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Abstract. Integral abutment bridges (IABs) are widely used worldwide when the
crossing span is short-to-moderate. Due to the elimination of bearings and joints,
the seasonal expansions and contractions of 1ABs are absorbed by the backfill
and foundation. However, during the cyclic expansion and contraction of the
bridge deck caused by temperature variation, the abutment-backfill-embankment
system significantly interacts with the superstructure in a way that is difficult to
predict analytically. In the context of the EPSRC-funded PLEXUS project, a 19
small-scale experiment was conducted to assess the distribution of the earth pres-
sures behind the abutment. The experiment comprised a soil box filled with sand.
A hinged moveable wall was set against the soil to simulate the integral bridge’s
abutment-backfill interaction, and the thermal-induced deformation was intro-
duced by cyclic movements of the wall. This study aims to numerically model
the PLEXUS experiments using OpenSees and its visual toolkit STKO, carrying
out a numerical-to-experimental comparison as well as a numerical-to-numerical
comparison between different finite element (FE) software packages (i.e. Open-
Sees and PLAXIS, ABAQUS). In the OpenSees model, the soil-wall interaction
interface is represented by “EqualDOF” links, and the backfill is considered a
discrete domain with “PressureDependMultiYield02” material. The results indi-
cate good agreement between the numerically predicted and the experimentally
measured response when the soil is modelled as nonlinear in OpenSees while
highlighting specific differences with respect to the different software packages
considered. The strategy using “EqualDOF” for modelling abutment-soil inter-
face and plastic “PressureDependMultiYield02” material showed a relatively sat-
isfactory agreement with experimental results.
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1 Introduction

To prevent the development of damage in conventional bridges from superstructure
deformation caused by vibrations and temperature variations, expansion devices, such
as expansion joints and bearings, are commonly employed to connect various bridge
sub-structures. However, expansion joints and bearings are considered to be weak
points that are relatively short-lived due to the penetration and corrosion of liquids and
chemicals, leading to extra effort and costs in maintaining, repairing, or replacing [1].
The concept of integral abutment bridge is to construct the bridge deck and the abut-
ment as an integral system, not only fundamentally avoiding the maintenance issues
caused by expansion devices but also enhancing IABs with more desirable characteris-
tics compared to conventional bridges: more advanced seismic performance; more ef-
fective construction and larger end-span ratios. In the last half-century, IABs have be-
come popular designs widely chosen in construction practice [2, 3].

Due to the elimination of the bearings and joints, the longitudinal deformation of
IABs is accommodated by the backfill and the foundation; therefore, the abutment-
backfill-embankment system significantly interacts with the superstructure under dif-
ferent loading conditions such as traffic[4], thermal [5] and seismic loading [6]. Espe-
cially during the cyclic expansion and contraction of the bridge deck caused by daily
or seasonal temperature variation, it has been observed that densification occurs in the
backfill, so the earth pressures behind the abutment increase correspondingly over sea-
sons and can exceed the designed bearing capacity of the IAB. This can result in unex-
pected damage; and the mechanism of this soil-structure-interaction (SSI) effect is dif-
ficult to predict analytically.

Efretuei [7] applied PLAXIS 2D to study how the change of backfill soil parameters
and the seasonal temperature change can affect the earth pressures developed on 1ABs.
The PLAXIS model simulated a realistic instrumented IAB with available temperature
and bridge deformation data. As for the case study, the displacement of abutment can
be caused by multiple factors, not just temperature. Thus, the researchers use linear
regression for the recorded temperature and displacement data to create an equation for
temperature and displacement prediction. The bridge was also simulated to be built in
different seasons, and the numerical results indicate that earth pressures mobilised be-
hind the 1AB built over the autumn and summer were lower than the pressures devel-
oped behind the 1AB constructed over the spring and winter.

