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Abstract 

Integral Abutment Bridges (IABs) are increasingly popular due to their reduced maintenance 
cost compared to traditional bridges with expansion joints. However, the widespread 
construction of IABs is currently limited by design code prescriptions resulting from the 
significant uncertainties associated with how the backfill interacts with the (integral) abutment 
and the deck. Under cycles of seasonal thermal loading, the backfill properties change, 
affecting the distribution of lateral earth pressures acting on the abutment walls. Moreover, the 
stiffness of the abutment can significantly influence the soil-structure interaction (SSI) in IABs. 
This research work investigates the effect of abutment stiffness (flexural rigidity) on soil-
structure interaction in IABs under seasonal thermal loading through experimental analyses 
and numerical modelling. To better understand this mechanism and reliably assess the 
performance of IABs within their life cycle, a 1g small-scale instrumented physical model was 
built to simulate the backfill under accelerated seasonal expansion and contraction of the 
bridge deck. The experimental results were modelled numerically in PLAXIS and ABAQUS to 
assess the sensitivity to different flexural stiffnesses of the abutment and discuss suitable 
options for modelling such SSI systems through finite elements either using a geotechnical-
oriented or a structural-oriented software package. It was found that flexible IABs can be more 
suitable for controlling earth pressure built-up within the early lifecycle of the soil-structure 
systems. The simplified numerical models can provide a first-order prediction of pressure 
distributions in the small-scale 1-g rig. This preliminary dataset informs necessary larger-scale 
experiments to assess the scaling and feasibility of 1-g tests. 

Keywords: Integral Bridges, thermal loading, flexural rigidity, soil-structure interaction, lateral 
earth pressure
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1 1. Introduction 

2

3 Integral abutment bridges (IABs) are becoming increasingly popular with significantly greater 
4 demand globally due to (i) their reduced maintenance compared to traditional bridges with 
5 expansion joints, (ii) improved seismic performance and (iii) simple and rapid construction 
6 (e.g., Burke, 2009; Alampalli and Yannotti, 1998; Civjan et al., 2007; White et al., 2010; Arsoy 
7 et al., 2004). However, the widespread construction of IABs is currently limited by the lack of 
8 internationally accepted mechanistic models and coherent design guidelines, and by code 
9 restrictions such as the maximum span length (60 m) and skew angle (30°) (BSI, 2004, 2007, 

10 2011; HA, 2003). These limitations are mainly due to the uncertainty associated with the way 
11 the backfill interacts with the (integral) abutment and the deck in different loading scenarios 
12 during the service life, such as seasonal thermal loadings (e.g., Paul et al., 2005; Lawver et 
13 al., 2000; Sigdel, 2021; LaFave et al. 2021), daily traffic loading (e.g., Ryall et al., 2000; 
14 Petursson & Kerokoski,  2011; De Risi 2022) and seismic loading (e.g., Al-Ani  et al., 2018; 
15 Dhar & Dasgupta, 2019; Fiorentino et al. 2021; Javanmardi et al. 2022). The loading from 
16 thermal actions on integral bridges is comparable in magnitude to that caused by live loads 
17 such as daily traffic loading (e.g., Neville, 1995; Lawver et al., 2000; Paul et al., 2005). 
18 Seasonal thermal loading on integral bridges here refers to the cyclic load caused by the 
19 contraction (temperature decreases during winner) and expansions (temperature increases 
20 during summer) of the deck.

21 In the longer term, daily and seasonal deck expansion-contraction cycles lead to a build-up of 
22 lateral earth pressures behind the abutments. According to the field monitoring data from in-
23 service IABs, the lateral pressure behind IABs increases when sufficient displacements of the 
24 abutment are induced by thermal loading (Barker & Carder, 2000, 2001; Hassiotis et al., 2005; 
25 Breña et al., 2007; Skorpen et al., 2018). This evidence is corroborated by previous laboratory 
26 experimental research (England et al., 2000; Springman et al., 1996; Cosgrave & Lehane, 
27 2003; Lehane, 2011). The pressure profile is influenced by several factors, such as the backfill 
28 soil stiffness and strength, compaction levels, boundary conditions, thermal loading amplitude 
29 and pile-to-abutment connection when piles are present (e.g., Dicleli and Erhan, 2004, 2005; 
30 Huffman et al., 2015; Gorini & Callisto, 2017, 2019; Xu et al., 2022; Luo et al., 2022; Liu et al. 
31 2022). It remains unclear whether the lateral pressure behind the abutment continues building 
32 up at a specific rate before eventually stabilising and the specific influence of different flexural 
33 rigidities is also not fully covered by previous experiments.

34 The thermal loading also causes ground settlements adjacent to the abutments due to soil 
35 densification, strain ratcheting, and consequent horizontal sliding and the rocking motion of 
36 the abutment (Ng et al., 1998; England et al., 2000), producing gaps or cracks often observed 
37 at the surface between the abutment and backfill, which, in turn, can cause structural problems 
38 in the approaching slabs (e.g., Muttoni et al., 2013; Paraschos, 2016; Al-Ani  et al., 2018; 
39 Sakhare et al. 2023). These settlements of the IAB backfill are often addressed by 
40 incorporating an approaching slab with a properly compacted backfill (Lock, 2002; Hoppe, 
41 1999; Springman et al., 1996) or modified property materials (e.g., Dude and Siwowski 2020). 
42 In conjunction with good compaction, the backfill soil quality is also a vital factor for the SSI 
43 behaviour under multiple cycles of thermal loading (Atkinson, 2007; Carder and Hayes, 2000). 
44 The difference in the values of the backfill soil parameters (e.g., density, strength, stiffness 
45 and dilation angle) affects the development of earth pressures (Wood and Nash, 2000; Wood, 
46 2004; England et al., 2000). 

47 The lateral soil pressure varies with the deflection of the abutment, and, in turn, the deflection 
48 of the abutment is mainly affected by its flexural stiffness (Dicleli & Albhaisi, 2004a & 2005; 
49 Dicleli, 2005; Lehane, et al., 1999). The soil-structure interaction behaviour from the thermal 
50 expansion of IABs must be understood and analysed with a specific focus on the relative 



2

51 backfill/abutment stiffness (Wood and Nash, 2000; Wood, 2004). More work is needed on the 
52 specific selection of suitable stiffnesses for IABs subjected to seasonal thermal loading in 
53 different conditions. In Appendix A of PD 6694-1 (BSI, 2011), detailed guidance on soil-
54 structure interaction analysis for an integral bridge design is provided. The effect of soil strain 
55 is accounted for by considering the soil stiffness and quasi-passive resistance, and the staged 
56 and repeated application of deck expansion and contraction is considered through an iterative 
57 procedure for the calculation of the average rotational strain. However, according to a 
58 comprehensive study carried out by Sandberg et al. (2020) pressures computed with the Limit 
59 Equilibrium (LE) approach in PD 6694-1 (BSI, 2011) were significantly higher than those 
60 computed with an SSI approach. The reduction of the stiffness of the abutment wall was 
61 suggested as a way to further reduce the predicted bending moments due to the additional 
62 flexibility of the structure (Sandberg et al., 2020). The stiffness of the abutment also changes 
63 during the service life of IABs. For example, the stiffness of the concrete abutment decreases 
64 due to cracking (Wood and Nash, 2000). Within the above context, it becomes very relevant 
65 to improve the understanding of the IAB's behaviour for different stiffness-to-abutment 
66 combinations under thermal cyclic loading.

