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Abstract
Integral abutment bridges (IABs) generate strong soil–structure interaction (SSI)
effects due to their high structural stiffness and transmission of inertial and ther-
mal loads generated at the deck directly to the abutments. Despite an increasing
number of experimental and numerical studies available in the literature, there
is a lack of consolidated methodologies to model dynamic SSI phenomena for
IABs, particularly in seismic regions where uncertainties associated with the
induced ground motions render the problem harder to tackle. This study pro-
poses an advanced strategy to model the seismic response of IABs, accounting
for dynamic interaction between the structure, the abutment and the foundation,
including piles and earth retaining walls. To this end, detailed finite-element
studies were carried out employing OpenSees to simulate a recent experimen-
tal campaign on a scaled IAB model in a soil container (SERENA) carried out at
EQUALSLab,University of Bristol, in the framework of SERA/H2020 project. An
extensive dataset in terms of recorded accelerations, displacements, strains and
settlements are available from these tests, including earth pressures which are
back-calculated from bending strain measurements. The objectives of this paper
are threefold: firstly, themodel parameters are explored and assessed critically by
comparing the results from the numerical simulations against the experimen-
tal data; secondly, once the model is deemed sufficiently representative of the
experiments, earth pressures are obtained numerically, as these are not directly
measured in the tests; thirdly, the estimated static and dynamic earth pressures
on the abutmentwall are comparedwith the predictions of two simplified analyt-
ical procedures currently under consideration for inclusion in the new Eurocode
8. The results indicate that records and predictions match well for frequencies
of up to 40 Hz at model scale (about 8 Hz in prototype scale) and confirm
that the proposed modelling strategy can be used in practical applications. The
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quasi-elastic model proposed in this study is shown to provide dependable
predictions for cases involving moderate strains in real-life applications.

KEYWORDS
earth pressures, Eurocode 8, integral bridges, numerical simulation

1 INTRODUCTION

Integral abutment bridges (IABs), often referred to as jointless bridges, are becoming increasingly popular in many coun-
tries being used mainly as highway bridges, overpasses,1,2 and even railway bridges − primarily in Japan3 and Germany.4
IABs are characterised by the absence of joints and bearings between the abutments and the bridge superstructure, lead-
ing to a stiff monolithic structure. This is done mainly to minimise construction and maintenance costs (including the
substitution of joints and bearings due to fatigue), thus avoiding sustained road closures and traffic interruptions. More-
over, their enhanced redundancy prevents the risk of unseating, a common collapse mechanism of conventional bridges
in seismically prone areas (e.g., Ref. 5). On the other hand, thermal stresses, which are aggravated by the absence of joints,
can induce damage on the abutments, especially for long spans, so regulations typically prescribe upper limits in the
maximum allowable length for such structures (e.g., Refs. 6, 7).
Under seismic excitation IABs generate complex dynamic soil–structure interaction (SSI) effects since, due to the lack of

joints and bearings, the response of the deck, abutments and embankments are strongly coupled. Moreover, the dynamic
action on one abutment is influenced by a combination of inertial actions imposed by the bridge deck and the backfill
thrust against the other abutment.
Earth pressures exerted on abutments cannaturally help resist earthquake forces. Still, they can also act detrimentally by

operating likemasses attached to the structure, thereby increasing the internal forces and deformations.8 Due to the above
ambiguities, many codes, most of which apply to non-seismic regions, provide guidelines for estimating the design forces,
especially passive- and active-like static earth pressures on the abutments. For example, the UK PD 6694-17 guidelines
identify two possiblemethods of analysis for IABs: Limit Equilibriummethods and Soil–Structure Interaction. In the latter
case, the soil is modelled explicitly using finite elements to capture the interaction with the structural system as accurately
as possible. As the method requires considerable computational effort, the general practice among bridge designers is
using two separate numerical simulations, different for the structure and the soil, thus complicating the design process.9,10
In seismically prone areas, there is still a notable lack of consolidated design procedures to evaluate earth pressures

behind integral abutments due to the complex dynamic interplay between the IAB and the embankment. Themost widely
employed simplified method is based on the historical Mononobe–Okabe (M–O) equations11,12 and their variants, that
can only provide a rough, often unrealistic, estimate of the earth pressures along the stem of the wall. M–O is based
on the hypothesis of Coulomb’s earth pressure theory which assumes that the backfill reaches an ultimate plastic limit
state and fails as a rigid wedge sliding along a planar failure surface. Besides ignoring SSI effects, M–O and Coulomb’s
theories involve exclusively forces (not stresses) so they cannot predict earth pressure distributions along the abutment
and, hence, the elevation of the overall soil thrust. In IABs, the movement of the upper part of the wall is restrained by the
superstructure, so the backfill does not typically reach an ultimate limit state, especially under passive conditions.13–17
An updated version of Eurocode 8 is currently in the process of approval, including some major advancements with

respect to the current version.18 The new draft of Eurocode 8 Part 2 ‘Bridges’19 goes beyond the current general guidelines
to consider SSI by providing specific rules for IABs, including the interaction between the foundation, the backfill and the
abutment wall. In this context, the seismic analyses of IABs should be carried out using a Force- or Displacement-based
approach, which is detailed in the Code. In the description of the Force-based approach, particulars are also provided on
calculating the total (i.e., static plus seismic) earth pressures.
Regarding the seismic behaviour of IABs, different simplified models have been employed to study the relevant SSI

effects. Length limitations were introduced by Frosch et al.,20 who carried out dynamic analyses in time domain on 2D
Finite Element (FE)models by varying the total length of the bridge and the number of spans, andmodelling the soil using
a series of independent nonlinear springs. Nonlinear dynamic analyses using 3D FE models were employed by various
researchers using established software such as OpenSees (e.g., Refs. 21–23) or SAP200024 (e.g., Refs. 25–27) with the main
scope of obtaining maximum displacements and bending moments on the abutments and piles. In an extensive report,
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LaFave et al.28 identified the most vulnerable areas of the bridge and defined limit states for IABs. Dicleli and Erhan29
investigated the effect of foundation soil stiffness on the seismic performance of IABs. Marchi et al.30 reported on a time-
domain analysis of a simplified soil-bridgemodel developed in OpenSees, in which themethod proposed by Franchin and
Pinto,25 based on distributed nonlinear springs acting between (1) the soil and the abutments and (2) piles, is generalised.
Further, Marchi et al.30 compared their results against those of a sophisticated 3D model of a real IAB-SSI system that
enabled validation of the simplifiedmodel. Based on these numerical models, the same authors proposed in amore recent
paper,31 two equivalent static models using linear elements and soil springs. Gallese et al.32 investigated a case study
of a single-span integral bridge including SSI using OpenSees, and then used the results to validate a simplified design
procedure. The simplified analytical formulations included in Marchi et al.30 and Marchi and Franchin31 are currently
under consideration for inclusion in the new Eurocode 8 on bridges.
A limited number of numerical investigations focus on the estimation of seismic earth pressures. Mitoulis et al.33 high-

