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A B S T R A C T   

This paper presents a two-dimensional Finite Element (FE) simulation of the interaction between a semi-integral 
stub-type concrete bridge abutment and a granular backfill under cycles of temperature-induced lateral dis-
placements. A numerical model was proposed utilizing an elastoplastic soil constitutive model considering the 
characteristics of a semi-integral bridge abutment located near the City of Palestine, Texas, USA. The numerical 
model was validated against data collected in the field from pressure cells installed on the soil side of the 
abutment of the semi-integral bridge. The long-term response of the backfill-abutment system representing a 50- 
year period was investigated numerically for annual cycles of expansion–contraction of the bridge. According to 
the results of the investigation, it is observed that annual cyclic lateral movements of the bridge abutment led to a 
rapid increase of lateral earth pressures upon the abutment wall. The locus of maximum lateral earth pressures 
occurred on the upper third of the abutment, which disagrees with the conventional earth pressure distributions 
often assumed in design guidelines for integral bridge abutments. The magnitude of the settlement trough that 
formed under annual cycles is deemed sufficient to negatively affect bridge performance soon after start of the 
bridge operation. Results predicted that cumulative shear strains prevailed in the region of the backfill soil far 
from the abutment wall. On the other hand, cumulative compressive volumetric strains (densification) domi-
nated in the vicinity of the soil-abutment interface. While stabilization of lateral earth pressures on the soil- 
abutment interface was predicted to occur with the balance between both densification and shearing effects, 
settlements adjacent to the soil-abutment interface were predicted to persist as a consequence of the continued 
growth of cumulative shear strains (ratcheting) in the portion of the soil away from the abutment wall.   

Introduction 

Despite the acknowledged benefits and increasing application 
worldwide, the performance of integral and semi-integral bridges is not 
yet completely understood. The interaction mechanism of the backfill- 
abutment system that develops with the cyclic movements of the abut-
ment remains a concern that requires further assessment. Although 
relatively small, the cyclic expansion and contraction of the bridge deck 
due to temperature fluctuations lead to the development of two 
important detrimental effects that may compromise the benefits of using 
integral and semi-integral bridges [13]: (1) the long-term build-up of 
lateral earth pressures on the abutment; and (2) the possibly significant 

deformations in the backfill behind the abutment. These effects can 
cause the backfill soil behind the abutment to develop lateral earth 
pressures that exceed those predicted by earth pressure theories and the 
ground surface to experience vertical displacements that may compro-
mise the safety of road users and reduce roadway riding quality 
[7,14,2,3]. 

Several studies have been conducted to address the detrimental ef-
fects associated with integral bridge abutments. Some research pro-
grams have involved instrumentation of integral bridge abutments to 
monitor lateral earth pressure variations. Data collected from the field 
revealed that some abutments experienced an increase in the peak 
lateral earth pressure upon cycles of expansion–contraction of the bridge 

* Corresponding author. 
E-mail addresses: pedro.silva.064@ufrn.edu.br (P.H.S. Silva), yuri.costa@ufrn.br (Y.D.J. Costa), walter@mcmjac.com (J.R. Walter), mofarraj@utexas.edu 

(B.M. Kouchaki), zornberg@mail.utexas (J.G. Zornberg), carina.costa@ufrn.br (C.M.L. Costa).  

Contents lists available at ScienceDirect 

Transportation Geotechnics 

journal homepage: www.elsevier.com/locate/trgeo 

https://doi.org/10.1016/j.trgeo.2023.100938 
Received 24 September 2021; Received in revised form 3 October 2022; Accepted 16 January 2023   

mailto:pedro.silva.064@ufrn.edu.br
mailto:yuri.costa@ufrn.br
mailto:walter@mcmjac.com
mailto:mofarraj@utexas.edu
mailto:zornberg@mail.utexas
mailto:carina.costa@ufrn.br
www.sciencedirect.com/science/journal/22143912
https://www.elsevier.com/locate/trgeo
https://doi.org/10.1016/j.trgeo.2023.100938
https://doi.org/10.1016/j.trgeo.2023.100938
https://doi.org/10.1016/j.trgeo.2023.100938


Transportation Geotechnics 39 (2023) 100938

2

[9,21,27,32], while other abutments showed an opposite behavior 
[32,16,27]. The discrepancies among earth pressure trends obtained 
with the data collected from these structures can be explained by the 
dependency of the earth pressures on many aspects that are distinctive 
to each site. 

Another group of studies addressed the integral bridge backfill- 
abutment interaction problem by conducting numerical simulations 
and controlled experiments involving small-scale instrumented physical 
modeling [20,52,60,7,14,2,3]. Typical results show that lateral earth 
pressures acting on the wall as well as vertical displacements of the 
retained fill increase with increasing number of cycles. Settlements are 
found to occur near the moving wall interface while heaving is detected 
at a distance from the wall. The lateral earth pressures tend to stabilize 
after a number of cycles, while settlements at the backfill-abutment 
interface grow with no tendency toward stabilization. One of the 

reasons for the observed typical results have been explained by an 
accumulation of irreversible strains in the backfill, a phenomenon 
known as ratcheting [20,52,26,60]. 

Although progress has been made on understanding the response of 
the backfill-abutment system with cyclic movements of the abutment 
induced by temperature fluctuations for the case of integral bridges, 
little attention has been paid to the behavior of semi-integral bridge 
abutments. The discrepancy between the data availability for integral 
bridges as compared to semi-integral bridges is evident, in spite of the 
growing popularity of semi-integral bridges in the past few decades 
[13,37]. 