67 To better assess the performance of IABs within their life cycle, a 1g small-scale instrumented 
68 physical model was built in the Structures Laboratory at the University of Bristol (UK) to 
69 replicate an IAB backfill under accelerated seasonal expansion and contraction of a bridge 
70 deck. The experimental programme specifically investigated the performance of three different 
71 bending stiffnesses for the abutment. The experimental data were compared with the results 
72 from the numerical models using ABAQUS and PLAXIS. The sensitivity of the stiffness of the 
73 abutment, number of loading cycles, loading speed and displacement amplitude of initial 
74 cycles is discussed. The simple Mohr-Coulomb numerical models calibrated using the 
75 experimental data are suitable for assessing earth pressure build-up for rapid design decision-
76 making in the absence of more advanced SSI modelling. The numerical models also allow for 
77 investigation of some of the limitations of the experimental setup to inform further investigation 
78 and larger-scale experiments aimed at reducing scaling effects on the results (e.g., 
79 Bhattacharya et al., 2021; Liu et al. 2022).

80 2. Experimental physical model design

81

82 The test rig was designed to simulate the effect of the backfill of abutment displacements due 
83 to seasonal expansion and contraction of a bridge deck. Measurements included lateral 
84 stresses behind the abutment wall using Total Earth Pressure Cells (TEPCs), backfill surface 
85 displacement using Linear Variable Differential Transducers (LVDTs) and backfill soil 
86 deformation behind the abutment using Particle Image Velocimetry (PIV). The backfill material 
87 was loaded by the moving abutment wall with three different bending stiffnesses from flexible 
88 to rigid. The displacements replicating horizontal thermal loading conditions were applied as 
89 increasing cyclic displacements and multiple-cycle constant-displacement histories.

90 2.1 Experimental configuration

91 A test box of 1525 × 1050 × 1150 mm3 accommodated the loading system and 1000 × 1000 
92 × 960 mm3 specimen of backfill. A 1000 mm high moveable wall was hinged at the bottom of 
93 the soil box to simulate an integral bridge abutment able to rotate about its base, with loading 
94 applied via an actuator at 870 mm height. Three moveable wall configurations were tested 
95 (Table1, Figure 1b): type S1 - a multi-layer wall made of 25 mm thick Perspex and 25 mm 
96 thick timber composite layer to simulate a flexible abutment wall (already presented in Luo et 
97 al. 2022), type S2 - a single Polyethylene (PE500) layer 100 mm thick, and finally type S3 - 
98 comprising 25 mm Perspex, 25 mm timber composite, 40 mm aluminium frame and 25 mm 
99 timber composite producing a sandwich configuration. The hinge of the moveable wall is 
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100 realised in two ways. In S1 and S3, the hinge is a fixed timber beam to stop the moveable wall 
101 from moving further (away from the backfill) and on the other side of the moveable wall, the 
102 backfill prevents the moveable wall from moving further (push into the backfill). The other type 
103 (in S2) still has a fixed timber behind the moveable wall but has also a steel tube fixed at the 
104 end of the wall, which smoothens the movement of the end wall and was created given the 
105 change of wall thickness and material (Figure 1b). The Perspex (Carville, 2023) had a density 
106 of 1190 kg/m3, Young's Modulus of 1200 MP and Poisson's ratio of 0.40. The Aluminium 
107 (Rees, 2009) had a density of 2.7 Mg/m3, a Young's Modulus of 69000 MPa and a Poisson's 
108 ratio of 0.32. Timber (Sonelastic, 2023) had a density of 0.45 Mg/m3, Young's Modulus of 800 
109 MPa and Poisson's ratio of 0.20. PE500 (Ensinger, 2023) had a density of 0.95 Mg/m3, 
110 Young's Modulus of 1100 MPa and Poisson's ratio of 0.42. Perspex was used for the box wall 
111 to enable PIV observations of backfill displacements, while the remainder of the rig was 
112 designed without metal components to facilitate the use of ground penetrating radar as a 
113 monitoring tool (see Figure 1a) whose results are not presented herein. The bending 
114 stiffnesses of the three moveable walls are listed in Table 1, where the elastic modulus of S1 
115 is the equivalent elastic modulus of the two layers. In terms of the elastic modulus of S3, the 
116 stiffness of the aluminium frame was computed as a layer with the same width and 
117 characterised by the equivalent second moment of area of the whole section. The wall 
118 flexibility parameter, later determined as Log [γs·ρ] (Rowe, 1952), indicates that S1 should 
119 behave as a flexible wall, while S2 and S3 can be categorised as stiff. The abutment wall, end 
120 wall and side wall were instrumented with pressure cells, while LVDTs were used to measure 
121 the moveable wall displacement and the surface backfill displacements. The rig represents a 
122 1-g small-scale setup with scaling implications needing specific discussion. This aspect is 
123 addressed later in the manuscript, where the results are discussed (Bhattacharya et al., 2021).

124 Table 1. Stiffness properties of moveable walls S1, S2 and S3

Moveable
/Abutmen
t Wall ID

Elastic 
modulus, 
E, (MPa)

A (mm2) I (mm4) EI 
(N*mm2)

𝝆 ∗= 𝑯𝟒 𝑬𝑰 

(𝒎𝟑 𝒌𝑵)

𝑳𝒎 = 𝑯(𝑬𝒔 𝑬𝑰) ∗∗

S1 1000 5.00E+0
4

1.05E+0
7 1.05E+10 809E-4 18.3E-10

S2 1100 1.00E+0
5

8.30E+0
7 9.13E+10 93.0E-4 2.10E-10

S3 23491 1.12E+0
5

11.8E+0
7 277E+10 3.06E-4 0.07E-10

125 *Rowe (1952); **mechanical length considering SSI (e.g., Anoyatis et al. 2013), where Es = 20MPa is 
126 the Elastic Modulus of the soil (see Table 5).
127
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128

129 Figure 1. (a) Photo of experimental setup including actuator and acquisition system; (b) section and 
130 size of the wall with S1, S2 and S3 stiffness; (c) location of pressure cells on the end of the wall (1-3) 
131 and moveable wall (6-8) and LVDTs; (d) top view of the test box identifying LVDT positions.