lighted the beneficial effect of various mitigation strategies on the response of IABs in terms of earth pressures. To this
end, a 2D model was developed for a single bridge abutment constrained at the top by a horizontal elastic spring (i.e.,
not modelling the entire bridge), including interface elements between the wall and soil. Tsinidis et al.34 identified the
benefits of such improvement strategies bymodelling a three-span concrete IAB in 2D, including SSI. Soil–structure inter-
face was modelled using a finite sliding hard contact interface in this case. Xu and Liu35 carried out numerical analyses
on a single-span, full-height integral abutment bridge model on shallow foundations. The interface comprised thin ele-
ments interposed between the backfill and the abutments. Xu and Liu also investigated the role of compressible inclusions
highlighting a reduction in earth pressures and an increase in bending moment and displacement on the abutments. An
increase in earth pressures was also observed as a function of the bridge deckmass. Finite DifferenceMethod (using FLAC
software) was used by Seid-Karbasi and Fernando36 to obtain dynamic earth pressures on a two-span IAB in Ontario,
Canada, adopting soil springs between the bridge and the soil. Although some of the aforementioned dynamic numerical
models are rigorous, they lack validation against laboratory experiments or field measurements on real bridges. Com-
parisons between numerical and experimental earth pressures are reported only for static and quasi-static conditions,
focusingmainly on the detrimental effects induced by thermal loads (e.g., Ng et al.,37 MuirWood andAl-Qarawi et al.38–46).
Equally, there is a notable lack of numerical studies of IABs focusing on seismic earth pressures validated by experimen-
tal data. A recent work by Fiorentino et al.47 reported on the results of an experimental campaign (SERENA) on a scaled
integral abutment bridge model in a soil container focusing on seismic SSI effects. The tests were conducted at EQUALS
laboratory, University of Bristol, in the framework of the SERA/H2020 project, with the aim of shedding light on the seis-
mic response of IABs and exploring the effectiveness of two mitigation strategies against earth pressures: the release of
pile caps from the foundation and the use of compressible inclusions behind the abutments. An extensive set of probes
installed on the model recorded accelerations, displacements and strains, while the earth pressures were back-calculated
from bending strain data.
In this paper, a 2D finite-element model of the experimental setup is developed in OpenSees, including the soil domain

and featuring advanced strategies to model soil–structure interaction. After a brief description of the experimental cam-
paign, the main features of the numerical model are presented with an emphasis on SSI. Then, a set of numerical results
in terms of accelerations, displacements and strains are reported, showing good agreement with the measured data and
allowing validation of the numerical model. In a further step, the model is used to obtain an estimate of the static and
dynamic earth pressures behind the abutments, which are compared with the predictions of the analytical procedure sug-
gested in the new Eurocode 8 draft, highlighting the importance of a proper evaluation of earth pressures close to the
deck-abutment connection. A remarkable finding is that the relatively small strains induced on the physical model allow
the development of a high-fidelity quasi-elasticmodel capable of capturing the recorded accelerations very closely, leading
to a dependable characterisation of the soil–abutment wall interface.

2 DESCRIPTION OF THE EXPERIMENTAL SETUP

The experimental campaign of SERENA project has been discussed in detail in a previous publication.47 Herein, only the
main features relevant to the shear stack (i.e., flexible soil containment box), the physical IAB model and the instrumen-
tation are presented. The sequence of tests, influencing the behaviour of the rig, is also briefly described. The physical
model of the integral bridge, displayed in Figure 1, was placed into the soil container of EQUALS Lab as follows: first, four
rows of piles were placed in the shear stack, and a first soil layer with a height of 0.4 m, made of Leighton–Buzzard sand
fraction B48 was pluviated. The bridge model, realised in aluminium alloy plates and steel (deck beams), was mounted
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FIORENTINO et al. 4833

F IGURE 1 Experimental setup and instrumentation layout. Number of channels are reported for accelerometers only. All dimensions in
m. The soil domain represented in the numerical model is 4.8 m long and 1 m deep. More details on the rig can be found in Fiorentino et al.47

on top of the foundation layer, and the piles were connected to the footings with bolts and nuts. The pile tips were placed
into a plywood plug at the bottom of the shear stack, resting on a disk-shaped piece of Polyurethane foam to allow for
vertical motion and, thereby, rocking of the pile cap during shaking. Then, a layer of sand was pluviated behind the two
abutments, with a backfill height of 0.6 m and a total soil depth of 1 m.
A total of 60 sensors were employed including 24 accelerometers, 32 strain gauges and four Linear Variable Differential

Transformers (LVDTs) to measure the response of both the bridge and the soil. The accelerometers (18 horizontal and 6
vertical) were installed at the base of the shaking table and on the western wall of the shear stack, Figure 1. A free field
array of four horizontal accelerometers was installed halfway between the external wall of the shear stack and the bridge
abutment. Another group of four horizontal sensors was installed in the backfill. Seven accelerometers (three horizontal
and four vertical) were mounted on the bridge, while three more were installed close to the piles in the foundation soil.
Due to the limited number of channels available in the data acquisition system, most instruments were mounted on the
western side of the shear stack. This positioning was made possible by the symmetry of the system which allowed for
dense instrumentation on one side only.
Ten strain gauges were installed in the central part of the abutment stem wall and four on the footing. Only two piles

were instrumented (Figure 1) using a total of 18 sensors (10 and 8 sensors in the first and second pile, respectively).
On the wall with no strain gauges (eastern side), 3 horizontal and 1 vertical LVDTs were also installed to monitor the
displacements.
As one of the purposes of the study was to explore the beneficial role of applying foam layers behind the abutments, five

different configurations were investigated by varying the number of foam layers between 0 and 2. Different connections
between the pile cap and the foundation (i.e., connected or released) were studied. For the first three tests (where piles
are rigidly connected with the cap), the testing sequence was EPS2-CP, EPS1-CP, noEPS-CP (i.e., two layers of foam and
connected piles, one layer of foam and connected piles, no foam and connected piles, respectively—see Fiorentino et al.47).
At the end of the testing sequence for each particular configuration, the backfill was excavated down to the base of the
abutment to remove the foam layers behind it. The sand was then pluviated back into the emptied area and the tests
were repeated for the subsequent configuration. It is worth noting that the bottom (foundation) soil layer and the piles, as
well as the portion of the soil, including the free field array, were not affected by these operations. The results presented
herein correspond to the reference configuration noEPS-CP, which has no foam layers installed behind the abutments,
and the pile heads are connected to the foundation. It is only for studying the response of the piles that a foam-base
(EPS2) configuration is used− see Section 4.4. This configuration was chosen as a benchmark because it is most common
in prototype IABs. Moreover, the presence of foam layers and the degree of constraint associated with the pile release
increases the uncertainty in the earthquake response, thereby it was deemed less suitable for the numerical validation
pursued herein with the aim of predicting earth pressures.
The ground motions used in the tests were extracted from the European Strong Motion Database49 focusing on Italian

seismic stations (Cascia, Sellano, Amatrice) soil class B and different acceleration intensities based on three different
return periods (TR), namely 50, 100 and 500 years. The ground motions were matching, on average, the 5% damped
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F IGURE 2 2D finite element model implemented in OpenSees/STKO with details of the elements used.

response spectra without scaling the amplitude of the records as per Eurocode 8 spectral matching provisions. The records
were scaled in time by a factor of λt = 5 (‘time compression’) to account for the higher natural frequencies of the scaled
physical model relative to the prototype considering a geometric scaling factor of λ = 10. In addition, to define a ‘bedrock
motion’ as input to the shaking table, the above records were deconvoluted using equivalent linear analysis50 – a justified
simplification in light of the moderate soil shear strains that did not exceed approximately 5 × 10−4. In this work, we con-
sider only horizontal ground excitations S1, S3, S4 (corresponding to a return period of TR = 50 years), S5 (TR = 100 years),
S6 and S7 (TR = 500 years) with PGA values of 0.12, 0.08, 0.14, 0.16, 0.53 and 0.4 g, respectively. In each configuration (e.g.,
noEPS-CP), the earthquake records were applied in a sequence. Intermediate exploratory white noise signals W1, W2,
W3, W4, with a frequency bandwidth 0−100 Hz and 0.005 × g of root mean square acceleration, were applied between
successive seismic tests to investigate the dynamic properties of the rig.