Semi-integral bridge abutments have been reported to present some 
advantages over integral bridge abutments. For example, piles sup-
porting an integral bridge abutment can experience flexural stresses 
considerably larger than those of their jointed bridge counterparts [13]. 

Fig. 1. Schematic views of the bridge: (a) plan view; (b) elevation view.  
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High flexural stress levels can reduce the pile resistance to bending and 
lead to formation of plastic hinges in the pile shaft. Conversely, the 
superstructure of a semi-integral bridge can move in the longitudinal 
direction independent of the underlying foundation structure, thus 
reducing stresses and bending moments in the supporting piles as well as 
tolerating the number of cycles expected during the bridge lifespan 
without any damage [6]. 

Despite the advantages and increasing usage of semi-integral bridges 
in engineering practice, the limited number of investigations with semi- 
integral bridge abutments may have compromised a broader accep-
tance. The lack of consistency among design guidelines and construction 
practices of semi-integral bridge abutments may be a consequence of the 
limited number of studies on these structures [4,13,15]. 

Accordingly, this study presents a two-dimensional FE analysis on 
the interaction between a semi-integral stub-type concrete bridge 
abutment and the retained backfill under cycles of lateral displacements 
due to temperature fluctuations. The long-term response of the backfill- 
abutment system was investigated for annual cycles of expan-
sion–contraction of the bridge. The developed numerical model was 
validated against data collected in the field from earth pressure cells 
installed on the retained soil side of a semi-integral bridge abutment. 
Emphasis is placed on examining the lateral earth pressures on the 
abutment and deformations in the backfill soil throughout cycling. 

Characteristics of the monitored semi-integral bridge 

Bridge location and description 

The semi-integral bridge evaluated in this study is located where the 
Anderson County Road 2133 crosses Mack Creek, near the City of 
Palestine, Texas, USA. Fig. 1 shows schematic views of the bridge and 
Fig. 2 presents a detail of the semi-integral bridge system in the region of 
the abutment. The structure is a stub-type semi-integral abutment bridge 
with a length of 20.53 m and a width of 7.85 m. It involves a single span 
with a bearing-to-bearing length of 19.10 m. The superstructure consists 
of a 0.15-m thick reinforced concrete deck supported on 0.5-m high 
prestressed concrete box beams. The superstructure is integrally con-
nected to 1.05-m high and 0.3-m thick reinforced concrete abutments. 

The bridge abutments are supported by 6.6-m long driven steel sheet 
piles connected to 0.83-m wide and 0.75-m high reinforced concrete pile 

caps. A laminated elastomeric bearing pad (LEBP), with a thickness of 
70 mm, was placed between the pile cap and the bridge superstructure, 
and a preformed bituminous fiber material (PBFM), with a thickness of 
40 mm, was placed between the pile cap and the bridge abutment. The 
bridge wingwalls were constructed normal to the abutments and are 
composed of 2.1-m long driven steel sheet piles. Two additional walls, 
built with steel sheet piles measuring 1.5 m in length, were installed 
between the wingwalls and were connected to the foundation piling. 
These two additional walls are identified in Fig. 1(a) as “T-walls”. All 
sheet piles composing the foundations, wing walls and T-walls were 
built with PZC-18 profiles manufactured by Gerdau [24]. 

Subsoil and backfill characteristics 

A subsurface characterization was conducted at the bridge site, 
which included Texas Cone Penetrometer (TCP) tests carried out near 
each abutment [59]. The procedure followed in the TCP tests is 
described in TxDOT Designation: Tex-132-E – Test Procedure for Texas 
Cone Penetration [55]. Information about the subsoil profile at the north 
abutment site is provided in Table 1. 

The backfill in contact with the abutment is a free-draining material 
composed of industrially produced gravel particles from large pieces of 
crushed rock. The aggregate is composed of 88 % gravel particles with 

Fig. 2. Cross-section of the semi-integral bridge system elements near the abutment.  

Table 1 
Subsoil profile and TCP test results [59].  

Number of blows/penetration 
in mm 

Depth(1) 

(m) 
Subsoil profile 

–  0.0 Silty sand (0 to − 6.5 m) GWT: 
− 4.85 m –  –2.0(2) 

22/300  –3.5 
15/300  –5.0 
17/300  –6.5 
84/300  –8.0 Sandy clay 
100/187.5  –9.5 
100/187.5  –11.0 
100/62.5  –12.5 
100/50  –14.0 
100/62.5  –15.5 

Note: (1)depth below approach road level; (2) test start depth. 
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an average particle size of 4.7 mm and a specific gravity of 2.66. Its 
coefficient of uniformity is 3.47 and its coefficient of curvature is 1.24. 
According to the Unified Soil Classification System (USCS), the material 
classifies as a clean, poorly graded gravel (GP). 

A series of conventional consolidated isotropically drained (CID) 
triaxial tests were conducted to estimate the parameters of the backfill 
material. Since the backfill particles can be as big as 13 mm, a 152-mm 
diameter triaxial cell was assembled to accommodate the testing pro-
gram. Three tests at effective confining pressures of 41 kPa, 62 kPa, and 
83 kPa were carried out with specimens prepared with a target relative 
density (Dr) of 50 % (Eq. (1)). Shear strength and volume change 
properties of the backfill material are summarized in Table 2. 

Dr(%) =
emax − e

emax − emin
× 100 (1) 

Where: e = void ratio; emax = void ratio in loosest state; emin= void 
ratio in densest state. 