132 2.2 Instrumentation layout

133 The instrumentation consisted of TPC-4000 series TEPCs to measure lateral pressures, 
134 LVDTs and a high-resolution camera on the side of the test rig to measure displacement fields 
135 in the backfill. The TEPCs measure total pressure (combined effective and pore water 
136 pressure) in soils. As the sand backfill was dry, they directly provided effective stress 
137 measurements. Figure 1 shows the locations of the TEPCs for the moveable wall, the end wall 
138 and the side walls, respectively.

139 Figure 1 shows the positions of the nine LVDTs (1-9) placed in three rows on the backfill 
140 surface (only applied in the first test, #S1-I-12, see Table 2) and four LVDTs (11-13) measuring 
141 the moveable (abutment) wall displacement present in all tests. The high-resolution camera 
142 (Canon 70D 5472×3648 pixels) focused on the Perspex sidewall to record a 'full field' backfill 
143 deformation field using the PIV method, regarded as slow 'fluid motion' (Stanier et al., 2015).

144 2.3 Thermal loading

145 Thermal loading from temperature-induced cyclic expansion and contraction of the bridge 
146 deck was simulated by a push-pull pseudo-static motion of the moveable wall, its displacement 
147 being controlled by the actuator mounted 870 mm above the wall base. Seasonal thermal 
148 loading on integral bridges represents the cyclic load caused by the contraction and 
149 expansions of the deck, which is monotonically linked to the change of temperatures during 
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150 winter and summer. In PD6694 (2011), this seasonal thermal loading is modelled through an 
151 imposed displacement on the top of the bridge support (abutment), which is calculated as:

152 (1)𝑑 =  𝛼𝐿𝑋(𝑇𝑒;𝑚𝑎𝑥 ― 𝑇𝑒;𝑚𝑖𝑛)

153 Where:

154  is the coefficient of thermal expansion of the deck;𝛼

155  is the expansion length measured from the end of the bridge to the position on the deck 𝐿𝑋
156 that remains stationary when the bridge expands;

157  and  are the characteristic maximum and minimum uniform bridge temperature 𝑇𝑒;𝑚𝑎𝑥 𝑇𝑒;𝑚𝑖𝑛
158 components for a 50-year return period given in the UK (National Annex to BS EN 1991-1-5, 
159 2003).

160 Two sets of loading protocols were considered, one with increasing displacements per cycle 
161 (I) and one with constant displacement at each cycle (C). A maximum displacement of 30 mm 
162 was adopted in all tests corresponding to a drift of 3.45%, calculated as displacement over the 
163 height of the actuator load cell (d = 30/870). This was employed as a limit and extreme value 
164 to assess the effect of significant drifts on the backfill. This is higher than the typical order of 
165 magnitude of drift due to seasonal deck movement (one end) of an IAB in London with a 150 
166 m long concrete deck or a 100 m long steel deck and an abutment wall height of about 5m, 
167 which is ~0.6% (England et al. 2000). It is worth noting that the above drift value should not 
168 be viewed as pure engineering shear strain, as the drift also includes rotation, and it is 
169 correlated with shear strain (Bolton and Powrie 1987). Tests are identified by the stiffness of 
170 the wall (S1, S2 or S3), the type of loading (increasing or constant, I or C) and the number of 
171 cycles (see Table 2). In Test #S1-I-12, the flexible abutment wall S1 was subjected to 12 
172 loading cycles with a loading rate of 0.5 mm/s (Springman et al., 1996; Lehane, 2011), each 
173 cycle lasting at least 40 seconds. The cyclic displacements at the top of the moveable wall 
174 started at ±5 mm, with increments of ±5 mm every two cycles, to reach ± 30 mm (drift ~3.45%; 
175 see Table 2). In Test #S2-I-5, the rigid abutment wall S2 was subjected to the same loading 
176 velocity as the first five cycles of Test #S1-I-12 (0.5 mm/s) and the same amplitude, stopping 
177 the test at cycle 5. In Test #S2-I-12, the rigid abutment wall S2 was then subjected to the same 
178 loading amplitude as Test #S1-I-12, with a loading rate of 1 mm/s (i.e., same loading protocol, 
179 different stiffness and load velocity).

180 In Test #S2-C-5, the rigid abutment wall S2 was subjected to 5 cycles with a loading rate of 
181 1mm/s and a constant amplitude of 30 mm. Finally, in Test #S3-C-5, the abutment wall S3 
182 was subjected to 5 cycles with a loading rate of 1 mm/s and cyclic displacements at the top of 
183 the wall fixed at ±30 mm for each cycle (1 mm/s was considered slow enough to simulate 
184 static thermal loading, England et al. 2000). All test IDs and their characteristics are 
185 summarised in Table 2.

186 Table 2. Summary of experimental parameters for the different test configurations.

Test ID
Movable 
Wall

Total 
Cycles

Cycle Loading Loading 
Rate 
[mm/s]

Displacement (mm) 2 ∙ { ± 5; ± 10; ± 15; ± 20; ± 25; ± 30}#S1-I-12
S1 12

Equivalent Drift (%)* 2 ∙ { ± 0.57; ± 1.15; ± 1.72; ± 2.3; ± 2.87; ± 3.45}

0.5
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Displacement (mm) 2 ∙± 5;2 ∙± 10; ± 15#S2-I-5
S2 5

Equivalent Drift (%) 2 ∙± 0.57;2 ∙± 1.15; ± 1.72

0.5

Displacement (mm) 2 ∙ { ± 5; ± 10; ± 15; ± 20; ± 25; ± 30}#S2-I-12
S2 12

Equivalent Drift (%) 2 ∙ { ± 0.57; ± 1.15; ± 1.72; ± 2.3; ± 2.87; ± 3.45}

1

Displacement (mm) 5 ∙ { ± 30 }#S2-C-5
S2 5

Equivalent Drift (%) 5 ∙ { ± 3.45}

1

Displacement (mm) 5 ∙ { ± 30 }#S3-C-5
S3 5

Equivalent Drift (%) 5 ∙ { ± 3.45}

1

*Equivalent drift is defined as displacement (monitored by actuator load cell) divided by actuator height (870mm)

187

188 This study explored the potential effects of the abutment bending stiffness, with bridge span 
189 lengths beyond the design code guidance (60 m), to see the possible performance of a large-
190 span integral bridge under thermal loading. In this experimental campaign, most of the tests 
191 were loaded by less than 12 cycles to assess the rapidly increasing pressure along the 
192 abutment wall appearing in the first 10 cycles (i.e., 10 years of service for an integral bridge 
193 England et al., 2000), but also accounting for significantly higher drifts with respect to those 
194 characteristics of IABs monitored in the field.