3 NUMERICAL SIMULATION OF SHAKING TABLE TESTS

3.1 Numerical model

Despite some simplifications as to the material behaviour of the soil, the modelling strategy adopted in this work includes
a number of state-of-art techniques which are often employed in cutting-edge software such as ABAQUS,51,52 FLAC36 and
OpenSees (e.g., Refs. 53, 54).
The aimof the numericalmodel is to reproduce the response of the experimental setup (‘modeling themodel’ approach),

so the dimensions adopted are those of the physical model (see Figure 1). The open-source finite element (FE) platform
OpenSees55 was adopted for the simulations. Different element types were used to represent the superstructure, piles,
soil and the interface elements (Figure 2): (a) elastic beam-column elements for the deck beams and the footings; (b)
displacement-based beam-column elements for the abutments and the piles; (c) 2D brick Quad elements for the soil and
the free-field soil columns; (d) Contact2D elements56 for the interface between the abutments and soil domain and (e)
zero-length elements to connect the free-field columns to the main soil domain.
The mesh of the bridge–foundation–soil system was defined in 2D, considering the plane deformations (plane strain

condition) of the tested physical model, which was excited along a single axis. The 2D mesh, including 6502 nodes and
7666 elements, was generated and visualised using the pre/postprocessor software STKO.57 A TRBDF258 solution scheme
withNewton–Raphsonwith line search iteration (error tolerance ε= 10−4 and time step Δt= 1.952× 10−3 s) was adopted in
the analyses. Under the hypothesis of small strains and displacements, and non-linear interfaces (see description below),
the numerical model, including the abutment and piles, is deemed to behave as a quasi-elastic object (see Section 3.2).
The materials characterising the bridge model, footings and piles (i.e., aluminium and steel) were modelled as Elastic

Isotropic. The four steel bridge deck beams (with γst = 78.5 kN/m3, Est = 210 GPa, νst = 0.3) are modelled as an elastic
beam-columnwith a length of 1m subdivided into 32 elements and a sectionwith awidth of 0.4m and thickness of 0.03m.
The abutments (modelled with 21 elements), footings and piles (14 elements) used aluminium properties (γal = 27 kN/m3,
Eal = 69 GPa, νal = 0.3). It is noted herein that considering the self-weight of the materials is important as the simulations
are non-linear. The discretisation of the structural elements matches the FE mesh of the soil domain. All the constraints
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FIORENTINO et al. 4835

F IGURE 3 Contour map (numerical results) of the peak shear strains derived by dividing the velocities obtained with the OpenSees
model by VS = 105 m/s.14,64 Yellow square markers indicate the position of the accelerometers. Sample maximum values (numerical and
measured) are also reported for channel 13 (see Figure 1).

between the different components of the bridge were considered fixed, including the connection between the piles and
the footings (pile cap). The bridge abutments were modelled as displacement-based beam-column elements with a height
of 0.57 m, width of 0.95 m and thickness of 0.032 m.
The interface between the abutment walls and the soil was realised by means of beam-to-node contact2D (C2D)

elements.56,59,60 These elements define a tensionless-frictional interface between the beam element (abutment) and the
soil nodes, allowing for separation between abutment and soil as well as sticking and slipping using a regularised Coulomb
law. The width of the abutment wall is represented in the model by a slightly modified geometry, where the distance
between the soil elements and the axis of the beam-column element is half the abutment wall thickness (i.e., 0.016 m),
thus creating a gap between the beam-column element and the soil to represent the constant width of the abutment wall.61
In addition, the beam-column element nodes are modelled so that each one falls in the middle of each soil quad element
(see Figure 2). In OpenSees, the C2D material is assigned to the C2D elements, defined by two main parameters, namely
the interface frictional coefficient μ and the interface stiffness Gi. The parameters of the C2D elements were chosen as
𝜇 = 0.3 and 𝐺𝑖 = 108 kPa. The value of μ was selected according to available studies on friction coefficients for piles in
contact with Leighton–Buzzard sand.62 Footings were modelled as elastic beam-column elements with a section width of
0.95 m, depth of 0.4 m and thickness of 0.032 m. The 16 aluminium foundation piles were also modelled as displacement-
based beam-column elements. A boundary release was assigned at the pile tips to allow for vertical displacement and,
therefore, rocking of the abutment.
Since the model deforms in plane strain mode, for each of the four pile rows a 1- m-long rectangular plate was defined

for each row. To derive the plate thickness, the flexural stiffness of the piles in the real three-dimensional case (D3D) was
set equal to the one under plane strain condition (D2D). To this end, the flexural stiffness of a plate47,63 with thickness tw
was employed, defined as (see Figure 3A):

𝐷2𝐷 =
[
𝐸𝑝∕

(
1 − 𝜈2

)]
𝑡3𝑤∕12 (1)

where Ep is the elastic modulus of the piles and ν is the corresponding Poisson’s ratio. On the other hand, the flexural
stiffness of a single hollow pile in three dimensions is:

𝐷3𝐷 = (𝜋∕64) 𝐸𝑝
(
𝑑4 − 𝑑4

𝑖

)
∕𝐵 (2)

where d and di are the external and internal pile diameters, respectively, and B is the width of soil considered (in the
analysis at hand, B is the width of the shear stack). By equating D2D and D3D for a row of n piles and considering the
material properties to be identical in the two cases, the resulting equivalent wall thickness tw is:

𝑡𝑤 =

{
3

16
𝑛 𝜋∕𝐵 ⋅

(
1 − 𝜈2

)
⋅
[
𝑑4 ⋅

(
1 − (𝑑𝑖∕𝑑)

4)]}1∕3

(3)

A similar formulation has been proposed by Ochmański et al.65 In the present study, the piles have an outer diameter
𝑑 = 22.2 mm, with each row formed by 𝑛 = 4 piles having 𝐵 = 1 m, pile wall thickness 𝑡p∕𝑑 = 0.055 and an internal
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4836 FIORENTINO et al.

diameter di = 19.8 mm. Assuming a Poisson’s ratio of 0.3 for the pile, the estimated equivalent thickness of a row of four
piles tw is 5.8 mm. It is noted that ignoring the effect of Poisson’s ratio in Equation (3) (as the plane strain condition in the
soil container might not be perfectly satisfied), leads to a smaller wall thickness tw by only 3% − a negligible difference
from a practical viewpoint.
The soil domain was modelled using quad elements (FourNodeQuad). To ensure a good resolution of the mesh in

terms of captured wavelengths, an upper bound was defined for the element size in the numerical model. This can be
evaluated by defining the highest (‘cut-off’) frequency for the best resolution, computing its wavelength and evaluating the
maximum element size. For a cut-off frequency of 100 Hz at model scale, the corresponding minimumwavelength would
be 𝜆 = 𝑉s∕𝑓max= 105∕100 = 1.05 m, where 𝑉s= 105 m∕s is the minimum shear wave velocity of the system (backfill
layer). For a minimum of 𝑁 = 10 elements per wavelength, the maximum element dimension should be ℎ𝑒𝑙𝑒 = 𝜆∕𝑁 =

1.05∕10 = 0.105 m. In the numerical model, a finer mesh with element size of 0.03 m was adopted, which amply fulfills
this requirement.
The soil material characteristics used in the simulations are those reported in Fiorentino et al.47 These nominal param-

eters were estimated from geotechnical tests performed on Leighton–Buzzard sand as part of the SERENA project. They
were obtained at the beginning of the experimental campaign without considering the measured response during the
tests.
Under the hypothesis of small strains, the soil material was defined as Elastic Isotropic. In accordance with the parame-

ters described in Fiorentino et al.,47 the values of the Elastic modulus E and themass density ρwere taken equal to 73MPa
and 1.6 Mg/m3 for the foundation, and 44 MPa and 1.53 Mg/m3 for the backfill soil layers. Previous experimental results
obtained using the large soil container of EQUALS laboratory resulted in identifying the damping ratio of the SSI system in
the range of 3%−6%66 and around 5%.15 Therefore, a damping ratio ξ of approximately 6% was assumed and implemented
in the numerical model via Rayleigh damping. As will be shown in Section 3.2, this assumption is consistent with the
experimental measurements.
Viscous transmitting boundaries67 are often adopted in numerical SSI formulations to model the unbounded ‘outer’