Caristo et al. [8] tested the performance of a conventional IAB versus a kind of in-
novative isolation system that contains recycled tyres as a compressible inclusion using
PLAXIS 2D. The Mohr-Coulomb model was employed for soil modelling. The tem-
perature change was considered to range from —10°C to 50°C. The whole process was
cycled 120 times with displacements of 227mm, based on PD 6694-1 [9]. The results
indicated that the earth pressures rapidly accumulate behind the abutment wall within
the first 30 load cycles, and then there are only slight changes in earth pressure with
further cycles. However, the heaving of the backfill soil constantly increased in the
whole process. This research verified that this innovative solution using tyres can re-
duce both the earth pressure and bending moment developed along the height of the
abutment.



The EPSRC-funded Priming Laboratory Experiments on Infrastructure and Urban
Systems (PLEXUS) project aimed to explore innovative approaches for SSI analysis.
A series of 1g small-scale experiments were conducted by Luo et al. in the Heavy and
Light Structures Laboratory at the University of Bristol, considering seasonal thermal
loading to simulate the abutment-backfill system and assess the development of the
earth pressures behind the abutment [10, 11]. Numerical analysis is implemented in
accordance with the laboratory tests using FE software OpenSees [12] and its visual
toolkit STKO [13], along with comparisons with results from PLAXIS 2D [14] and
ABAQUS [15] obtained in a previous study [11]. This enables a desirable numerical-
to-experimental comparison as well as a numerical-to-numerical comparison between
different software packages in terms of earth pressure development with loading cycles
and distribution over the movable wall.

2 PLEXUS Small-Scale Experiments

2.1  Experimental Configuration

The experimental system was composed of four main parts: a soil box, a hydraulic
loading system, data acquisition systems, and controlling computers (see Fig. 1). The
total size of the testing box was 1525x1050>1150 mm?3, and the test volume of soil was
1000><1000>960 mm?. Since Particle Image Velocimetry (PIV) method was applied in
the tests, the walls of the box were fabricated with transparent Perspex, which allows
direct observation of the deformation of the backfill.

Fig. 1. PLEXUS 1g small-scale experiments [10, 11].

A 1000 mm high moveable wall was placed in the soil box with a hinge at the base
to simulate the integral abutment. Three types of moveable wall configurations (indi-
cated as S1, S2, and S3) were used in the PLEXUS tests (see Fig. 2a). Type S1 was a
double-layer wall comprising a 25 mm thick Perspex plate and a 25 mm thick timber
plate. Accordingly, the S1 wall can be defined as a flexible integral abutment. Type S2
was a 100 mm single-layer wall made of Polyethylene (PE500), being hinged on a steel
pipe at the base. Type S3 was a multi-layer composite wall including a 40 mm thick



aluminium frame into the Perspex and timber layers. The experimental campaign con-
sidered two groups of loading protocols: group | representing increasing displacements
after every two cycles; group C representing constant displacements at each cycle. Re-
ferring to the previous research from Luo et al. [11], the numerical results show that the
PLAXIS 2D and ABAQUS simulation with a Mohr-Coulomb model can better capture
the development of earth pressure on the flexible abutment than those observed in
stiffer abutments, and it is unable to capture the densification effect of backfill soil [11].
This paper focuses on the test using the relatively stiff type S2 moveable wall with
increasing cyclic loading protocol, and adopts this configuration as a case study in
OpenSees platform. The experimental configuration modelled in this study is indicated
as S2-1-12 in the PLEXUS tests [11]. The Young’s modulus of type S2 Polyethylene
moveable wall is 1100MPa [11].
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Fig. 2. PLEXUS testing configuration (a) section of moveable wall types S1, S2 and S3, (b)
Side view sketch of S2 small-scale test (mm).