195 2.4 Backfill 

196 The backfill material selected was Leighton Buzzard Sand (LBS) fraction B (Lings and Dietz, 
197 2004; Kloukinas et al., 2015; Fiorentino et al., 2021). The LBS's minimum and maximum dry 
198 densities were assumed as 1.48 Mg/m3 and 1.65 Mg/m3; see Fiorentino et al. (2021). The 
199 specific gravity of LBS grains was assumed to be 2.65, while the minimum and maximum void 
200 ratios  and ), were 0.64 and 0.83, respectively (Fiorentino et al., 2021).(𝑒𝑚𝑖𝑛 𝑒𝑚𝑎𝑥

201 The average dry densities achieved in each test ID ranged from 1.44 Mg/m3 to 1.51 Mg/m3 
202 (Table 3). The density values obtained in Tests S2 and S3 were slightly lower than the 
203 aforementioned minimum value provided by Fiorentino et al. (2021), but the difference is within 
204 acceptable limits considering that the density calculated and reported in Table 3 is the average 
205 on all rigs and the test was meant to start from a non-compacted condition. To achieve a 
206 uniform and relatively loose LBS specimen, the sand was pluviated into the soil box in three 
207 layers, with levelling (but no compaction). The only exception was test #S2-C-5, where 
208 minimum compaction (gentle manual pressure) was applied on the last layer for levelling 
209 purposes.

210 Table 3. Summary information of the backfill in each Test configuration.
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Test ID #S1-I-12 #S2-I-5 #S2-I-12 #S2-C-5 #S3-C-5

Dry density (Mg/m3) 1.48 1.49 1.46 1.51 1.44

Density ratio with respect to 
Test #S1-I-12

100% 100.7% 98.6% 102.0% 97.3%

Wall flexibility Log [γs·ρ]* 3.14 2.16 2.16 2.17 0.71

*Rowe (1952):  is defined in Table 1 and γs is the soil dry unit weight (equal to the dry density reported 𝜌
in the table times g = 9.81m/s2).

211 3. Results & discussion of experimental data

212

213 This section discusses the effect of the abutment stiffness, the loading speed, and the 
214 amplitude on the backfill pressure build-up. Figure 2 shows the force-displacement responses 
215 of the actuator for four of the different test configurations. The actuator force was normalised 
216 by , being  the original soil depth and  is the width of the backfill and  the solid dry 𝛾𝑠𝐻2𝐿 𝐻 𝐿 𝛾𝑠
217 density, and drift is calculated as in Table 2. To achieve the same displacement of the wall 
218 towards the soil, the actuator had to impose a larger force with increasing cycles. This is likely 
219 due to the densification of the soil, increasing particle interlocking and soil strength. The tests 
220 with stiffer moveable walls reached a larger actuator loading overall (see Figure 2a). In the 
221 case of #S3-C-5 (Figure 2b), this is true just for the first two cycles, and then the hierarchy 
222 changes since a process of delamination of the sandwich section is initiated (see section 3.4 
223 for further details on this aspect of test #S3-C-5).

(a) (b)
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224 Figure 2. Normalised actuator force (by H2L) vs wall drift (d/H) for (a) increasing amplitude 
225 tests (i.e., #S1-I-12 (blue) and #S2-I-12 (red)) and (b) constant large amplitude tests, i.e., 
226 #S2-C-5 (red) and #S3-C-5 (black).

227

228 Figure 3 shows the lateral pressure measured by pressure cell #7 at the middle position of the 
229 movable wall in test #S1-I-12, with the comparison of the horizontal actuator movement. The 
230 lateral pressure reached peaks when the actuator reached the maximum push towards the 
231 backfill (passive state position). In contrast, the pressure decreases to the minimum value 
232 when the actuator has the maximum retraction from the backfill (active state position). The 
233 lateral pressure in the passive state increases rapidly with increasing cycles, while in the active 
234 state, it slightly increases. Both trends reflect an increase in soil friction angle due to the 
235 greater soil density and particle interlocking that occur with an increasing number of cycles. 
236 The active state is reached as soon as the actuator movement reaches zero displacement (or 
237 even somewhat earlier), as evident from the plateau in active pressures. On the other hand, 
238 the passive resistance is not fully mobilised as it increases monotonically with actuator 
239 movement without reaching a plateau. According to the PIV analysis from Luo et al. (2022), 
240 the amplitude of the backfill densification decreases with increasing loading cycles in the same 
241 test.

242
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243 Figure 3. Lateral pressure at the middle of the moveable wall versus horizontal actuator 
244 movement as a function of time in (a) Test#S1-I-12 (“flexible wall” as per Table 3) (b) 
245 Test#S2-I-12 (“stiff wall” as per Table 3).

246
247 The settlement of the backfill surface was measured by LVDTs, and a camera was located on 
248 the side of the box, with Figure 4 showing the results of the first three cycles of test #S1-I-12. 
249 The settlement measured by the camera has a systematic offset of 5 mm, which becomes 
250 relatively small in the case of larger cycles when LVDTs are lost due to the settlement 
251 exceeding the maximum LVDT measure. The 5 mm offset is likely caused by a systematic 
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252 offset in the video estimation. For comparison purposes between Test IDs, the difference does 
253 not affect the conclusions.
254 The effect of the loading speed on the results obtained can be checked by comparing test 
255 #S2-I-5 and the first five cycles in test #S2-I-12. The lateral earth pressure measured in test 
256 #S2-I-12 (higher loading speed) is slightly larger than that in test #S2-I-5. This may be due to 
257 the low compaction level of the backfill. The difference between the two tests decreased with 
258 increasing loading cycles. The testing speed does not affect the results significantly, and both 
259 velocities can be considered suitable for the pseudo-static assumption (England et al., 2000). 
260 A visual comparison of the settlement accumulated in the first ten cycles of S1-I-12 is shown 
261 by comparing Figures 4c, 4d and 4e.
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262 Figure 4. (a) Settlements measured by the LVDTs versus settlements obtained from 
263 video recordings in Test #S1-I-12, (b) photo of #S1-I-12 test at the initial state with 
264 LVDTs. Photo of settlement for #S1-I-12 test (c) before the test, (d) after 2 cycles and 
265 (e) after 10 cycles.