medium by introducing dashpots at the boundaries of the mesh to permit the necessary energy radiation and prevent
spurious wave reflection. Although the soil container does not generate radiation damping, this modelling strategy was
adopted in this study to demonstrate its applicability to real bridges where energy radiation effects are important. At the
base of the model, a shear wave velocity VR = 400 m/s and a mass density ρR = 2 Mg/m3 were assumed for an underlying
half-space, leading to an impedance coefficient IR = VR ρR / (VS ρS) of about 4. This was done to mimic the amplifica-
tion observed in the experiments, where the shear wave velocity is low (Vs ≈ 100 m/s) relative to the underlying ground
material. This is deemed sufficient to prevent the development of radiation damping at the base of the model.68–70 When
the seismic excitation is defined at the base of the model, an extension of the rig is required (e.g., Refs. 71, 72) so free-field
boundary conditions are introduced by defining two elastic free-field columns, connected to themain soil model bymeans
of zero length elements (see Figure 2). Free-Field Boundaries (FFB) are defined by fixing the base nodes, assuming that
the underlying material is bedrock, while the other nodes of the FFB are tied together using equal DOF constraints to
achieve a simple shear deformation pattern. The shear wave velocity assumed for the sides of the soil container are equal
to those of the soil layers (foundation and backfill, respectively).
The Lysmer–Kuhlemeyer (LK) tractions per unit area fx and fy can be evaluated71 for the X and Y directions,

respectively as 𝑓𝑥 = −𝜌𝑉𝑝𝑢̇ and 𝑓𝑦 = −𝜌𝑉𝑠𝑣̇ where ρ is the mass density of the soil, Vs and Vp are the S- and P-
wave propagation velocities of the dry sand and 𝑢̇ and 𝑣̇ are the absolute particle velocities in x and y directions. In
the numerical model, the velocity-proportional force time-history is applied at the base of the finite element mesh.
The assumption of an equivalent linear visco-elastic material for the soil is justified as the soil behaves in a ‘stress-
strain’ regime, i.e., away from failure and where deformations are bilateral, so that equivalent linearity endures.47
This condition can be verified by evaluating the peak shear strain attained during the experimental tests, that can
be evaluated in an approximate manner as 0.2–1.7 times the ratio PGV/VS,14 where PGV is the Peak Ground Veloc-
ity and VS is the propagation velocity of shear waves in the soil. The dimensionless multiplier can vary between 0.2
and 1.7, with 1 being a commonly adopted mean value for horizontal ground motion,64 which is exact for harmonic
excitation. Figure 3 shows the contour map of the peak shear strains γp evaluated using VS = 105 m/s for the back-
fill and the velocities computed with the OpenSees model. The maximum values are also reported at 6.9 ×⋅10−4 and
6.7 ×⋅10−4, for ‘numerical’ and ‘measured’ strains, respectively. Evidently, since the amplitude of strains is modest,
the soil is away from failure and the assumption of equivalent linearity is justified for interpreting the experimental
results.
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FIORENTINO et al. 4837

3.2 Static and dynamic analyses

In the experimental campaign, the piles were first installed in the soil container, held in position by a wooden jig, then
the foundation soil was pluviated to achieve the depth of the pile heads (0.4 m from the container base). Subsequently,
the bridge model was positioned and connected to the pile heads. Finally, the soil was pluviated reaching a height of
1 m from the bottom. After testing each configuration, the backfill behind the abutment wall was excavated, allowing the
repositioning of the compressible inclusion layers.
The aim of the static analysis in the numericalmodelwas to reproduce these construction steps as accurately as possible.

Initial State Analysis in OpenSees allows development of an initial stress field while keeping the original geometry of the
problem. First, an Initial State Analysis was carried out by introducing the unit weight of the Foundation soil layer (𝜌 =
1.6 Mg∕m3) and the bridge model (the weight of the piles is neglected). This analysis was performed to take into account
the gravity analysis of the construction stages before applying theweight of the backfill soil without affecting the geometry
of the system. Then, a second gravity analysis with the weight of the backfill soil was performed (𝜌 = 1.5 Mg∕m3). The
values of ρ for each soil layer were determined by using the measured weight of the sand pluviated at each soil layer and
the depth of the layers.47 Given the non-linear nature of the soil–structure interfaces, establishing the initial stresses is
essential for the numerical simulations.
During static analysis, the base of the model is fixed both in x and y directions, and zero friction is assigned along the

contact interface between the wall and the soil. During dynamic analysis, the base is fixed for the vertical displacement,
the friction is activated along the contact interface; Rayleigh damping and the absorbing boundaries are applied and the
dynamic analysis is carried out. The transient analysis is carried using the exploratory white noise (Wi) and the seismic
records (Si) each as a single dynamic analysis.

4 SIMULATION OF DYNAMIC RESPONSE

4.1 Fundamental frequency of the system

The numerical modelling strategy described in the previous section was first validated against analytical results. The
natural frequencies of a two-layer sand deposit can be derived using available analytical solutions (e.g., Refs. 73–75). In
the numerical model, the shear modulus is assumed constant for each layer. The cyclic natural frequency 𝜔𝑛 can be
evaluated according to the Rayleigh equation of Durante et al.75:

𝜔2𝑛 =
[
5 𝑙31 + 5𝛼

(
1 − 𝑙31

)] [
𝑙51
(
3𝛼2 − 5𝛼 + 2

)
+ 5𝛼 𝑙31 (1 − 𝛼) + 2𝛼

2
]−1

(𝑉𝑆1∕𝐻)
2 (4)

where H is the total height of the deposit, 𝑙1 = ℎ1∕𝐻 is the dimensionless thickness of the upper layer, Vs1 = 105 m/s
and Vs2 = 133 m/s are the shear wave velocities at the base of layer 1 (backfill) and layer 2 (foundation), respectively and
𝛼 = (𝑉𝑠1∕𝑉𝑠2)

2. The resulting analytical natural frequency (𝑓𝑛,𝑎𝑛 = 𝜔𝑛∕2𝜋) is 30.7 Hz. A numerical model of the double-
layered soil container full of sand,with a total of 6902 nodes and 7604 quad elements, wasmodelled inOpenSees, providing
an almost identical numerical natural frequency of 30.6 Hz. Both the analytical and the numerical results are consistent
with the results obtained during the design process of the shear stack (completely filled with sand), exhibiting ameasured
natural frequency of about 31.5 Hz for a Leighton–Buzzard Fraction B sand with relative density around 90%.76 From the
cyclic frequency of the deposit and considering low values of hysteretic damping, it is possible to compute the analytical
Transfer Function (TF) using the familiar expression69:

𝑇𝐹 (𝑓) ≅
[
cos2𝐹 + (𝐹 𝜉)

2]−1∕2 (5)

where F is the dimensionless frequency ratio 𝐹(𝑓) = 𝜔𝐻∕𝑉𝑠 = 𝜋𝑓∕2𝑓𝑛,𝑎𝑛, f is the excitation frequency and ξ is the hys-
teretic damping ratio of the system. By inverting Equation (5) and knowing the experimental transfer functions, it is
possible to back-calculate the damping ratio ξ.
The experimental and numerical transfer functions can be obtained as the ratio of the Cross Power Spectral Den-

sity (Sxy) to the Power Spectral Density (Sxx) for an easier identification of dominant vibration modes15,77,78: 𝑇𝑥𝑦 (𝑓) =
𝑆𝑥𝑦(𝑓)∕𝑆𝑥𝑥(𝑓). The transfer functions were evaluated using as input the acceleration recorded (or simulated) at the
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4838 FIORENTINO et al.