Field instrumentation and monitoring 

Lateral earth pressures on the abutments were monitored in the field 
by vibrating wire (VW) contact pressure cells, model 4810, manufac-
tured by Geokon [23]. Two pressure cells were installed vertically 
against each abutment wall face prior to backfilling, at a depth of 1 m 
below the abutment top. After installing on the abutment faces, pro-
tective pouches of geotextile filled with fine sand were placed around 
the pressure cells to prevent point loading by the crushed rock backfill. 
The locations of the pressure cells are schematically shown in Fig. 1(a) 
and 2. Dataloggers with temperature sensors were installed under the 
bridge deck to record the ambient air temperature and pressure cell 
readings on an hourly basis. 

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. Congruence between the tem-
perature values collected by both the weather station and the temper-
ature sensors was observed, which indicates that the temperatures 
recorded by the dataloggers were representative of the site ambient air 
temperature. Since similar temperature readings were collected from 
both temperature sensors below the bridge, the ambient air temperature 
adopted for this study corresponds to the average between the readings 
from both sensors. Similarly, the lateral earth pressure adopted for this 
study was the average between readings from the two pressure cells 
placed at each abutment. Further details about the instrumentation and 
monitoring of the bridge in the field is provided by Walter [57]. 

Characteristics of the numerical simulations 

Constitutive models and material properties 

The behavior of the soil materials was represented by the Hardening 
Soil (HS) constitutive model, developed under the framework of the 
theory of plasticity, in which a stress–strain relationship, due to primary 
loading, is assumed to be hyperbolic [49]. The HS model adopts a Mohr- 
Coulomb failure criterion, which was defined considering undrained 
conditions for the sandy clay layer and drained conditions for the silty 

sand layer and the gravel backfill. The material properties adopted for 
the soils are listed in Table 3. Unsaturated features of soil behavior were 
not considered in the present analysis. Also, although alternating cycles 
of wetting and drying can also lead to settlements and collapse of soils, 
this behavior was not considered in the current study. 

Parameters assigned for the backfill gravel were adopted using the 
results from the previously described laboratory tests. Parameters for the 
silty sand and the sandy clay layers were defined based on the available 
TCP test results and relevant correlations [25,34,39,50,53,54,56]. Spe-
cifically, the undrained shear strength for the sandy clay layer was 
estimated as 2.15 NTCP (kPa), as suggested by Vipulanandan et al. [56], 
and the effective friction angle for the silty sand layer was estimated 
from correlations reported in TxDOT [54]. The parameters for soil 
stiffness were assigned for a reference confining pressure of 100 kPa. 
The reference tangent stiffness for primary oedometer loading was 
assumed to equal the reference drained Young’s modulus at 50 % of 
maximum strength (Eref

50 ), as per Obrzud and Truty [43]. The reference 
Young’s modulus for unloading/reloading was set to 3 Eref

50 , which is the 
recommended default setting used in Plaxis 2D [10]. 

The power coefficient for the stress-level dependency of stiffness (m) 
was adopted as 0.5 for the soil materials [30,18,48]. The Poisson’s ratio 
for unloading/reloading (νur) was set to 0.2, which is the default setting 
used in Plaxis 2D [10]. 

Table 4 lists the parameters of the structural elements adopted for the 
simulations. The material structural properties correspond to those of 
the bridge evaluated in this study [1,24,36,44,51,59]. The stress–strain 
behavior of the structural materials was represented using an isotropic 
linear-elastic relationship. 

An important parameter governing the soil-structure interface 
properties in the software Plaxis 2D is the strength reduction factor 
(Rinter) [10]. Rinter is the ratio between interface friction coefficient (μinter 
= tan δ) and soil friction coefficient (μ = tan ϕ́) or the ratio between 
interface cohesion (c inter) and soil cohesion (c)́, and varies between 
0 and 1. In the present study, Rinter values used for soil-structure inter-
action were 0.5 for the soil-steel interface and 0.7 for the soil-concrete 
interface [42,10,41]. A virtual thickness factor of 0.1, which is the 
default value of the software [10], was applied to the interface 
boundaries. 

A sensitivity analysis was conducted to assess the influence of the 
adopted strength reduction factor (Rinter) for the abutment-backfill 
interface on the numerical model response. Values of Rinter ranging 
from 0.1 to 0.9 were evaluated and the corresponding results were 
compared to Rinter = 0.7, which is the baseline value usen in this study. It 
was found that the assumption of Rinter = 0.7 led to the most suitable 
predictions of lateral earth pressures. 

Table 2 
Summary of triaxial test results with backfill material.  

σ′

3(kPa) ϕ
′

p(o) ψ (o) (− dεv/dε1)max 

41  48.0  10.6  0.449 
62  45.0  7.1  0.284 
83  42.5  3.9  0.147 

Note: σ′

3 = effective confining pressure; ϕ′

p= peak friction angle; ψ = dilatancy 
angle; (− dεv/dε1)max = maximum strain increment ratio.  

Table 3 
Soil properties adopted in the numerical model.  

Parameter Soil material  
Sandy 
clay 

Silty 
sand 

Gravel 

Unit weight, γ (kN/m3) 19 17 20 
Saturated unit weight, γsat (kN/m3) 22 20 23 
Drained Young’s modulus at 50 % of max. 

strength, Eref
50 (MPa) 

60 40 30 

Tangent stiffness for primary oedometer loading, 
Eref

oed (MPa) 
60 40 30 

Young’s modulus for unloading/reloading, 
Eref

ur (MPa) 
180 120 90 

Poisson’s ratio for unloading/reloading,νur 0.2 0.2 0.2 
Undrained shear strength, Su(kPa) 210 – – 
Effective cohesion, c′ (kPa) – 15 1 

Peak friction angle, ϕ′

p(◦) – 31.5 43 

Dilatancy angle, ψ (◦) 0 0 10  
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FE model 

A plane-strain FE model (Fig. 3) was developed for the north abut-
ment of the bridge using the software Plaxis 2D version 2016 developed 
by Plaxis BV [10]. The model boundaries extended to a length of 40 m in 
the horizontal direction and 20 m in the vertical direction. These di-
mensions were assumed to be sufficiently large to minimize boundary 
effects [33,46]. The lateral boundaries of the mesh are free to move in 
the vertical direction and fixed in the horizontal direction. The base of 
the soil model is constrained from moving in both vertical and hori-
zontal directions. A mesh with 4,410 15-node triangular solid elements 
was used in the simulations. A refined mesh was adopted in the backfill- 

abutment zone, which involved a comparatively high number of ele-
ments in the soil-abutment loading zone. 