266

267 3.1 Effect of the abutment stiffness with increasing displacement amplitude

268 Figure 5 shows the experimental results of the three pressure cells at the discrete levels of 
269 240, 480, and 720 mm above the base of the moveable wall (pressure cells #6, #7, and #8, 
270 as shown in Figure 1) and how the maximum pressures increase throughout the cycles. They 
271 seem to increase exponentially as the cycles and displacement increase. In the first cycle, the 
272 passive pressures start approximately at the same value for each sensor, but they increase at 
273 different rates, with the middle sensor having the fastest rate of increase. This could be due 
274 to the dual effect of earth pressure increasing along the height of the wall according to the to 
275 the passive pressure trend suggested in PD6694 (Denton et al., 2011) but also to the different 
276 pressure distribution caused by the deformation of the wall changing for different tests (i.e., 
277 S1 versus S2)



10

278 In general, the soil pressure seems to have a steadily increasing trend, which may be expected 
279 since the actuator displacement increased linearly. With the increasing number of cycles, the 
280 lateral earth pressure (Figure 5) and total actuator loading (Figure 2) also increased. The 
281 relationship between the cycle number and the lateral earth pressure was non-linear, with a 
282 decreasing growth rate. These results agree with the study of Walter et al. (2018). When 
283 comparing test #S1-I-12 with test #S2-I-12 to investigate the effect of the abutment stiffness, 
284 it was found that the pressure envelope shape along the moveable wall was similar. The peak 
285 lateral earth pressure measured along the stiffer moveable wall (#S2-I-12) is approximately 
286 10% higher than that for, the less stiff wall (#S1-I-12). The incremental increase in earth 
287 pressures steadily declines with the number of loading cycles in all the tests (England et al., 
288 2000). However, the rate decreases more rapidly in the tests with a stiffer moveable wall. The 
289 maximum ratio of horizontal to vertical stress (Figure 5b) occurs close to the surface of the 
290 backfill, while the minimum value is found at the bottom of the moveable wall. As noted above, 
291 the bending stiffness of the abutment wall does not have a major influence on the ratio of the 
292 horizontal to vertical stresses (K). The magnitude of K is discussed later in relation to the 
293 boundary condition of the rig (see section 3.4).

294 As mentioned in the previous section, a camera was set up on one side of the box during the 
295 tests. Based on these videos, the settlement of the backfill surface of test #S1-I-12 (flexible 
296 wall) and test #S2-I-12 (stiffer wall) are plotted in Figure 6a. The settlement at a distance of 
297 200 mm from the moveable wall has been recorded over the loading cycles of the five tests 
298 and is presented in Figure 6b. The settlement developed steadily with the increasing number 
299 of cycles. Although a reduction in the settlement per cycle was observed, there was no 
300 indication that an asymptotic value of the settlement was ever approached. The test with a 
301 stiff moveable wall seems to have greater soil settlement, especially in the initial few cycles. 
302 The initially loose sand used in the test means that the settlement measurements are not fully 
303 indicative of a typical field condition, where the backfill would be well compacted.

304
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305 Figure 5. (a) Lateral earth pressure (passive state – push toward backfill) on the moveable wall at 
306 pressure cells 6, 7 and 8 (see Figure 1) and (b) Coefficient of lateral earth pressure (K).
307
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308 Figure 6. (a) Settlement (S) of the backfill surface in test #S1-I-12 and #S2-I-12; (b) Settlement at 200 
309 mm distance from the moveable wall with cycles for test #S1-I-12 and #S2-I-12 captured through a 
310 high-resolution camera (settlements are captured at the end of each cycle when the wall is back to 
311 vertical position).

312

313 3.2 Effect of the abutment stiffness with constant displacement amplitude

314 Figure 7a presents K along the depth of the two tests with constant loading (i.e., #S2-C-5 and 
315 #S3-C-5). In both tests, the wall can be taken as rigid based on flexibility estimated in Table 
316 3. Therefore, there is not much difference in the lateral soil pressure in the first few cycles. 
317 Given the limited number of monitored cycles, this cannot necessarily be extended to more 
318 cycles (e.g., the entire life of a bridge). 
319

0 2 4 6 8 10 12
Coefficient of lateral earth pressure: K

0

0.25

0.5

0.75

1

R
at

io
 o

f s
oi

l d
ep

th
 to

 to
ta

l h
ei

gh
t, 

h/
H

at Rest - test#S2-C-5
1st Cycle - test#S2-C-5
2nd Cycle - test#S2-C-5
3rd Cycle - test#S2-C-5
4th Cycle - test#S2-C-5
5th Cycle - test#S2-C-52
at Rest - test#S3-C-12
1st Cycle - test#S3-C-5
2nd Cycle - test#S3-C-5
3rd Cycle - test#S3-C-5
4th Cycle - test#S3-C-5
5th Cycle - test#S3-C-5

0 0.2 0.4 0.6 0.8 1
Distance from moveable wall/Total soil width

0

5

10

15

Ve
rti

ca
l n

or
m

al
 s

tra
in

 ε
v 

(%
, S

/H
)

1st Cycle - Test #S2-C-5
2nd Cycle - Test #S2-C-5
3rd Cycle - Test #S2-C-5
4th Cycle - Test #S2-C-5
5th Cycle - Test #S2-C-5
1st Cycle - Test #S3-C-5
2nd Cycle - Test #S3-C-5
3rd Cycle - Test #S3-C-5
4th Cycle - Test #S3-C-5
5th Cycle - Test #S3-C-5

(a)
(b)

320 Figure 7. (a) Coefficient of lateral earth pressure (K) on the moveable wall (in the maximum passive 
321 state) and (b) settlement of backfill surface for tests #S2-C-5 and #S3-C-5. 
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322

323 In test #S3-C-5, the lateral pressures at the top and middle positions were less than in test 
324 #S2-C-5, and the difference increased with the number of loading cycles. In contrast, the 
325 lateral pressure at the bottom position was higher than that in test #S2-C-5. The pressure data 
326 for S2 and S3 cases started to overlap in the last two cycles. The moveable wall in S3 had a 
327 continued slight drop in stiffness due to the initiation of delamination in the sandwich section, 
328 which increased with the number of cycles. This phenomenon could be the cause of the 
329 pressure overlap in cycles 4 and 5 (see Figure 7a). While not desirable in a controlled model 
330 test, this effect could be realistic, as a concrete abutment may reduce in stiffness with the 
331 development of concrete cracking over the life cycle of the bridge.
332 Figure 7b shows the settlement curves of the two tests. Test #S2-C-5 has larger settlements 
333 than #S3-C-5. The difference is not very significant and may be caused by the difference in 
334 wall stiffnesses and also to the higher level of compaction of #S2-C-5 (see Table 3), preventing 
335 the decoupling of the two effects.