F IGURE 4 (A) Measured and numerical Transfer Functions for Free Field Array (ch3–ch6) sensors under white noise excitation;
measured versus numerical acceleration time histories at top (B) and bottom (C) sensor of the free field array zoomed in the interval t [3,5] s.

bottom and top of the free field array. The measured frequencies were 34 Hz for W1, 33.4 Hz for W2 and 33.1 Hz for
W3 and W4, corresponding to an average uniform damping ratio of 5.3%, 5.8%, 6.3%, and 5.7%, respectively. This is con-
sistent with the damping ratio of 6% adopted in the numerical model. Figure 4A shows the numerical and experimental
TFs for white noise W2, in comparison with the analytical transfer function (Equation 5). For the numerical results, two
TFs are reported i.e., the model with radiation damping at the box sides and the one without radiation damping (30.5 and
30.8 Hz, respectively). It is evident that the natural frequency is practically the same for the two models, while the ampli-
tude is naturally higher in the absence of radiation damping. The good agreement with the analytical TF is evident in the
graphs. The experimental TFs are reported both for the benchmark configuration (noEPS-CP), for which a frequency of
33.4 Hz was obtained, and the EPS2-CP which had a frequency of 31.1 Hz. The better agreement between the numerical
results and the latter case stems for this being the first test to be carried out, therefore it likely had a lower density with
respect to the benchmark case, which was the third configuration investigated. Overall, the comparison between records
and predictions is meaningful.
Regarding the natural frequency of the bridge physical model, the modal analysis in OpenSees of the fixed-base bridge

alone displayed in Figure 5A fixed at the level of the pile cap (i.e., without interaction with the foundation and backfill
soil), yields a natural frequency at the fundamental mode of 48.3 Hz, Figure 5D. The corresponding frequencies with SSI
are obtained by evaluating the transfer function between ch16 and ch20 (bottom and top sensors on the bridge model
structure). As contact2D elements impose unilateral constraints, to represent the initial elastic behavior equal DOF con-
straint was assigned to the wall/soil interface to evaluate the natural frequencies. In Figure 5D, the frequency observed
during tests (42.1 Hz) is compared with those obtained with the numerical model for the SSI with the foundation only
(Figure 5B) and the full model (Figure 5C), giving 41.3 and 41.8 Hz, respectively− a 15% drop relative to the fixed-base case
which is considerable given the strong restraining action of the abutments. The natural frequency of the structure is also
evident as a secondary resonance in Figure 4.

4.2 Acceleration and displacement response

The results in terms of acceleration and displacement time histories obtained using the numerical model match well the
experimental data measured in the soil and on the bridge. First, the time series of the acceleration responses recorded
during the tests are compared with the simulated ones. Due to the ‘compressed’ time scale of the records relative to the
prototype, the figures of the acceleration and displacement time histories are displayed between 3 and 5 s. In all figures,
the measured values are represented with black solid lines, while the numerical ones are displayed with red (record S7) or
blue (record S1) lines representing high and low input values of PGA, respectively. Figure 4B,C shows the results for the
bottom and top sensors (channels 3 and 6 in Figure 1) of the free field array for record S7. In Figure 4C, at the bottom of
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FIORENTINO et al. 4839

F IGURE 5 Evaluation of the fundamental frequency of the bridge physical model and bridge-SSI system. Left panel: (A) fixed—base
model (without SSI); (B) model including SSI with foundation layer only; (C) full model. (D) Measured and numerical Transfer Functions for
the different models a, b, c.

F IGURE 6 Measured versus numerical accelerations on the bridge model for records S7: (A)–(B) backfill array (ch11–ch10) and (C)–(D)
bridge (ch20–ch16). Channel numbering is shown in Figure 1.

the soil layer, the numerical values follow accurately the measured values, with the exception of the negative peak which
is −0.21 g for the numerical and −0.27 g for the measured data, respectively. In Figure 4B, at the top of the soil layer,
the numerical peaks are slightly higher than the measured ones. The main numerical peaks are slightly out of phase with
respect to themeasures values: the negative peaks happen at 4.06 and 4.07 s with values of−0.49 and−0.28 g, respectively,
while positive peaks have a shift of about 0.02 s (4.08 s vs. 4.1 s), and the amplitudes of the first peak are 0.56 and 0.36 g in
the numerical and experimental results, respectively.
Figure 6 presents the acceleration responses for the backfill array and on the bridge. The responses of ch10 and ch11 (i.e.,

Figure 6A,B) are particularly important because of their proximity to the abutment boundary and the contact2D interface.
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4840 FIORENTINO et al.

F IGURE 7 Fourier amplitude spectra of measured versus numerical results. (A) Top backfill accelerometer (ch6); (B) top bridge
accelerometer (ch20). Note the good agreement between the two curves for frequencies of up to 50 Hz.

Figure 6B, at the bottom of the soil, shows an accurate match with the measured values before and after the peaks, while
the amplitudes of the negative peaks are at −0.39 and −0.24 g, and those of the positive peaks are 0.43 and 0.35 g, for the
numerical and experimental case, respectively. The match in Figure 6A is also good, with negative peaks reaching −0.52
and −0.35 g, while the positive peaks reaching 0.58 and 0.33 g, for the numerical and experimental data, respectively.
Similarly to the results shown in Figure 4B,C, the measured peaks at the top of the soil layer are out of phase by a time
shift of 0.02 s. At the bottom of the bridge (see Figure 6D), negative peaks reach −0.3 and −0.22 g, while the positive
peaks are at 0.33 and 0.3 g, for the numerical and experimental case, respectively. At the top of the bridge (see Figure 6C),
negative peaks at −0.56 and −0.37 g, while the positive peaks are 0.6 and 0.46 g, for the numerical and experimental
results, respectively. The match is better for the bottom sensors in the free field, in the backfill soil and on the bridge. In
the top sensors, there is also a larger shift between the positive maxima. Overall, the comparisons between recorded and
predicted time histories indicate a good match before and after the highest peaks, while the accuracy of the numerical
solution deteriorates at locations near the soil surface both for maxima and minima.
The good agreement between the measured and computed accelerations in terms of frequency content is shown in

Figure 7, where the Fourier Amplitude Spectra (FAS) are provided for ch6 at the top of the backfill (Figure 7A) and ch20
at the top of the bridge (Figure 7B). The agreement is indeed excellent in the range 1−50 Hz for both cases.
Figure 8 shows numerical results in terms of contour plots of acceleration distributions for record S7, compared with

measured values (yellow square markers). Figure 8A illustrates the acceleration values at the times when the acceleration
is minimum (negative), which are 𝑡 = 4.02 s and 𝑡 = 4.03 s in the numerical and physical model, respectively. It can be
observed that there are some differences in the spatial distribution, but this is expected as the comparison shows data
for the same time instant. For example, for ch3, the measured acceleration is equal to zero at 𝑡 = 4.02 s, but this is due
to maxima not happening simultaneously at different points. Figure 8B depicts the acceleration values at 𝑡 = 4.06 s and
𝑡 = 4.07 s for the numerical and experimental case, respectively, which are in good agreement. Overall, the experimentally
measured traits of the wave propagation throughout the soil domain are well captured in the numerical simulations.
In both cases, there are areas of high accelerations (up to 0.6 g) in the backfill, at the interface between the soil and

the abutment just below the deck-abutment connection. This is one of the areas that should be checked carefully in real
integral bridges, as it is where settlements and gaps between the abutment, the embankment, and the transition slab are
concentrated.79,80
Figure 9 shows a comparison of numerical results in terms of relative displacements at the location of the LVDT at the

top of the bridge abutment. The results for record S1 (low acceleration input) showmaxima of 0.012 and 0.032 mm for the
numerical and the experimental case, while the negative minima are −0.016 and −0.034 mm.
For S7 (Figure 9B), the numerical displacements follow the measured ones up until 𝑡 = 3.5 s, where the measured

values become higher (0.22 mm compared to 0.11 mm in the numerical model, then −0.17 and −0.1 mm). Evidently,
there is a slight shift between the phases (0.01 s) of the displacements. Overall, the relative displacement is smaller in the
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FIORENTINO et al. 4841

F IGURE 8 Contour plots of accelerations distribution for record S7 along the 2D model versus measured results (zoom on the
instrumented part of the soil box) at the instant corresponding to the (A) maximum (step 2079 for numerical and 2083 for measured response)
and (B) minimum (step 2061 for numerical and 2063 for measured response). Yellow square markers indicate the position of the
accelerometers as shown in Figure 1.

F IGURE 9 Comparison between
measured and numerical relative
displacement at ch59 LVDT location with
respect to ch57 LVDT [top and bottom of the
left abutment wall for experimental tests (A)
S1 and (B) S7].
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4842 FIORENTINO et al.

F IGURE 10 Numerical versus recorded responses: maximum bending strains on abutments (A) towards the soil (t = 4.06 and 4.07 s for
the numerical and measured response, respectively); (B) away from the soil (t = 4.08 and 4.09 s for the numerically evaluated and measured
responses, respectively).

numerical model relative to the measurements. This is the case for both low (S1) and high intensity accelerations (S7),
see Figure 9A,B respectively. This is likely due to the boundary conditions and constraints in the numerical model which
result in a less deformable SSI system. The comparison of frequencies in Figure 5B suggests that this is indeed the case,
i.e., the natural frequency of the numerical model is slightly higher than the estimated frequency of the physical model,
even if the difference is small.