The soil materials (i.e., the gravel backfill, the silty sand layer and the 
sandy clay layer), the reinforced concrete and the PBFM were modeled 
using 15-node triangular elements. The foundation sheet piling was 
modeled by plate elements with the same axial and flexural stiffnesses of 
the sheet piles used for bridge construction. The T-wall sheet piling was 
modeled by fixed-end anchor elements with a vertical spacing of 150 
mm and a horizontal length of 7 m. The vertical spacing of the anchor 
elements was defined by discretizing the height of the T-walls in ten 
equal parts, while the horizontal length of the anchor elements was 
assumed as the average length of the T-walls. The anchor axial stiffness 
adopted in the numerical analysis was 2.99 × 106 kN. The effect of the 
bridge superstructure on the abutment and pile cap was represented by 
static equivalent loads. Accordingly, the superstructure-abutment sys-
tem was simulated as a bi-supported beam subjected to distributed 
loading due to the structure’s self-weight. 

The effects of expansion and contraction of the bridge superstructure 
on the abutment due to temperature changes were simulated by 
imposing prescribed horizontal displacements at the top of the abutment 
[8,40,7,14,3]. The effect of the approach road on the underlying soil was 
represented by a surface pressure of 3 kPa, which was estimated 
considering the characteristics of the subbase and paving materials [59]. 

Table 4 
Structural material properties used in the numerical model.  

Parameter Material 
Reinforced 
concrete 

PBFM Sheet pile 

Unit weight, γ (kN/m3) 25 10  – 
Young’s modulus, E (GPa) 30 4  – 
Poisson’s ratio,ν 0.2 0.2  0.3 
Axial stiffness, EA (kN/m) – –  3.16 × 106 

Flexural stiffness, EI (kNm2/m) – –  7.33 × 104 

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

Note: A = cross-section area of sheet pile;I = moment of inertia of sheet pile.  

Fig. 3. FE model of the semi-integral bridge: (a) full model; (b) detail near the abutment.  
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Imposed lateral displacements 

The bridge length changes (ΔL) due to temperature variation was 
predicted according to [1]: 

ΔL = α • L • ΔT (2) 

where α is the thermal expansion coefficient of the bridge material, L 
is the bridge length, and ΔT is the bridge temperature variation. In the 
absence of laboratory tests, a coefficient of thermal expansion α = 10.8 
× 10-6 /◦C was assumed for the concrete, which is within the range 
recommended by AASHTO [1]. The prescribed horizontal displacements 
were calculated by dividing the ΔL value predicted using Eq. (2) by two. 
This assumption was adopted for the numerical simulations conducted 
in this study since both north and south backfills were built with the 
same material. A similar approach was used by other investigations 
[15,8,7,31]. 

Due to limited field instrumentation and to simplify the complex 
interaction mechanisms of heat transfer and flow involving the bridge 
and the surrounding environment [19,28,35], daily bridge temperature 
variations were assumed to equal the daily ambient air temperature 
variations. The daily change in temperature (ΔT) in Eq. (2) was defined 
as the difference between the maximum temperature (Tmax) and the 
minimum temperature (Tmin) recorded by the temperature sensors 
installed below the bridge deck within a 12-hour interval. The pre-
scribed horizontal displacements (d) of the abutment acting against the 
backfill were then estimated as the difference between Tmin and Tmax in 
each day, while the prescribed horizontal displacements pulling the 
abutment away from the backfill were estimated as the difference be-
tween Tmax of each day and Tmin of the subsequent day. This approach 
led to daily cycles with variable horizontal displacements (d). In the 
daily cyclic movements, the abutment leaves the vertical (neutral) po-
sition (O) toward the extreme passive position (P), then moves to the 
extreme active position (A) passing though the neutral position (O) and 
finally returns to the neutral position (–– O-P-O-A-O mode). 

Under annual cycles, the bridge length variation (ΔL) was predicted 
by assuming a temperature amplitude ΔT = 45 ◦C in Eq. (2), following 
AASHTO’s [1] recommendation for the location of the bridge. This 
resulted in annual cycles with imposed horizontal displacements (d) of 

± 5 mm. Since bridge construction was completed in the summer, the 
bridge initially contracted until the winter, when the minimum longi-
tudinal length was reached. Then, the bridge expanded until the summer 
of the next year and concluded the annual cycle. To represent this 
sequence, the numerical simulations were conducted with the abutment 
initially displacing away from the backfill and then moving towards the 
backfill (O-A-O mode). A total of 50 cycles of prescribed horizontal 
displacements of the abutment were used to simulate the effect of a 50- 
year period on the bridge. 

The phases considered in the numerical simulations included: (1) 
calculation of the initial geostatic stresses in the subsoil; (2) installation 
of the structural elements (sheet piles, anchors, pile cap, abutment and 
PBFM), placement of the granular backfill and application of the loads 
on the abutment, pile cap and backfill; and (3) application of sequential 
prescribed horizontal displacements at the top of the abutment. The 
lateral displacements at the top of the abutment in the daily and annual 
cycles were imposed in ten increments (i.e., five increments in active 
movement and five increments in passive movement). 