336

337 3.3 Analytical and empirical expressions of the ratio of horizontal to vertical stresses

338 In the design guidance for IAB’s, the critical parameter is the ratio of the horizontal to vertical 
339 soil stresses acting behind the bridge abutment (K), which is determined through different 
340 formulations in each of the design guidelines (see Table 4). In Figure 8, the analytical and 
341 empirical equations considering the horizontal movement are presented together with the 
342 Coulomb passive earth pressure coefficient which considers the soil-wall friction but not the 
343 horizontal movement, (Powrie 2004). Coulomb passive earth pressure coefficient is reported 
344 in Equation 2 (Coulomb 1776):

345 (2)𝐾𝑃,𝐶𝑜𝑢𝑙𝑜𝑚𝑏 =
sin (𝛼 ― ∅)2

sin 𝛼2sin (𝛼 + 𝛿)[1 ―
sin (∅ + 𝛿)sin (∅ + 𝛽)
sin (𝛼 + 𝛿)sin (𝛼 + 𝛽)]

2

346

347 Where 

348

349  is internal friction angle of the soil,∅

350  is the slope of the backfill,𝛽

351  is the angle of the back of retaining wall, 𝛼

352  is friction angle between soil and back of retaining wall assumed as .𝛿 2/3𝜙

353

354 In our study,  when ; while . Figure 8 ∅ = 32, 𝛽 = 0, 𝛼 = 90, 𝛿 = 0, 𝐾𝑝 = 3.255 𝛿 = 22, 𝐾𝑝 = 7.574
355 shows K estimated from the readings of the middle (h/H=0.50) and top cells (h/H=0.25) in 
356 each cycle of the five tests compared with analytical and empirical K estimations. The tests 
357 are divided into two groups: increasing loads: #S1-I-12, #S2-I-5 (Figure 8a 8c), and #S2-I-12 
358 and constant loads: #S2-C-5 and #S3-C-5 (Figure 8b 8d). Tests with the same loading 
359 amplitude show similar trends in pressure build-up. As shown in Figure 8a, the K value 
360 determined from the experiments at the middle position is beyond the guidance value from the 
361 Massachusetts Bridge Manual (1999) after 11 cycles in #S1-I-12 and #S2-I-12. The K value 
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362 determined from the experiments exceeds PD6694 (2011) after four cycles in #S2-I-5 and 
363 #S2-I-12 and six cycles in #S1-I-12.

364 In the test group with constant large loading amplitude, the experimental K at the middle 
365 position is higher than the value suggested by the Massachusetts Bridge Manual (1999) after 
366 the first three cycles, and immediately after the first cycle the values proposed in the PD 6694 
367 (2011), Barker et al. (1991) and Navfac (1982) are exceeded as well. The differences between 
368 the predictions of the empirical and analytical formulae and the measurements in the 
369 campaign at hand could be attributed to the differences in material properties of the backfill 
370 and the boundary conditions at the top and the bottom of the wall. The Coulomb theory 
371 estimation is affected significantly by the wall friction that, when assumed equal to , 2 3𝜙
372 provides a satisfactory estimation of the earth pressure but is still not suitable for all cases 
373 evidencing the need for a more accurate analytical formulation (e.g., Mylonakis et al 2007, 
374 Huang et al. 2022). The value of the friction angle assumed for the estimation of analytical 
375 models in Table 4 is 32 degrees reflecting the loose backfill condition (Sadrekarimi & Olson, 
376 2009).

377 Table 4. Analytical formulations for the estimation of K in IABs depending on displacement

 𝐾 = 0.43 + 5.7[1 ― 𝑒 ―190(
𝑑
𝐻)] Massachusetts Bridge Manual, 1999

     𝐾 =  𝐾0 + 28 (
𝑑
𝐻)

0.33 Dicleli and Albhaisi, 2004b

     𝐾 ∗
𝑑 =  𝐾0 + (

𝐶𝑑′𝑑

𝐻 )
0.6

𝐾𝑝;𝑡
PD 6694-1 (BSI, 2011)

  𝐾 =  𝐾0 + ∅ 𝑑 ≤  𝐾𝑝 Bal et al., 2018

378 Where  is the displacement of the IB towards the backfill soil; H is the height of the abutment;  is the at-rest 𝑑 𝐾0

379 earth pressure coefficient;  is the wall deflection at depth  below ground level;  is a dimensionless coefficient 𝑑′𝑑 𝐻/2 𝐶
380 equal to 20 for foundations on loose soils with Young's modulus   100 MPa, and 66 for foundations on rock or  𝐸 ≤
381 soils with    1000 MPa, and which may be determined by linear interpolation for values of between 100 MPa 𝐸 ≥
382 and 1000 MPa;  is the coefficient of passive earth pressure used in the calculation of ;  is the slope of the 𝐾𝑝;𝑡 𝐾 ∗

𝑑 ∅
383 earth pressure variation with horizontal displacement (which varies with backfill type);  is the passive earth 𝐾𝑝

384 pressure coefficient given by the Rankine theory equal to  where  is the friction angle.(1 ― 𝑠𝑖𝑛𝜙) (1 + sin 𝜙) 𝜙

385
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386 Figure 8. Experimental trends for K at different wall positions in case of tests with (a) increasing 
387 (h/H=0.25) and (b) constant displacement amplitude with number of cycles (h/H=0.25) (c) increasing 
388 (h/H=0.50) and (d) constant displacement amplitude with number of cycles (h/H=0.50) compared with 
389 analytical (Massachusetts Bridge Manual 1999; Dicleli and Albhaisi 2004b; PD6694 2011 and 
390 Coulomb 1776) and empirical (Navfac 1982 and Barker et al. 1991) formulations provided in 
391 guidelines estimated assuming  = 32 degrees and H = 870 mm.
392

393 3.4 Effect of test rig size

394 The end wall experiences significantly less pressure than the moveable wall. The K value 
395 along the end wall is presented in Figure 9. It was found that the K value increased with the 
396 number of cycles and consistently above the K0 value of 0.47 (according to Jaky’s theory 
397 assuming ) in this study. The development of the full passive wedge was limited 𝜑 = 32 𝑑𝑒𝑔𝑟𝑒𝑒𝑠
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398 due to the size of the rig, and an extended soil box would have been required for its full 
399 development. Therefore, the end wall may contribute an additional passive pressure on the 
400 moveable wall affecting the comparison shown in section 3.3. The K value at the top position 
401 experiences a noticeably higher value than the others on the end wall, especially in the stiffer 
402 moveable wall test (#S3-C-5). This is likely due to the top pressure cell at the back wall being 
403 located within the theoretical passive wedge, while the two others are not (see Figure 9b). The 
404 comparison of Figure 9a and 9b also indicates that the failure wedge length increases with the 
405 increase in the stiffness of the abutment. The numerical analyses presented in the following 
406 section are used to assess the effect of this boundary condition on pressures.
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407 Figure 9. Coefficient of passive-like lateral earth pressure (K) on the end wall for (a) increasing 
408 amplitude (#S1-I-12 and #S2-I-12) and (b) constant large amplitude (#S2-C-5 versus #S3-C-5) tests.
409

410 4. Numerical Analyses

411

412 To investigate the behaviour of IABs under seasonal thermal loading, the experimental 
413 campaign was also modelled numerically in ABAQUS (Khodair and Hassiotis, 2005; 
414 Sadrekarimi and Olson, 2009) and PLAXIS (Sandberg et al., 2020; Silva et al. 2023) using a 
415 simplified Mohr-Coulomb constitutive model. This modelling allowed an initial assessment of 
416 the influence of different abutment stiffnesses and the effect of boundary conditions in the test 
417 rig on the results. The comparison also provides useful information on the suitability of different 
418 software packages for rapid assessment of SSI for design purposes, highlighting where 
419 different assumptions might be needed, notwithstanding the purpose of using the same model.