4.3 Bending strains on the abutments

The results obtainedwith the numericalmodel on the abutmentwall are compared inFigure 10with the experimental ones
in terms of bending strains. The numerical model captures the trends measured by the strain gauges in the experiments.
It is observed that the variation of bending with depth is not hydrostatic and is symmetrical in both directions, following
a parabolic-like curve.
Figure 10 displays the bending strains at the time instant of the maximum (towards the soil, Figure 10A) and minimum

(away from soil, Figure 10B) versus dimensionless depth 𝑧∕𝐻, where z is depth andH the height of the abutment wall. In
the time histories (Figure 10C,D), it is evident that the peaks are out of phase between the numerically predicted and the
measured response. Therefore, in Figure 10A the values are relative to 𝑡 = 4.06 s for the numerical and 𝑡 = 4.07 s for the
measured, while in Figure 10B the values refer to 𝑡 = 4.08 s for the numerical and 𝑡 = 4.09 s for the measured.
The influence of kinematic and inertial interaction on the response of the soil–abutment system was investigated

in the numerical model by comparing the most complete simulation which includes the deck mass, representing the
total response of the soil–abutment system, to a simulation without deck mass (red dotted line), thereby accounting for
kinematic response only.
The bending strain response is displayed in terms of time histories for the top and bottom location of the strain gauges

with orange and green markers, respectively. The maxima are highlighted with different markers, i.e., circular (measured
response), square (kinematic response) and triangular (total response). In Figure 10A, at the top the values of the bending
strains are −8.2 ×⋅10−6, −9.8 ×⋅10−6 and −3.9 ×⋅10−6, while at the bottom they are 1.62 ×⋅10−5, 1.89 ×⋅10−5 and 1.6 ×⋅10−5
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FIORENTINO et al. 4843

F IGURE 11 Comparison of bending strains on the foundation piles. Bending strain on the left instrumented foundation pile at two
instants of the time history response: (A) t ≈ 4 s and (B) t ≈ 4.1 s. Measured values, noEPS-CP (dotted black line), numerical—contact2D (light
blue line) versus numerical—equal DOF results (red solid line). The highlighted locations indicate those of the top (orange) and bottom
(green) strain gauges used for the comparison of bending strain time histories of (C) and (D). Circle, square and triangle markers indicate
measured, total numerical and kinematic (i.e., without deck mass) numerical responses.

for the kinematic, total and measured response, respectively. In Figure 10B at the top the values of the bending strains
are 6.8 ×⋅10−6, 8.6 ×⋅10−6 and 4.3 ×⋅10−6, while at the bottom they are −1.4 ×⋅10−5, −1.65 ×⋅10−5 and −1.9 ×⋅10−5 for the
kinematic, total andmeasured response. The total response is naturally larger than the kinematic one, while themeasured
values are lower than the numerical ones at the top and at bottom of the abutment, except for one case where at the bottom
the kinematic andmeasured response attain similar values. This suggests that the actual degree of fixity between the deck
and abutment is probably lower than the perfectly encased condition assumed in the numerical model (see Ref. 47).

4.4 Bending strains on foundation piles

In the experiments, the piles were hollow cylindrical aluminium piles spaced at distances S = 300 mm, i.e., the ratio
S/d ≈ 13.5. Therefore, the piles behave as solitary elements rather than as a group.81,82 Analysing their response requires
solving a three-dimensional (3D) problem, while the numerical model proposed in this study assumes plane strain con-
ditions (2D). As a result, in addition to the aforementioned equivalence in terms of flexural pile stiffness in two and three
dimensions, the frictional shear tractions developing at the pile-soil interface should be considered. Some authors (e.g.,
Ref. 65) have proposed methods to include these forces in 2D models, while the trend in geotechnical engineering is to
employ simplified Winkler models for considering SSI effects on piles, in which these actions are inherent (e.g., Refs.
83–85). Some commercial software, such as PLAXIS2D,86,87 convert 3D problems in 2D plane strain numerical models.
Despite the considerable number of experimental studies on piles, only a few have investigated the ability of 2D models
to reproduce dynamic experimental results, and most commonly discrepancies between measured response and numer-
ical simulations are reported (e.g., Ref. 88). Conversely, there are several studies demonstrating good matching between
3D numerical models and measured results (e.g., Ref. 89) but not for the complex case of abutment-backfill-foundation-
subsoil system. A comprehensive discussion on this topic lies beyond the primary scope of this work that focuses on earth
pressures.
To compare measured and numerical results on piles, Figure 11A,B shows a comparison between the measured bend-

ing strains on the left instrumented pile and the numerical results for noEPS-CP configuration at two different instants,
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4844 FIORENTINO et al.

namely 4 and 4.1 s. In addition to the case with equal DOFs condition along the piles (red line), bending strains were
also evaluated using a model with contact2D elements along the piles (light blue line), which has the effect of lower-
ing the depth of the maximum bending moments along the pile, while the maximum value at the top decreases. For
the numerical results the instants corresponding to the peaks providing a similar shape of the measured response were
chosen.
The numerical results with the equivalent thickness of the sheet pile, here denoted as EI (see Section 3.1) and with

equal DOFs are comparable to the experimental ones at the top, while lower in the pile they are smaller. The com-
parison with the results obtained by using contact2D elements shows that the point of maximum moment drops from
about 2.7 to 7 pile diameters, while the maximum bending strain is not increasing. It can also be observed that at cer-
tain instants (e.g., t ≈ 4 s, Figure 11A) the matching between the measured and the numerical model with contact2D
is very good, while in others (e.g., t ≈ 4.1 s, Figure 11B), measured values are much larger along the pile. Figure 11C,D
shows the time histories of bending strains for the location of the top two sensors along the left instrumented pile.
Orange and green markers indicate the first and the second sensor from the top, respectively, while the maxima are
highlighted with different markers, i.e., circular (measured response), square (Contact2D) and triangular (equalDOFs).
At t ≈ 4 s at the top sensor, the bending strains are −1.95 × ⋅10−5, −1.7 × ⋅10−5 and −1.4 × ⋅10−5, while for the second
sensor they are −4.6 × ⋅10−6, 5.4 × ⋅10−6 and −2.4 × ⋅10−6 for the contact2D, equal DOFs and measured case, respec-
tively. At t ≈ 4.1 s at the top sensor, the bending strains are −1.7 × ⋅10−5, −2.9 × ⋅10−5 and −3.8 × ⋅10−5, while for the
second sensor they are −2.7 × ⋅10−6, 7.6 × ⋅10−6 and −1.6 × ⋅10−6 for the contact2D, equal DOFs and measured case,
respectively.
Overall, it can be concluded that while at certain instants a good matching is obtained, the level of strain of the soil in

contact with piles does not match the overall global conditions identified in Figure 3 and requires a bespoke modelling
strategy which lies beyond the scope of this study, for which the overall match in terms of maximum strain on top is
sufficient to reproduce the measured response.

4.5 Evaluation of earth pressures according to design-oriented formulae and code
provisions

An updated version of Eurocode 8 is currently in the process of approval and will include some advancements over the
current version in terms of treatment of SSI effects in IABs. The draft of Eurocode 8 Part 2 ‘Bridges’19 provides specific
rules for integral abutment bridges, including the effects of soil–structure interaction in the analyses which occurs at the
foundation and through earth pressures on the vertical abutment wall. The seismic analysis of IABs should be carried
out using a Force or Displacement based approach, which are detailed in the code. Two different formulations for the
Force-based approach are under consideration for inclusion in the new version of Eurocode 8, as detailed by Marchi30
and Marchi and Franchin31 to calculate the total earth pressure Ed (static plus seismic). The pressures Ed approach the
active limit on one abutment (i.e., when the abutment wall moves away from the soil, denoted as ‘upstream’) while on the
‘downstream’ side (i.e., when the abutment wall moves towards the soil), the earth pressure is intermediate between the
at-rest and the passive limit.