The earth pressures were measured by TPC-4000 series Earth Pressure Cells de-
signed to measure total pressure between soil and structures. Three pressure cells were
attached to the moveable wall with their centres respectively at elevations of 240 mm,
480 mm and 720 mm from the box base (see Fig. 3).
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2.2 Backfill Properties

The backfill material employed was dry Leighton Buzzard Sand Fraction B (14/25)
(LBSFB), which is a kind of clean, uniform, subrounded, uncemented natural silica
sand. The initial dry density of the sand in the test was 1.46 Mg/m?, which is relatively
low because the sand was pluviated with a poorly controlled approach and not com-
pacted afterwards. The specific gravity Gs of the sand is 2.65, and the minimum and
maximum void ratios (emin and emax) are 0.635 and 0.83, respectively [16, 17].

2.3 Temperature-induced loading

An actuator was set at the height of 870 mm from the bottom of the soil box to control
the pull-push pseudo-static movements of the moveable wall, to simulate the thermal-
induced bridge deck expansion and contraction. The cyclic displacements imposed by
the actuator started at =5 mm, increased by =5 mm every two cycles and finally
reached the maximum value £30 mm (see Fig. 4a). Fig. 4b shows that the densification
of backfill leads to increasing load corresponding to the same displacement amplitude.
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Fig. 4. PLEXUS S2-1-12 test loading input (a) loading input, (b) Normalised actuator force (by
yH?L) vs wall drift (d/H), (adapted from Luo et al. [11]).

3 Previous Numerical Study using PLAXIS 2D and ABAQUS

The model was put together in plane strain mode in PLAXIS 2D. The movable wall
was modelled as a plate with an elastic material, rotating around its fixed hinge, in
which displacements of the plate were allowed in both the x-direction and y-direction.
To simulate the hinge at the bottom of the moveable wall, a fixed point was added at
the bottom of the moveable plate, preventing displacements at the base in both



directions while rotation was allowed. The backfill (LBSFB) was modelled using the
Mohr-Coulomb model. In the PLAXIS 2D model, the soil-structure interface property
was determined by Riner (interface coefficient), which is a reduction factor of the inter-
face strength ranging from 0 to 1, while Riner= O represents the interface being totally
smooth. Based on PLAXIS Manuals [14] and the interface friction tests conducted by
Potyondy [18], Rinter Was defined as 0.7 for the PE500 wall-sand interface.

In the ABAQUS/CAE 2D model, the moveable wall was simulated to be linear iso-
tropic, formed using shell elements. Mohr-Coulomb model and shell elements were
adopted for the backfill material. The plane strain boundary condition was considered
in the model to minimise container boundary effects. The contact pressure of the wall-
backfill interface was simulated by a hard contact model, while the tangential interac-
tion was described by the static-kinetic exponential decay function. [11]

The passive earth pressure profiles of the two FE models overlapped around the
middle part of the wall. The lower part of the numerical model profiles was less accurate
after the second cycle and became significantly larger for both models with respect to
the experimental profile, not capturing the “arching” effect observed in the experi-
mental results and predicted by analytical models [19], see section 5. This was due to
the Mohr-Coulomb model reaching its limit and not being capable of capturing the
densification in the backfill during cyclic loading [11].

4 OpenSees Modelling

41 FE Models

In the OpenSees model, the moveable wall was simulated as an “elasticBeamColumn”
element. The element property of the backfill soil was represented by 4-node quad ele-
ments with plane strain behaviour (see Fig. 5). Since the backfill can be regarded as a
homogenous cohesionless domain, the constitutive material model was selected to be
“PressureDependMultiYield02” [20] that is based on small-strain shear modulus and
built up to investigate cyclic mobility and pressure-dependent strength of pressure sen-
sitive soils, (see Table 1.). According to the empirical equations from Hardin and Black
[21] and Kramer [22], the small-strain shear modulus of LBSFB was derived as
Go=19800kPa. Considering the typical relationship between soil stiffness and shear
strain given by Atkinson and Sallfors [23], the abutment can be regarded as a retaining
wall, thus the reference shear modulus (Gy) input was defined as G, = 0.4Go = 7900kPa.
The command, “UpdateMaterialStage”, was used to update “PressureDependMul-
tiYield02” material into the analysis step, and two material stages were respectively
applied in the analysis: stage 2 - Elastic with small strain stiffness; and stage 1 - Plastic.
The wall-backfill interface is modelled using “EqualDOF” constraints on node-to-node
links.
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Fig. 5. OpenSees 2D model by STKO.

