which earth pressures are not influenced
by the cyclic abutment movements. On the other hand, settle-
ments followed an increasing path with the cycles, for any
amplitude.

4. The magnitude of the displacement amplitude influenced the de-
velopment of deformation patterns within the backfill soil mass.
Soil shearing prevailed over soil densification under lower am-
plitudes, while a balance between both shearing and densifica-
tion was reached under higher amplitudes. More shearing
under lower amplitudes resulted in lower lateral earth pressures
on the abutment and higher settlements on the backfill surface
with the cycles. On the other hand, the balanced effect between
shearing and densification attained under larger amplitudes re-
sulted in stabilization of lateral earth pressures and increase of
settlements with the cycles.

5. The outcome of the present investigation suggests that abutment
backfills of shorter bridges would be more prone to settlement
variations caused by changes in the lateral displacement magni-
tude. This would not be the case for longer bridges, for which
backfill settlements would be much less dependent on lateral
displacement magnitude variations.
The findings from this investigation could prove useful in assist-

ing decision-making processes in the design and construction of
semi-integral bridge abutments. The results indicate that the season
of the year the bridge is completed can play an important role on the
future performance of the bridge abutment undergoing cyclic load-
ing. Therefore, planning to complete bridge construction in the
most appropriate time of year could help reduce potential damage
in the abutment backfills and approach slabs. These results can pro-
vide insights into the choice for suitable design earth pressures on
the abutments, according to the bridge length and the predicted lat-
eral movement variations. A glimpse into how the magnitudes
of the predicted lateral movements could impact the development
of backfill settlements can also be discerned from the outcome of
the present study. Finally, this work also draws attention to the pos-
sibility of using more flexible foundations with semi-integral brid-
ges in situations where rigid foundations are not strictly required,
since it was observed that the foundation stiffness had only a
small impact on the behavior of the soil-abutment system. The sug-
gested analysis methodology could be applied when revising SIAB
design guidelines. However, it is important to point out that the pre-
sent study has analyzed the case of a particular semi-integral abut-
ment, and further analyses are required to better understand the
behavior of semi-integral bridges under different structural, geolog-
ical, geotechnical, and environmental conditions.
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