Validation of the numerical model 

The numerical model was validated by comparing predicted lateral 
earth pressures against field data collected from the pressure cells 
installed on the Mack Creek semi-integral bridge abutment. To facilitate 
computational efficiency, calculations were restricted to a 100-day 
period, beginning at the start of field monitoring. The numerical simu-
lation involved applying prescribed daily horizontal displacements (d) 

to the abutment top to represent the temperature-induced, cyclic lateral 
displacements of the abutment due to daily maximum expansions and 
contractions of the bridge. 

Fig. 4 shows the daily horizontal displacements estimated using the 
previously described approach. A positive sign corresponds to a 
displacement d when the abutment moves toward the retained backfill 
(passive movement). Most estimated horizontal displacements fall 
within a range of ± 1.5 mm, which corresponds to a normalized 
displacement d/h of ± 0.17 % (where h is the abutment height in contact 
with the backfill). 

The maximum and minimum daily cyclic lateral earth pressures, as 
obtained from field measurements, were compared against the numer-
ical predictions in a 1:1 scatter plot (Fig. 5). Each value from the nu-
merical simulation is the average horizontal stress from 11 stress points 
on the backfill-abutment interface, which correspond to the elevation of 
the pressure cells in the Mack Creek abutment. The relationship between 
numerical predictions and field measurements yielded a Pearson’s 
product-moment correlation coefficient (r) of 0.905, which corresponds 
to a determination coefficient (r2) of 0.82. A Pearson’s coefficient r of 
0.905 indicates a very strong correlation between numerical predictions 
and field measurements [47]. 

Considering the results discussed previously, the response of the 
numerical model is deemed to closely predict the field monitoring data, 
with very small discrepancies between them. Hence, the proposed FE 
modeling and adopted procedures are deemed adequate for the subse-
quent parametric evaluation on the long-term performance of a semi- 
integral bridge. 

Results 

Lateral earth pressures on the abutment wall 

The peak lateral earth pressures predicted for each cycle as a function 
of the abutment height ratio for selected annual cycles is shown in Fig. 6. 
The abutment height ratio corresponds to the elevation from the abut-
ment toe, z, normalized against the height of the abutment in contact 
with the backfill, h. The peak lateral earth pressures represent the values 
obtained when the abutment wall reaches the maximum annual passive 
movement. For reference, predicted pressure distributions correspond-
ing to at-rest, active and passive conditions are also plotted in Fig. 6. 
Active and passive conditions were defined according to Rankine’s 
theory [45], while the at-rest condition was predicted according to Jaky 
[29]. The results in Fig. 6 also show the lateral earth pressures predicted 
using the design methods specified in document PD 6694–1 [12] and in 
the Massachusetts Department of Transportation’s Bridge Design 
Guidelines [38]. Both methods were formulated for integral bridge 

d

n

Fig. 4. Estimated daily horizontal displacements.  
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abutment. 
The method described in PD 6694–1 [12] assumes the use of an earth 

pressure coefficient, K*, over the upper half of the abutment, obtained 
from Eq. (3). The earth pressure coefficient over the lower half of the 
abutment varies linearly from K* to the at-rest earth pressure coefficient 
(Ko). 

K* = Ko +

(
C • d′

h

)0.6

Kp (3) 

where: Ko is the at-rest earth pressure coefficient, calculated as 
1 − sinϕ [29], h is the abutment wall height in contact with the backfill, 
d′ is the wall movement range h/2 below ground level, taken as 0.5 times 
the displacement range at the top of the abutment according to PD 
6694–1 [12], Kp is the passive earth pressure coefficient obtained from 
Eurocode 7 [11] assuming an interface friction angle equal to ϕ/2, and C 
is a coefficient dependent on the backfill Young’s modulus (Es) in MPa, 
calculated according to Eq. (4). A displacement range at the top of the 
abutment of 5 mm was assumed for this analysis and a value of 30 MPa 
was prescribed for Es in Eq. (4). 

C = 0.51ES + 14.9 (20 ≤ C ≤ 66) (4) 

MassDOT’s [38] solution requires that the earth pressure coefficient 
(K*

m) be calculated using the following empirical relationship: 

K*
m = 0.43+ 5.7

[
1 − e− 190(d/h)] (5) 

where d is the total displacement at the top of the abutment (d = 5 
mm) and h is the abutment wall heigh in contact with the backfill. 

The earth pressures presented a nonlinear vertical profile, with 
comparatively higher earth pressures toward the upper third of the 
abutment. The pressure magnitude increased with increasing number of 
cycles and tended to stabilization after cycle no. 10. The pressure dis-
tributions under annual cyclic movements diverged significantly from 
Rankine’s passive earth pressure distribution and from those recom-
mended by PD 6694–1 [12] and MassDOT [38]. The lateral pressures 
due to annual cycles significantly exceeded the distribution by PD 
6694–1 [12] along the entire height after the second cycle. The lateral 
pressures due to annual cycles exceeded Rankine’s passive condition 
distribution and MassDOT’s [38] distribution along the abutment’s 
upper third and above the abutment mid-height, respectively. 

The resultant force corresponding to Rankine’s passive condition 
exceeded that of the FE analysis envelope pressure distribution by 
almost 30 %, while the PD 6694–1 method [12] provided a resultant 
force with a magnitude of about one half that of the envelope pressure 
distribution. The resultant force from MassDOT’s [38] method closely 
matched the distribution predicted in the FE simulation. 