420 4.1 Finite Element Modelling 

421 The parameters of the Leighton Buzzard Sand model are based on triaxial compression tests 
422 of Ottawa quartz sand (Sadrekarimi and Olson, 2009). The backfill soil (LBS) is defined by a 
423 Mohr-Coulomb model. For loose contractive sands (which initially lie above the critical state 
424 line), the mobilised friction angle becomes approximately equal to the critical state friction 
425 angle; thus, there is no negative or positive dilatancy angle (Manzari and Dafalias 1997; Been 
426 and Jefferies 2004). Still, to ensure the convergence of the model in ABAQUS, a critical state 
427 friction angle (32 degrees) with a non-zero dilatancy angle equal to +1 degree and a non-zero 
428 cohesion intercept of 1 kPa were employed to model the loose backfill (Sadrekarimi and Olson, 
429 2009; Abdullah and Naggar 2023). For the same reason, in PLAXIS, a non-zero dilatancy 
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430 angle in accordance with the software manual (PLAXIS Manuals, 2019) and small non-zero 
431 cohesion intercept (0.01 kPa) were assumed. The detailed soil material parameters in the 
432 present study are summarised in Table 5, and the stiffness properties of the walls are given 
433 in Table 1.

434 Table 5. Soil material parameters for the Mohr-Coulomb constitutive model used in the finite 
435 element analyses.

γunsat (kN/m3) γsat (kN/m3)

14.52 - 14.72* 18.85 - 18.97

Young's modulus (MPa) Poisson's ratio

20 0.2

Friction Angle φ’ (◦) Dilation Angle Ψ (◦) Effective Cohesion c'ref (kPa)

32 1/2** 1/0.01***

436 *as per density presented in Table 3

437 **dilation angle equal to 1 degree in ABAQUS and 2 degrees in PLAXIS (due to the relationship to the 
438 friction angle, which is suggested by PLAXIS Manuals, 2019)

439 **non-zero cohesion value for convergence equal to 1 kPa in ABAQUS and 0.01 kPa in PLAXIS

440

441 In the ABAQUS/CAE 2D simulation model, the moveable walls and soil were modelled using 
442 shell elements. The moveable wall was modelled as linear isotropic elastic with plane strain 
443 boundary conditions that are chosen to minimise container boundary effects on the backfill 
444 sand. In the PLAXIS 2D simulation model, the moveable wall was modelled as a rotating plate, 
445 with displacements of the plate allowed in both horizontal and vertical directions. The plate 
446 was defined to be elastic. To simulate the hinge at the bottom of moveable walls, a fixed point 
447 was added at the bottom of the moveable plate, which prevented displacements in both 
448 directions while allowing rotation. 

449 The soil at the bottom of the box was modelled to have fixed displacements in both ABAQUS 
450 and PLAXIS without modelling the bottom surface of the soil box. The end wall was explicitly 
451 modelled in PLAXIS, assuming a rigid surface and considering the interaction between the 
452 Perspex back wall surface and soil, as discussed in section 4.2 for test #S1-I-12. In ABAQUS, 
453 the end wall was not modelled explicitly, and the back end of the soil was fully fixed.

454 4.2 Interaction properties

455 In the ABAQUS model, for test #S1-I-12, the wall was modelled as two layers, one layer of 
456 Perspex and one layer of timber. For tests #S2-I-12 and #S2-C-5, the wall was one layer of 
457 PE500. The sandwich wall in test #S3-C-5 was modelled as two layers of material instead of 
458 the actual four due to convergence issues; one with the properties of Perspex, and the other 
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459 with the equivalent stiffness of the timber and aluminium sandwich. Tangential and normal 
460 interactions at the backfill-wall interfaces were taken into account using the surface-to-surface 
461 discretisation method to enforce an overall contact condition (Alqarawi et al., 2016). A finite-
462 sliding formulation was used at these interfaces, which allows any arbitrary motion of the 
463 surfaces, including separation, sliding and rotation of surfaces. A hard contact model defines 
464 the normal contact pressure over the closure relationship between the wall (master) and the 
465 backfill (slave). Tangential interaction between the wall and the backfill is defined using the 
466 static-kinetic exponential decay function. The contact defined between the Perspex wall and 
467 the soil was taken as frictionless. To prevent any possible separation at the interface between 
468 the base of the moveable wall and the soil, tie constraints were added along the baseline of 
469 the moveable wall. A geostatic stress field procedure, in which gravity loads are applied, was 
470 used as the first step of the analysis to verify that the initial geostatic stress field is in 
471 equilibrium with applied loads and boundary conditions. 

472 The soil-wall interface is managed in PLAXIS in a simpler way. In the PLAXIS model, the 
473 interface (roughness) coefficient Rinter is an interface strength reduction factor that defines the 
474 strength and stiffness of the interaction between moveable walls and soil with values ranging 
475 from 0 to 1 (0 < Rinter ≤ 1). Therefore, when the interface between the moveable wall and soil 
476 is assumed to be rigid, Rinter is set to be one as default, indicating that the relative movement 
477 between the moveable wall and soil is very limited. When the interface is smoother and of 
478 lower strength, a smaller Rinter is assigned but at a value greater than zero (the interface cannot 
479 be completely smooth), indicating that there is more relative movement between the moveable 
480 wall and soil. Generally, in practice, the strength and stiffness of the interface are lower than 
481 the surrounding soil. Therefore, the value of Rinter should be lower than 1. In the absence of 
482 detailed data on the roughness, it can be assumed that Rinter is in the order of 2/3 (PLAXIS 
483 Manuals, 2019). Potyondy (1961) tested the skin friction between several types of soil and 
484 construction materials and suggested a coefficient of 0.54 for the interface between smooth 
485 steel and dry sand and a coefficient of 0.76 for the interface between smooth concrete and 
486 dry sand. Considering both the PLAXIS Manuals (2019) and the study by Potyondy (1961), 
487 the strength reduction Rinter is defined as 0.6 for the #S1-I-12 and #S3-C-5 tests (i.e., Perspex-
488 soil interaction) and increased to 0.7 for modelling of the #S2-I-5, #S2-I-12 and #S2-C-5 tests 
489 (i.e., PE500-soil interaction). The difference in modelling the interface between the two 
490 software packages likely leads to some differences in the numerical results even if from a 
491 conceptual point of view the same kind of physical condition is meant to be modelled (i.e., 
492 frictionless surface in the case of Perspex soil interaction).

