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ABSTRACT: Integral bridges have increased in importance compared to traditional bridge design due to advantages in maintenance 
costs. However, seasonal temperature changes may induce significant internal forces due to the nonlinear behaviour of the soil used as 
backfill for the abutments. A reliable estimate of the change of void ratio, i.e. the compaction, of the soil behind the abutment due to 
summer/winter cycles is, therefore, essential. These changes will have an effect on the stiffness of the soil and consequently the earth 
pressure exerted on the abutment walls. In order to study these effects, laboratory experiments have been conducted showing that, 
under the investigated conditions, significant compaction of the soil occurs resulting in a settlement trough behind the wall and an 
increase of earth pressure. Due to scale effects, results of small-scale experiments must be interpreted carefully when transferred to 
full scale. Therefore, numerical analyses with the finite element method have additionally been performed and demonstrated a good 
correlation between experiment and analysis. Standard elasto-plastic constitutive models cannot capture the important effects of the 
significant void ratio changes in the soil occurring during testing. Thus, a hypoplastic model of soil behaviour has been employed.  

RÉSUMÉ : Les ponts intégrés ont pris de l'importance par rapport à la conception traditionnelle de ponts en raison des avantages des 
coûts de maintien. Cependant, les changements de température saisonniers peuvent induire des forces internes importantes dues au 
comportement non linéaire du sol utilisé comme remblai pour les piliers. Une estimation fiable du changement de l'indice des vide, 
c'est-à-dire du compactage, du sol derrière la butée due aux cycles été / hiver est donc essentielle. Ces modifications auront un effet 
sur la rigidité du sol et par conséquence sur la pression de la terre exercée sur les parois de butée. Afin d'étudier ces effets, des 
expériences de laboratoire ont été conduites montrant que, dans les conditions étudiées, un compactage important du sol se produit, ce 
qui a pour résultat un creux d'affaissement derrière le mur et une augmentation de la pression de la terre. En raison des effets 
d'échelle, les résultats des expériences à petite échelle doivent être interprétés avec précaution lors du transfert à l'utilisation 
appliquée. Par conséquence, des analyses numériques avec la méthode des éléments finis ont en outre été effectuées et ont démontré 
une bonne corrélation entre les expériences et l'analyse. Les modèles constitutifs élasto-plastiques standard ne permettent pas de saisir 
les effets importants des changements significatifs de l'indice des vides dans le sol lors des essais. Ainsi, un modèle hypoplastique de 
comportement du sol a été utilisé.
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1  INTRODUCTION 

Due to the higher maintenance costs of traditional bridges, 
integral abutment bridges have become a successful alternative. 
However, soil-structure-interaction is still a major problem in 
the design of an integral abutment bridge. In particular, the 
estimation of the lateral earth pressure, which changes with the 
temperature-induced cyclic horizontal displacement of the 
backfill of the abutments, is still full of uncertainties.  
This paper presents some experimental and numerical results of 
a research project. The purpose of this research project was to 
get a better understanding of how lateral earth pressure due to 
cyclic loading acts on a bridge abutment.  
The findings aim to display differences between traditional 
methods (e.g. Coulomb 1776) and, additionally, determine 
whether the approaches of Vogt (1984) or other similar 
approaches are adequate for practical application. Therefore, a 
small-scale and a mid-scale experiment in addition to numerical 
simulations were performed over a small period of time. The 
experiments build the base for the numerical simulations with a 
high order model and determine settlements behind the 
retaining wall, as well as show the change of lateral earth 
pressure due to cyclic loading. The numerical simulations were 
performed to overcome the scale effects. 

2  EXPERIMENTS 

For both experiments, prescribed displacement cycles were 
defined and kept constant during a test. This means that the 

displacement of the model retaining wall only represents a 
summer-winter cycle in nature. It must be taken into 
consideration that both experiments were 1g tests with all the 
relevant shortcomings. 
 

2 .1  Small-scale experiment 

The main focus of the small-scale experiment was to determine 
the measurements of the settlement trough behind the wall and 
to provide results for a discrete element calculation as shown in 
chapter 4. 

2.1.1 General information 
Several tests were performed with variations of prescribed 
displacements (± 10 mm and ± 5 mm), dry density d from 
1.40 g/cm³ to 1.56 g/cm³ of a poorly graded sand 
(d10 = 0.13 mm, d60 = 0.34 mm), and the direction of initiation 
of first cyclic movement. The sand had a friction angle ’ of 
37° (CIUC) and a repose angle  of 35°. The speed of 
movement was 0.5 mm/min according to the maximum velocity 
of a direct shear test for granular material. 

2.1.2  Experimental equipment 
The small-scale experiment was performed in a rigid steel box 
with the dimensions of 1.245(l) x 0.72(w) x 0.6(h)m and the 
sand layer had a thickness of 0.5 m. The rotation point of the 
model retaining wall was aligned with the bottom edge of the 
box. Two vertical and two horizontal load cells were used as the 
lower bearing of the wall. The intersection of the line of action 
was exactly in the rotation point. The cyclic load was induced 
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 by prescribed displacements on top of the wall using a worm 
drive. Two load cells were placed between the worm drive and 
the wall. An additional back plate was resting on four load cells. 
Therefore, it was possible to measure the potential lateral earth 
pressure at the back of the box. The settlements were 
determined by measuring 192 points in 3D of the ground level 
at initial state and after a defined number of cycles. The 
measurement pattern was finer towards the retaining wall. 

2 .2  Mid-scale experiment 

In the mid-scale experiment, not only the settlement trough, but 
also the change of the lateral earth pressure were examined. 
Both the small-scale and mid-scale experiments aimed to show 
a correlation between the numerical analyses and the 
experiments in order to support scaling the numerical models. 