Table 1. Properties of LBSFB input in OpenSees model for “PressureDependMultiYield02”
material [20].

Parameters LBSFB
Density (p) 1.46 Mg/m3
et moduts 9. 900 kPa
Friction angle (¢) 32°
PeakShearStra 0.1
pressDependCoe 0.5

Phase transformation angle 31<
contracl 0.087
contrac3 0.18
Dilation 1&3 0

5 Results and Comparisons

5.1  Comparison with experiment

Fig. 6a shows the results of the passive earth pressure development on the moveable
wall at maximum wall expansion derived from the OpenSees model with elastic “Pres-
sureDependMultiYield02” backfill behaviour, compared with experimental results.
The figure shows a similar trend of uniform growth in earth pressure during the 12
uniformly increasing cyclic loadings. The maximum value of earth pressure predicted
by OpenSees is far larger than the value of the experimental data, especially around the
upper part of the wall. This is due to the value of earth pressure being mainly propor-
tional to the wall displacement.



Fig. 6b compares passive earth pressures behind the moveable wall derived from the
OpenSees analysis with plastic “PressureDependMultiYield02” backfill material and
the experiment, indicating that the OpenSees plastic simulation can better capture the
cyclic soil densification in the experiment and the arching effect in the earth pressure
distribution. The distribution of earth pressure development from OpenSees plastic sim-
ulation roughly shows reasonable agreement with experimental results, while the values
of the 10" and 12 cycles in the OpenSees model at the location of the middle pressure
cell are close to values from the experiment.
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Fig. 6. Passive earth pressure developed behind moveable wall - results from OpenSees model
(lines) with (a) elastic and (b) plastic backfill compared with experimental results (dots).

5.2 Comparison with PLAXIS 2D and ABAQUS

Fig. 7 shows the comparisons of the passive earth pressures between the three FE soft-
ware solutions, indicating that the OpenSees model with plastic “PressureDependMul-
tiYield02” material has better ability to simulate the soil densification under cyclic
loading. The results from PLAXIS 2D and ABAQUS simulations, based on the Mohr-
Coulomb model, show significant overestimation of the earth pressures. The OpenSees
model still largely overestimates the earth pressures at the location of the bottom pres-
sure cell. After the 4th cycle, however, the upper part of the earth pressure curve from
OpenSees shows reasonable agreement with the experimental values and matches bet-
ter with ABAQUIS results rather than the PLAXIS ones.

6 Conclusion

The development and evolution of earth pressures on integral bridge abutments under
cyclic thermal loading has presented a significant challenge for the design of IABs. The
previous numerical simulations referring to PLEXUS small-scale 1g experiment
showed discrepancies in evaluating the earth pressure behind the abutment. In



particular, the assumption of Mohr-Coulomb soil model was not capturing in full the
experimental behaviour. This paper presented a modelling strategy using OpenSees and
its visual toolkit STKO towards simulating one of the setup configurations of the
PLEXUS tests. “PressureDependMultiYield02” material was employed to model the
soil with both elastic and plastic behaviour with small-strain properties implemented.
The results from OpenSees simulation with plastic “PressureDependMultiYield02”
model showed that this model is more sophisticated to reproduce the experimentally
observed earth pressures, and can capture the soil densification effect. Still, the results
from OpenSees plastic model do not match perfectly the experimental results as the
numerical values increase faster with the progress of cycles. The contact interface be-
tween the soil and abutment was modelled using the “EqualDOF” constraint but an
alternative contact modelling strategy could be explored to improve the match with the
experiment.
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