4.5.1 Method by INTAB project as modified by Marchi30

The specific pressure distribution was adopted from the INTAB project which focuses on thermal loads.90 According to
this method, the total earth pressure along the height of the abutment wall can be calculated as:

𝜎𝑝,𝑚𝑜𝑏 (𝑧) = 𝐾𝑃𝐸,𝑚𝑜𝑏 (𝑧) 𝛾𝑧 (6)

where σp,mob is the mobilised passive pressure at depth zmeasured from the abutment top and γ is the unit weight of the
backfill material behind the abutment. KPE,mob is a depth-varying mobilised passive pressure coefficient under seismic
conditions that can be evaluated from the following expression:

𝐾𝑃𝐸,𝑚𝑜𝑏 (𝑧) = 𝐾0 +
(
𝐾𝑝 − 𝐾0

)
𝑖𝑢 (𝑧) (7)
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FIORENTINO et al. 4845

which interpolates between the at-rest pressure coefficient K0 the passive pressure coefficient under seismic conditions
Kp (Refs. 16, 91, Rampello et al.92) using the depth-dependent empirical interpolation function iu(z):

𝑖𝑢 (𝑧) = 𝑢 (𝑧) ∕ [𝑎 𝑧 + 𝑢 (𝑧)] (8)

where u(z) is the horizontal wall displacement at depth z from the abutment top and 𝑎 is a non-dimensional soil-dependent
parameter, equal to 10−1 for loose soil (as in this study) and 10−2 for dense soil. The method proposed in the above
references is iterative, starting from an initial assumption as to the magnitude of earth pressures, then computing the
depth-varying wall displacement u(z) using a pseudo-static analysis of a frame model, and then iterating by re-evaluating
the earth pressures according to Equations (6)–(8) and so on until an acceptable level of convergence is achieved. As in
our case the displacement function u(z) is established directly from 2D FE analysis, no iterations were employed after the
passive-like earth pressures were evaluated from the above equations.
Pertinent expressions for calculating seismic passive pressure coefficientsKp are given in Annex F of the draft version of

the Eurocode 8 part 5 regarding geotechnical aspects,93 derived from the formulation proposed by Lancellotta91 as reported
by Rampello et al.92 Considering φ = 35◦ for the Leighton–Buzzard sand fraction B, a smooth wall and a lateral seismic
coefficient ah = 0.27 (corresponding to the PGA of record S7 at table level), this formulation provides a value of Kp = 3.09
[equal to the value obtained by the more general formulation by Mylonakis et al.,16 while the conventional static Rankine
passive coefficient is 3.69 and the seismic one using the generalized Rankine solution by Kloukinas and Mylonakis94 is
3.56.
For a vertical smooth wall retaining a horizontal backfill subjected to horizontal earthquake action, the above values

can be obtained by means of the general formulation by Mylonakis et al.16 via the equations

𝐾𝑝 (𝑧) = [1∕ cos 𝜓𝑒] ⋅ [1 − sin 𝜑]∕ [1 + sin 𝜑 cos (Δ1 + 𝜓𝑒)] ⋅ [exp(−2𝜃𝑒 tan 𝜑)] (9a)

sinΔ1 = sin 𝜓𝑒∕ sin 𝜑 (9b)

2𝜃𝑒 = −Δ1 + 𝜓𝑒 (9c)

tan 𝜓𝑒 = 𝑎ℎ (9d)

in which Δ1 is the so-called Caquot angle, ψe is the inclination of the body force in the backfill, θe is the angle separating
the major principal planes near the wall and the backfill surface and ah is the lateral seismic coefficient. Note that the
above equation can be used to predict both active and passive earth pressures if the parameters φ, ψe and ah are taken as
positive and negative (this study), respectively. The more general equation for a rough inclined wall retaining an inclined
backfill is provided in the above publication.

4.5.2 Method by Marchi and Franchin31

According to this method, the total earth pressure along the height of the abutment wall can be calculated as:

𝜎𝑝,𝑚𝑜𝑏 (𝑧) =

{
𝐾𝑝𝛾 𝑧 𝑧 ≤ Δ𝐻

𝐾𝑝 𝛾Δ𝐻 𝑧 > Δ𝐻
(10)

where σp,mob is the mobilised passive pressure at depth z from the abutment top and γ is the unit weight of the backfill
material. ΔH is a critical depth below which earth pressures are constant, defined as:

Δ𝐻 = 𝑐 𝛼 𝐻 with 𝛼 = (𝑆𝑎∕𝑔) (𝑤𝑑𝑒𝑐𝑘𝐿𝑡𝑜𝑡 + 2 𝑤𝑎𝑏𝑢𝑡 𝐻) ∕
(
1∕2 𝐾𝑝 𝛾𝐻

2𝐵
)

(11)

where Ltot and H are the total length of the deck and height of the abutment. The weights per unit length of deck and
abutment are denoted by wdeck and wabut, respectively, and B is the abutment width. The resulting pressure distribution
follows that for passive earth pressures up to a depth ΔH and then attains a constant value.
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4846 FIORENTINO et al.

F IGURE 1 2 Design earth pressures obtained with the formulation proposed by Marchi and Franchin31; (A) PGA = 0.274 g, earth
pressures for different values of the coefficient c = 0.23, 0.5, 0.65; (B) c = 0.23, earth pressures for PGA and Sa = PGA × 2.5 as specified for EC8
Type 1 elastic spectral shape.

c is ameasure of the abutment-to-foundation relative stiffness and accounts for the portion of inertial forces transmitted
to the abutment-backfill system relative to that transmitted to the foundation. c attains different values depending on the
configuration of the integral bridge and depends on the number of spans. MF23 suggests values c = 0.58 for a single span
bridge, while c = 0.65 and c = 0.59 for two and three spans, respectively. The value suggested in the EC8 draft is 0.5. A
lower c value implies that a larger part of the inertial forces is transmitted to the foundation as displayed in Figure 12.
For the physical model at hand, we have evaluated c as the ratio of the total soil thrust on the wall over the sum of the

horizontal reaction forces at the two foundations. In particular, the ratio has been evaluated using the algebraic minima
and maxima of the two forces at t = 4.06 s and t = 4.08 s, respectively, obtaining two values of c: 0.18 for the minima
and 0.23 for the maxima. As a conservative estimate, we have adopted c = 0.23. It should be noted that the resultant of
pressures on the abutment wall was obtained by integrating the horizontal (principal) normal stresses σ11 over the wall
length, while the foundation horizontal reactions were evaluated by summing the horizontal forces transmitted to the
plate foundation element (horizontal blue element under the wall stem in Figure 2) from the soil layer above (backfill)
and below (foundation), as well as the piles in the OpenSees model. For the complex foundation at hand, this approach
was deemed superior over merely considering the internal shear force at the base of the wall stem.
Depending on the acceleration intensity and the value of c, the height at which the earth pressure becomes constant

varies considerably. In Figure 12A, the curves for c = 0.23, 0.5, 0.65 are given for PGA = 0.274 g (i.e., PGA for S7 input),
while in Figure 12B the curves are given for c = 0.23, c = 0.5 (single span bridge) and two different values of acceleration
intensity [PGA, spectral acceleration obtained as the PGA times 2.5 (Sa = 0.685 g) based on EC8 Type 1 spectral shape for
the constant acceleration branch in the spectrum].
The bridge model discussed in this paper is made of steel and aluminium (relatively lighter) and has a relatively stiff

foundation, made by two rows of piles. This is consistent with the shape of the bending moments in Figure 10: they are
smaller at the top and larger at the base. It is important to highlight that the ratio of the soil-wall relative flexibilities for
model and prototype remains constant as detailed in the scaling laws suitable for SSI problems.47
The resulting dimensionless downstreamearth pressures (𝜎11∕𝛾𝐻𝑤), plotted against the normalised depth from thewall

top (𝑧∕𝐻𝑤), are displayed in Figure 13 (black dashed plot). At rest earth pressures are also shown, evaluated according to
Jaky’s equation (𝐾0 = 1 − 𝑠𝑖𝑛𝜑 ≈ 0.43).
The design thermal earth pressures prescribed for integral bridges by the UK code PD6694,7 obtained for a temperature

change ΔT= 50◦C are also reported as a reference (green dashed-dotted line). These earth pressures are equal to the static
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FIORENTINO et al. 4847