All design methods investigated in this analysis gave unsafe pre-
dictions of the overturning moments on the bridge abutment when 
compared to those predicted by the FE analysis. The shapes of the earth 
pressure distributions obtained with the cycles resulted in higher points 
of application of the resultant force, as compared to the profiles from the 
design methods. In Rankine’s passive distribution and in MassDOT’s 
[38] distribution, the overturning moment was placed slightly above 
one-third of the abutment height, while it was placed at mid-height in 
the distribution of PD 6649–1 [12] method. A lower point of application 
of the resultant force leads to a smaller overturning moment lever arm. 
Particularly, Rankine’s passive distribution of pressures resulted in an 
overturning moment 23 % lower than those determined by the FE 
analysis. 

Fig. 7 shows the evolution of the peak wall reaction ratio (Kwp), 
obtained according to Eq. (6) [20]. 

Kwp =
Pmax

0.5γh2 (6) 

where: Pmax is the maximum total soil lateral force acting on the 
abutment wall per unit length predicted with the FE model, γ is the unit 
weight of the backfill material, and h is the abutment height in contact 

Fig. 5. Measured versus predicted lateral earth pressures in a 1:1 scatter plot.  

Fig. 6. Predicted lateral earth pressure distributions along abutment height for 
select annual cycles and comparison with distributions from design guidelines. 

K
w

p

n

Fig. 7. Results of peak wall reaction ratios for annual cycles.  
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with the backfill. 
It is noted that Kwp presents a significant nonlinear increase within 

the first cycles followed by stabilization. Similar results are reported 
elsewhere [20,52,58]. The escalation and the stabilization of the earth 
pressure coefficient with the cycles is a consequence of soil ratcheting, as 
will be discussed in following sections. 

Backfill soil deformations 

Fig. 8(a)-(b) present contours of accumulated compressive volu-
metric strains (densification) in the backfill soil after completion of cy-
cles no. 1 and 50, respectively. Contours of expansive volumetric strains 
(dilation) are presented in Fig. 9(a)-(b) and cumulative deviatoric 
strains are shown in Fig. 10(a)-(b) for the same cycles. The data shown in 
Figs. 8, 9 and 10 correspond to the north abutment of the bridge. The 
backfill representations in Figs. 8, 9 and 10 are mirrored in relation to 
Fig. 2 to facilitate the use of the vertical (z/h) and horizontal (x/h) axes. 

It is noted from Fig. 8 that the soil densified significantly with 
increasing abutment movements. Soil densification spread over a large 
area within the backfill, although the zone of most significant densifi-
cation occurred at an abutment height ratio (z/h) around 0.7. 
Conversely, expansive volumetric strains occurred in a comparatively 
small region of the backfill near the top of the abutment and extended to 
a horizontal distance (x) of about 0.7 h (Fig. 9(b)). 

A progressive failure involving propagation of an active shear band 
from the abutment toe to the soil surface developed within the backfill 
(Fig. 10). The shear band followed an initially curved path toward the 
abutment toe and reached the backfill surface at an angle to the hori-
zontal (θ) of 60◦, which corresponds to a horizontal distance (x) equal to 
about 0.7 h (Fig. 10(b)). The predicted angle inclination of 60◦ closely 
matched the theoretical inclination of Rankine’s active failure plane. 
Shearing within the active shear band was also significant near the 
abutment top, where expansive volumetric strains occurred (Fig. 9(b)). 
As can be observed by comparing Fig. 10 with Figs. 8 and 9, the zone in 
the soil mass where most volumetric changes and shearing occurred is 
bounded by the active shear band. 

Tatsuoka et al. [52] describes the simultaneous development of an 
active and a passive shear band in the soil mass as the abutment moves 
laterally. This mechanism, named by the authors as “dual ratchet”, was 
confirmed experimentally [22,58,3]. A possible explanation for the 
absence of a passive shear band in the present study could be related to 
the comparatively small magnitude of the relative horizontal displace-
ments (d/h) used in the numerical model, which is deemed insufficient 
to trigger the propagation of a passive shear band in the soil mass. 

The accumulated deformations in the soil due to shearing and 
volumetric changes after each cycle resulted in significant displacements 
of the backfill surface. Fig. 11(a) presents profiles of the deformed 
backfill surface after selected annual cycles. Normalized surficial verti-
cal displacements (s/h), obtained at the end of each cycle, are presented 
as a function of the normalized horizontal distance from the abutment 
wall (x/h). Settlements were maximum at the backfill-abutment wall 
interface and reduced with increasing distance from the abutment wall. 
The maximum settlement trough was observed to develop for cycle no. 

10, after which the settlement trough reduced gradually and soil heav-
ing initiated. The distance from the abutment wall where the backfill 
surface experienced large movements was approximately equal to one 
abutment height (x/h = 1) and encompassed the zone in the soil where 
most volumetric strains and shearing took place (Figs. 8-10). 

Fig. 11(b) shows the evolution of settlements at the top of the 
backfill-abutment interface. It can be noted that settlements increase at a 
comparatively high rate during the initial five cycles and then continue 
to increase but at a reduced rate with increasing loading cycles. A similar 
trend is described by England et al. [20] and Al-Qarawi et al. [3]. 

Discussion 

Long-term cyclic response of the backfill-abutment system 

Lateral pressure variations on the abutment wall and vertical 
displacement variations on the backfill surface depend on the combined 
effects of densification and shearing that take place in the soil mass due 
to the cyclic lateral displacements [20]. Despite the complexity of the 
overall behavior of the soil mass, a simplified analysis based on the 
stress–strain behavior of two distinct elements of soil in the backfill is 
given below to provide further insight into the backfill-abutment cyclic 
response under the framework of the ratcheting phenomenon. 