493 4.3 Lateral earth pressure along the moveable wall

494 The lateral earth pressure at the maximum extension (passive state) along the moveable wall 
495 from the experimental and numerical models in #S1-I-12 and #S2-I-12 (Figure 10), shows that 
496 the overlapping profiles from the two numerical models are similar to the value of the 12th cycle 
497 from the experimental tests. This is expected, as the Mohr-Coulomb model cannot capture the 
498 changes in the soil density at each cycle. 

499 The different wall stiffnesses result in a different distribution of passive pressures, with the two 
500 numerical models being able to reasonably capture the trend of the measured pressures for 
501 the more flexible wall configuration (i.e., #S1-I-12 in Figure 10a) but missing the trend shown 
502 in the experimental results for test #S2-I-12 (see Figure 10b) beyond the second cycle (where 
503 high drifts lead to failure of the soil material).

504 Figure 11 compares the lateral earth pressure along the moveable wall determined from the 
505 experimental and numerical models for #S2-C-5 and #S3-C-5 and shows the inability of the 
506 Mohr-Coulomb model to capture the cyclic soil densification in the experiments, giving a 
507 steady profile with depth. From the very early cycles, the high value of drift leads to soil failure 
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508 and to an inaccurate estimation of the pressure distribution with respect to the experimental 
509 results.
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510 Figure 10. Lateral earth pressure at the passive stage behind the moveable wall for test (a) #S1-I-12; 
511 (b) #S2-I-12.
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513 Figure 11. Lateral earth pressure at the passive stage behind the moveable wall for the test (a) #S2-
514 C-5; (b) #S3-C-5.

515

516 As mentioned earlier, the soil-abutment interface is modelled with a more sophisticated 
517 approach in ABAQUS with respect to PLAXIS, enabling a more sophisticated modelling of the 
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518 layered walls leading to a slightly more accurate numerical representation of the sandwich 
519 wall in Figure 11b. 

520 The lateral earth pressure curve in PLAXIS is closer to the Rankine assumption, especially at 
521 lower depths within the backfill. The maximum lateral earth pressure along the moveable wall 
522 within the two models is always on the conservative side with respect to the maximum absolute 
523 value observed in the experiment (i.e., leading to higher pressure estimation with respect to 
524 the experiment). This shows suitability for preliminary design assessment using simplified 
525 approaches with both software packages but also highlights the limitation of a simplified 
526 numerical model to accurately mimic the progress of cyclic loads over the life cycle of the 
527 structure (e.g., for assessment purposes).

528 4.4 Failure wedge and boundary condition of test-rig

529 Comparing the passive position lateral earth pressures in the backfill along the end wall of the 
530 rig from experimental and numerical models for #S2-I-12, the maximum value obtained from 
531 the numerical models is far larger than that of the experimental tests (almost 300% in ABAQUS 
532 and 150% in PLAXIS), especially in case of stiffer walls, see Figure 10b. Furthermore, the 
533 comparison with analytical and empirical formulations led to significant differences with higher 
534 values of the experimental earth pressure with respect to the empirical and analytical 
535 estimations, see Figure 8.

536 As discussed in section 3.4, the 1-metre length of the rig is not sufficient to allow the 
537 development of the full passive failure wedge during the cyclic loading. To investigate the 
538 effect of the position of the end wall on the development of passive pressures, further PLAXIS 
539 and ABAQUS numerical models were employed to simulate an extension of the box, placing 
540 the end wall 2 m from the moveable abutment. The comparison of the lateral earth pressures 
541 from experimental tests and simulations with 1-metre and 2-metre boundary conditions is 
542 shown in Figure 12 for the #S2-I-12 test.

543 As expected, the difference between the two boundary conditions becomes significant with 
544 increasing cycles; the results also indicate that the boundary condition in the experimental 
545 tests increases the earth pressures on the abutment, influencing the comparison with the 
546 analytical formulations discussed in section 3.
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547 Figure 12. Lateral earth pressure at the passive stage behind the moveable wall for test #S2-I-12 for 
548 the comparison of different backfill sizes in (a) PLAXIS and (b) ABAQUS.
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549

550 5. Conclusions

551

552 This paper considers the effect of different integral bridge abutment wall stiffnesses on the 
553 backfill materials and abutment-backfill pressures through a small-scale 1g experimental 
554 campaign. The flexibility of the abutment was found to have some influence on the earth 
555 pressures measured, increasing its maximum value by more than 25% between a more 
556 flexible abutment and a rigid one. The development of earth pressure on the flexible abutment 
557 configuration was better captured by a simplified Mohr-Coulomb model in PLAXIS and 
558 ABAQUS than for stiffer rigid walls.

559 The position of the end wall of the 1g rig was found to influence the pressures developed on 
560 the movable wall because the rig was not long enough to allow the development of the full 
561 passive wedge. The implications of this experimental condition were assessed using the 
562 numerical models in PLAXIS and ABAQUS by moving the end wall 1 m further away from the 
563 moveable abutment. This was found to reduce the absolute maximum value of the earth 
564 pressure on the abutment wall by almost 50%. This result also has implications on the overall 
565 experimental-to-analytical comparison carried out between the results of the experimental 
566 tests presented in this study and literature and code-based analytical and empirical 
567 formulations. Notwithstanding the influence of the boundary condition in the experimental test, 
568 the empirical formulation by Dicleli and Albhaisi (2004b) consistently provided a conservative 
569 estimate of the experimental data. This suggests a significant degree of conservativeness in 
570 this analytical formulation. The relatively simple Mohr-Coulomb constitutive model 
571 implemented showed suitability for design purposes with a degree of conservativeness that 
572 could be reduced using a more sophisticated soil model. Another factor affecting the accuracy 
573 of the numerical results was the estimation of the wall roughness and the wall-to-sand friction 
574 in the different soil configurations for which a literature-based estimate was made, and it 
575 affected the results significantly. The model was not able to capture the cyclic effect in cases 
576 of constant displacements, which is the typical trend of seasonal displacement.

577 The experimental, analytical, and numerical results shown in this study still emphasise a 
578 significant degree of uncertainty and the consequent conservativeness embedded in the 
579 currently adopted design and assessment tools. Furthermore, simplified models currently 
580 adopted do not allow for capturing changes over the life cycle of the infrastructure (e.g., 
581 densification, change in stiffness due to cracking of concrete or atypical boundary conditions 
582 due to the presence of other earthworks which could prevent development of failure wedges).

583 Scaling issues and boundary effects are present in this small-scale experimental campaign 
584 limiting more careful consideration of solutions for the design and assessment of earth 
585 pressures. Still, results shown allowed the preliminary testing of the experimental approach 
586 including measurement methods and the preliminary testing of numerical design tools already 
587 available. Larger-scale physical models of integral abutments are required to identify more 
588 accurate and less conservative design and assessment of integral bridges. The final aim that 
589 can be achieved is to make sure that their advantages as bridge design option can be fully 
590 exploited for a robust and less costly transport infrastructure.
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