F IGURE 13 Earth pressures behind the abutment wall: total earth pressures at the end of gravity load analysis estimated for
PGA = 0.274 g from shaking table input; Sa = PGA × 2.5 as specified by EC8 Type 1 spectrial shape30; predictions do not employ iterations
(indicated as * in the legend); MF2023, Marchi and Franchin.31.

ones at the bottom of the abutment and attain a maximum value of 0.6 at 𝑧∕𝐻𝑤 = 0.5. The numerical earth pressures
(horizontal stress component σ11 in OpenSees) were evaluated by averaging the results on the four nodes of each quadri-
lateral element of the backfill in contact with the abutment wall, so that the result reported refers to the center of each
quad element.
Good agreement is observed in Figure 13 between the theoretical at rest pressures (black dotted line) and the numerical

predictions at the end of the gravity analysis stage (black solid line). The envelope of maxima of total earth pressures (i.e.,
static plus dynamic) for record S7 (PGA at table level of 0.274 g) is also shown (red solid line). At the bottom, the total
pressures are twice as large (1) as the at-rest pressures (0.5). Notably, the results obtained are consistent with the trends
of earth pressure obtained by other authors (e.g., Ref. 35). Overall, the design-oriented equations appear to yield results
that are closer to the numerical values if c is evaluated using the numerical model, while they are consistently on the
conservative side if a value of 0.5 is adopted, i.e., the suggested value by Marchi and Franchin31 to avoid under-design of
the foundation.
As it is important to explore the effect of a heavier deck (e.g., the case of a longer deck span) on earth pressures, a

numerical study was carried out by doubling the deck weight during static analyses (Figure 14A) and the inertial mass
during dynamic analyses (Figure 14B). The additional weight in the gravity analysis increases the static earth pressures
behind the wall at depths between 0.1 and 0.6 z/Hw; the maximum normalized earth pressures at 𝑧∕𝐻𝑤 = 0.34 are 0.19
and 0.26 for one and two times the nominal deck weight, respectively.
The effect of additional mass in the results of the seismic analysis (see Figure 14B) is naturally more significant. As

can be observed from the envelope of the seismic earth pressure increment with height, the stronger effects are observed
in the upper section of the wall (0 to 0.4 z/Hw). It is worth noting that for two deck masses there is also an increase in
the bending strains of about 40% and 20%, at the top and bottom of the abutments, respectively. This depth is roughly
equal to the ‘active length’ of the wall which for the specific case is estimated at around 0.5 Hw.95 In the upper third of
the abutment, the earth pressure doubles for the case of two deck masses over the reference case. Note that the first two
points for the double-mass deck (Figure 14B) exceed the seismic passive value calculated using Kp – yet this violation can
be deemed minor from a practical viewpoint.
Evidently, when the deck span length increases, the changes in static and seismic earth pressures behind the abutment

wall can be significant. The influence of the deck length/mass must be taken into account in the design phase, also for
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4848 FIORENTINO et al.

F IGURE 14 (A) Influence of the variation of the deck weight on static earth pressures behind the abutment wall: at-rest, and passive
pressures versus numerical results at the end of the gravity analysis; (B) deck mass effect on the envelope of dynamic earth pressures behind
the abutment wall, compared with at-rest and passive earth pressures.

the possible presence of a transition slab behind the wall. Furthermore, for some real bridge cases, it can be necessary
to introduce a nonlinear model for the soil behavior (e.g., via pertinent ‘p-y’ springs in 2D) when large deck dimensions
together with higher static and dynamic forces may induce non-linearities that cannot be faithfully modelled with the
equivalent linear approximation.

5 CONCLUSIONS

Anumerical modelling technique in the open access finite-element platformOpenSees was adopted to simulate the earth-
quake response of a scaled physical model of an integral abutment bridge placed in a soil shear stack and tested as part
of an EU/H2020-sponsored experimental campaign (SERA/SERENA) carried out at EQUALS Laboratory, University of
Bristol. Out of the experimental configurations explored in the project, a benchmark setup without a compressible inclu-
sion between soil and abutments and with the piles rigidly connected to the bridge foundation (pile cap) was selected to
be numerically modelled, as a typical integral bridge system.
Particular attention was paid in modelling the interface between the soil and the integral abutments and piles. The up-

to-date numerical model, developed in OpenSees, was capable of faithfully reproducing the acceleration measurements
in the soil and the acceleration, displacements and bending strain measurements on the bridge model for a wide range
of frequencies (reaching 50 Hz at model scale and approximately 50/5 = 10 Hz at prototype scale – see47). The increase
in fundamental natural period of the bridge in the longitudinal direction due to SSI was found to be about 15%, which
is considerable given the strong restraining action of the abutments. In particular, the matching in terms of frequency is
very good both for the soil and the bridge system, with a maximum deviation of only 2% from measured values for the
natural frequency of the bridge (about 40 Hz at model scale and approximately 40/5= 8 Hz at prototype scale). Regarding
accelerations, there is a very good match between the numerically predicted and measured values at the bottom of the
soil container. The maximum discrepancy between acceleration peaks is around 40% and 60% at the top of the bridge
and the top of the backfill, respectively. At the other locations, these discrepancies are on the order of 20%-30%, with the
experimental and numerical values being slightly out of phase for the maximum peaks only. Also, the bending strains on
the abutments show a reasonably good matching, with maximum discrepancies not exceeding 20% at the level of the pile
cap.
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FIORENTINO et al. 4849

The above good comparisons were achieved by modelling the problem in plane strain mode and using an equivalent-
linear visco-elastic assumption for the soil response. A more detailed study on pile modelling would be required for
improved simulations, as there are some differences between the measured and numerically predicted values due to the
3D nature of the response of the piles over the 2D modelling strategy adopted in this study. This extension, however, lies
beyond the scope of this study.
The finite-element model provided dependable estimates of the static and dynamic earth pressures exerted on the abut-

ment wall, which were not directly measured in the experimental campaign. The numerically computed earth pressures
were compared to the predictions of two simplified, design-oriented procedures that are under consideration for inclu-
sion in the new Eurocode 8 – Part 2 on Bridges. The comparison was deemed appropriate given that the scaling laws
between the prototype and the model have been respected and the good matching between the numerically predicted
and measured response. The earth pressures obtained with these formulations seem to be consistent with those obtained
for the case presented herein if the abutment/foundation relative stiffness (parameter c) is evaluated by the numerical
model, otherwise they are conservative if c = 0.5 is adopted. Moreover, the deck mass was found to have an important
influence on the magnitude of the earth pressures as doubling the deck mass leads, as anticipated given the mono-
lithic connection between the deck and the abutments, to a 50% increase in earth pressures close to the deck-abutment
connection.
The numericalmodelling strategy employed in this study could be advantageous over complex 3Dmodels as it simplifies

the boundary-value problem (notably the treatment of SSI effects) and can be applied to bridges of any dimensions. In
real-life cases, the hypothesis of small soil strains and the associated equivalent-linear approximation adopted in this
study should be verified on a case-by-case basis based on the expected seismic intensity level, and more advanced models
should be adopted to capture the nonlinear soil behavior when the conditions adopted in this study do not hold.
Current practice in non-seismic design of IABs is to decouple the problem between the soil and the superstructure

for predicting the earth pressures on the abutment into two separate sub-problems, while seismic codes such as the new
EC8 propose simplified analytical approaches to evaluate earth pressures. The proposed modelling strategy informs fur-
ther practice and can become a useful tool in investigating complex bridge configurations (e.g., long decks), allowing to
obtain dependable estimates of earth pressures for serviceability limit states, whereas for cases closer to failure problem-
specific modelling strategies using nonlinear soil models are likely to be necessary. Moreover, to extend the results of
this study from model to prototype scale, additional numerical analyses of real-scale instrumented bridges adopting the
proposed modelling strategy should be developed and evaluated against actual earthquake recordings and on-structure
measurements.
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