The selected elements in the backfill material, namely Element A and 
Element B, are located at the same height z = 0.8 h from the abutment 
toe, but at different distances from the abutment wall: Element A is 
positioned near the abutment wall, at a horizontal distance x = 0.06 h, 
while Element B is situated at a greater distance from the wall, at x = 0.5 
h (Fig. 3b). Both elements are bounded by the active shear band prop-
agating with the cycles (Fig. 10). 

Fig. 12 shows the variations of the lateral earth pressure coefficient 
(K), calculated according to Eq. (7), with the soil shear strain (γs) in the 
50 annual cycles of imposed displacements on the abutment. 

K =
σh

σvo
(7) 

where: σh is the horizontal pressure, and σvo is the initial vertical 
pressure prior to the cycles, at the level previously indicated. 

The cyclic behavior of soil Element A resulted in positive shear 
strains, which are associated with compressive vertical strains and 
extensional horizontal strains. Conversely, Element B experienced 
negative shear strains, which implies extensional vertical strains and 
compressive horizontal strains. The evolution of the shear strains in 
Elements A and B was consistent with the formation of a settlement zone 
near the abutment wall and a heaving zone further away from the wall, 
as shown by the profiles of Fig. 11(a). In a granular mass, in addition to 
soil densification, such behavior involves the displacement of particles 
from the zone of settlements to the zone of heaving. This mechanism is 
described by England et al. [20] as “granular flow”. Experimental evi-
dence showing the downward and upward movements of particles close 
and far, respectively, from a wall subjected to cyclic movements can be 
found from the results of small-scale model tests with granular backfills 
reported by several researchers [52,22,3]. 

Fig. 8. Contours of cumulative compressive volumetric strains (%) in the backfill at the end of selected annual cycles: (a) cycle no. 1; (b) cycle no. 50.  
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The stress–strain behavior presented in Fig. 12 for soil Element A 
included open hysteresis loops during initial cycles and closed hysteresis 
loops after many cycles. In contrast, the response of element B involved 
open hysteresis loops throughout all cycles. The open hysteresis loops is 
associated with cumulative shear strains in the soil, while closed loops 
correspond to no accumulated shear strains. Open hysteresis loops are 
an indication that the backfill-abutment system experiences ratcheting 
[26]. 

To investigate the ratcheting phenomenon in greater depth, Fig. 13 
(a) presents the cumulative shear strains (γs,acc) of Elements A and B after 
each cycle, obtained from the stress–strain loops shown in Fig. 12. The 
cumulative shear strains of Element A grew to a maximum extent with 
no further development beyond cycle no. 12. On the other hand, cu-
mulative shear strains of Element B were larger than that of Element A 
and increased with the cycles according to a near liner fashion, without 
showing any tendency of levelling off. In this case, the continuous cu-
mulative shear strains of Element B is associated with open stress–strain 
loops, as shown in Fig. 12. In other words, ratcheting due to shear strains 
takes place in the soil at greater distances from the abutment wall. 

Fig. 13(b) illustrates the evolution of the cumulative volumetric 
strains (εv,acc) in Elements A and B. Soil densification (i.e., positive 
volumetric strains) was observed with both investigated elements and 
increased with the proximity to the abutment wall. The cumulative 
volumetric strain escalation of Element A was rapid during the first three 
cycles and then reduced considerably until cycle no. 15, when it reached 
a steady state. On the other hand, cumulative volumetric strain changes 
of Element B were nearly zero during the 50 cycles of movement of the 
bridge abutment. 

In summary, the simulations showed that, during the abutment cy-
clic movements, cumulative shear strains prevailed in the region of the 
backfill soil far from the abutment wall, while cumulative compressive 
volumetric strains (densification) dominated in the zone adjacent to the 
soil-abutment interface. While densification increased soil stiffness and 
consequently the lateral pressure on the abutment wall, shear strains in 
the soil away from the wall contributed to alleviate the lateral pressures 
on the wall. Ultimately, a balance between both effects was reached, 
resulting in the stabilization of the peak wall reaction ratio, Kwp (Fig. 7). 
Justification for settlements at the soil-abutment interface continuing to 
persist while Kwp stabilized, as shown in Fig. 11(b), was due to the 

continued growth of the cumulative shear strains at a distance from the 
abutment wall (Fig. 13(a)). 

Practical implications 

The numerical analyses conducted as part of this investigation 
revealed that the horizontal cyclic movements of the semi-integral 
bridge abutment lead to a rapid escalation of lateral pressures on the 
wall during the initial few years of operation of the bridge. Two methods 
developed specifically for predicting the lateral pressures behind the 
abutment of integral bridges were assessed: the method proposed by the 
Massachusetts Department of Transportation [38] and the solution 
proposed in PD 6649–1 [12]. The pressure distribution obtained ac-
cording to Rankine’s passive condition was also evaluated for compar-
isons, since several design guidelines propose using passive pressure 
distributions behind integral abutments [4]. 

The analysis of the outcome of these solutions revealed that a design 
approach using the method proposed in guideline PD 6649–1 [12] 
would be unconservative for the studied abutment because it provides 
lateral soil pressures of excessively low magnitudes along the abutment 
height. Conversely, a design approach based on Rankine’s passive 
pressure distribution would overestimate the lateral force magnitudes 
on the wall. Additionally, care should be exercised when applying these 
two methods because both are likely to underestimate the long-term 
growing of the overturning moments on the abutment upon cycling. 
Although a design approach using MassDOT’s [38] method could result 
in good predictions of the long-term lateral force on the abutment wall, 
it would likely result in unconservative overturning moment pre-
dictions. In view of this, analytical methods incorporating pressure 
distributions with higher lateral pressures at the upper third of the 
abutment and lower lateral pressures below that level, should be 
pursued. 

The performed numerical simulations revealed that the annual cyclic 
movements of the bridge abutment result in both settlements near the 
soil-wall interface and heaving at a distance from the wall. Results 
presented in Fig. 11(a) suggest that the differential settlement between 
the abutment and the backfill surface is enough to lead the approach 
road asphalt to cracking at the road-bridge deck interface, which can be 
detrimental to the bridge performance. Accordingly, a field inspection 

Fig. 9. Contours of cumulative expansive volumetric strains (%) in the backfill at the end of selected annual cycles: (a) cycle no. 1; (b) cycle no. 50.  

Fig. 10. Contours of accumulated deviatoric strains (%) in the backfill at the end of selected annual cycles: (a) cycle no. 1; (b) cycle no. 50.  
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conducted 270 days after construction completion visually confirmed a 
depression between the approach road and the bridge deck in both north 
and south bridge abutments [59]. Although other construction issues 
may have also affected the bridge performance, the semi-integral nature 
of the structure may be attributed to such excessive settlements of the 
backfill. 

The vertical displacements of the backfill surface were significantly 
influenced by the cyclic lateral movements of the abutment within a 
distance equivalent to about one abutment height (1 h) from the abut-
ment wall (Fig. 11(a)). Therefore, solutions to reduce the evolution of 
the vertical displacements should be implemented along a distance 
equal to one abutment height from the abutment-soil interface, at 
minimum. Available solutions to alleviate approach problems include 
reinforcing the backfill with geogrid layers [52], backfilling with tire- 
derived aggregate-soil mixtures [5], reinforcing the backfill with geo-
cell layers [58], and using expanded polystyrene geofoam inclusions [3]. 

Concluding remarks 

This paper presented results of a two-dimensional FE investigation 
on the interaction between a semi-integral concrete bridge abutment 
and a granular backfill under cyclic lateral movements of the abutment. 
The numerical model was validated by comparing predicted results 
against field data from pressure cells installed behind the abutment of a 

s/
h

x/h
s/

h

n

Fig. 11. (a) Vertical displacement profiles of the backfill surface for selected 
annual cycles; (b) normalized vertical displacement at backfill-abutment 
interface versus number of annual cycles. 

Fig. 12. Earth pressure coefficient variation for Elements A and B over 50 
annual cycles. 

Fig. 13. (a) Cumulative shear strain changes with the cycles; (b) Cumulative 
compressive volumetric strain changes with the cycles. 
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semi-integral bridge located near the City of Palestine, Texas, USA. The 
response of the backfill-abutment system was assessed for annual ther-
mal amplitudes within a 50-year period. Emphasis was placed on 
examining both lateral earth pressures on the abutment and de-
formations in the backfill soil with the cycles. The results of the nu-
merical analysis obtained herein indicate that:  

(1) Annual cyclic lateral movements of the bridge abutment led to a 
rapid increase of lateral earth pressures behind the abutment 
wall. The locus of maximum lateral earth pressures was predicted 
to occur in the upper third of the abutment, which is inconsistent 
with typical earth pressure distributions assumed in design 
guidelines for integral bridge abutments. However, the pressure 
distribution proposed in the LRFD Bridge Design Guidelines of 
the Massachusetts DOT [38] showed good agreement with the 
lateral pressures obtained on the abutment wall for a range of 
cyclic movements representing a 50-year return period. In 
contrast, the pressure distributions due to guideline PD 6649–1 
[12] and Rankine’s passive earth pressure condition provided 
comparatively low and high lateral forces on the abutment wall, 
respectively, as compared to the pressure distributions obtained 
with the same annual movement range.  

(2) Progressive failure of the backfill soil predicted under annual 
cycles involved propagation of an active shear band from the 
abutment toe, which intersected the backfill surface at an incli-
nation consistent with Rankine’s active failure surface. Strains 
due to shearing and volumetric changes in the backfill soil were 
predicted to accumulate during the cyclic loading, implying the 
development of soil ratcheting. Manifestation of cumulative 
shear strains and cumulative compressive volumetric strains 
(densification) in the soil mass was particularly intense in the 
backfill zone bounded by the active shear band and abutment 
wall face.  

(3) The straining within the backfill soil resulted in a settlement 
trough near the backfill-abutment interface and heaving at 
greater distances. The largest vertical displacements of the 
backfill surface took place within a horizontal distance from the 
abutment wall of approximately-one abutment height. The 
magnitude of the settlement trough predicted to develop with the 
annual cycles is deemed sufficient to negatively impact the bridge 
performance soon after the start of the bridge operation.  

(4) Based on the numerical simulations, cumulative shear strains 
prevailed in the region of the backfill soil far from the abutment 
wall, while cumulative compressive volumetric strains (densifi-
cation) dominated in the zone adjacent to the soil-abutment 
interface. The continued growth of cumulative shear strains de-
notes the occurrence of ratcheting. While densification increased 
soil stiffness and consequently the lateral pressure on the abut-
ment wall, cumulative shear strains in the soil away from the wall 
contributed to alleviation of lateral earth pressures. A balance 
between both effects resulted in stabilization of lateral earth 
pressures on the soil-abutment interface with the cycles. 
Conversely, settlements adjacent to the soil-abutment interface 
persisted with the annual cycles, because of continued growth of 
cumulative shear strains in the portion of the soil away from the 
abutment wall. 
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