2.2.1 General information 
For the medium-scale tests, a poorly graded 4/8 mm sub 
rounded gravel was used (d10 = 4.3 mm, d60 = 6.5 mm). The 
minimum and maximum dry density d was 1.52 and 1.72 
g/cm³. During the tests, the dry density d varied between 1.55 
g/cm³ and 1.64 g/cm³. The friction angle ’ was 40° (direct 
shear test). Compared to the small-scale experiment, the speed 
of movement was lower due to mechanical factors; 
0.36 mm/min. The inclination of the retaining wall was between 
0.6 and 0.3°. For the combined test (rotation & translation), the 
translation was between 2.56 mm and 5.86 mm. 

2.2.2  Experimental equipment 
The dimensions of the box for this experiment were 2.63(l) x 
1.01(w) x 1.5(h)m. The gravel was up to a level of 1.4 m. The 
construction used two independent axes driven by two worm 
drives each, making it possible to rotate and translate the 
retaining wall. A load cell was between each worm drive and 
the retaining wall. To at least slightly overcome the influence of 
the wall friction, the retaining wall was split into two parts, as 
shown in Figure 1. An outer u-shape frame where the 
prescribed displacements were induced and a steel plate sitting 
in this frame only fixed by six horizontal load cells move 
together as one unit. These six load cells formed three 
measurement axes (W1, W2, W3) at different heights. Wall axis 
W1 had the biggest distance to the rotation point and W3 (h/3) 
the smallest. Wall axis W2 is in the middle (h/2) of the retaining 
wall. This made it possible to roughly locate the largest lateral 
earth pressure and its difference according to the type of 
prescribed displacements. The determination of the settlements 
behind the retaining wall were handled in the same way as in 
the small-scale experiment. 
 

 
Figure 1. Detail of the retaining wall 

3  RESULTS EXPERIMENT 

This chapter presents the results of the small-scale tests and 
medium-scale tests. Whereas the results of the first experiment 
only show settlements, the second one additionally shows the 
change in lateral earth pressure. 

3 .1 Results from the small-scale experiment 

Depending on the number of cycles, the initial void ratio and 
the magnitude of prescribed displacements of the settlement 
trough’s shape changes. As shown in Figure 2, the test (Test 2) 
with the highest void ratio leads to the largest settlements. Test 
7 had the same magnitude but a lower void ratio. As a result of 
the compaction directly behind the wall, the heave occurred 
after only ten cycles. A similar behaviour was shown by 
England et al. (2000). With a magnitude of 10 mm in each 
direction, the settlements in Test 2 reached up to 150 mm after 
twenty cycles. The settlements of Test 5, with half of the 
magnitude (5 mm), only reached 60 mm or 40 %. The extent of 
the trough remained the same with a similar void ratio and did 
not change with the magnitude. 
 

 
Figure 2. Settlement troughs of three tests 
 
Although no results from the earth pressure are presented for 
the small-scale experiment, it is obvious that the earth pressure 
acting on the back plate increased with each cycle, especially 
with higher bulk densities. 

3 .2 Results from the mid-scale experiment 

The settlements of the mid-scale tests showed very similar 
results. The main factors for the settlement trough was again the 
void ratio, the magnitude of prescribed displacements, and the 
number of cycles. The settlements of two representative tests 
are shown in Figure 3 in detail. Test 2 had a very loose bulk 
density whereas Test 8 exhibited at minimum a medium density. 
This lead to almost double depth of the settlement trough for 
Test 2. In the first ten cycles the magnitude of settlements is 
twice as high as in the following ten cycles. 
 

 
Figure 3. Settlement troughs of two tests 

W1 

W2 

W3 
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  Due to the cyclic loading, the lateral earth pressure increased 
significantly. The increase of the first two cycles is the largest 
followed by the next five cycles, as shown in Figure 4 and 5. 
Figure 4 shows the complete force path for twenty cycles of the 
top axis (upper worm drives) of Test 7. This test started to the 
active side and the initial force decreased. After a minimum 
force at the maximum prescribed displacement on the active 
side (positive value) an increase of the force towards the 
passive side is obvious. The increase of the force within the first 
cycles was largest but the inclination was more or less 
continuous throughout the whole range of prescribed 
displacements. The inclination increased especially in the 
middle section (5 to -5 mm) with the number of cycles. 

 
Figure 4. Horizontal force top axis 

One major outcome of the mid-size experiments was the change 
of the earth pressure distribution with the type of wall motion. 
The first four tests were rotation only and, as shown in Figure 5, 
the resultant earth pressure is closer to the wall axis in the 
middle (W2). Wall axis W1 is on the left and W3 on the right-
hand side. Whereas a combination of rotation and translation 
leads to a resultant earth pressure closer to wall axis W3. The 
distribution of the earth pressure is approximately linear in the 
combined motion tests. This confirms previous experimental 
research (Vogt 1984, England et al. 2000). In Test 5, the 
translation was with a magnitude of 5 mm higher and the forces 
at wall axis W3 were larger. 
 

 
Figure 5. Force of the wall axes W1 to W3 
 
As mentioned above, the first cycles showed the highest 
increase of lateral earth pressure, however, even after thirty 
cycles an increase was still exhibited. Figure 6 shows that, in a 
half-logarithmic scale, the increase is linear and can be 
extrapolated if necessary. The horizontal lines show the upper 
and lower boundaries of Vogt’s (1984) analytical approach.  

 

 
Figure 6. Increase of lateral earth pressure 
 
Vogt’s approach considers the mobilisation of soil resistance. 
Although the results of this approach seem reasonable, the 
factor a shown above has a major influence on the result. This 
factor makes it possible to consider bulk density. A denser 
backfill material leads to a smaller factor a. In Figure 7, the 
total horizontal forces of the wall axes are compared to the 
static earth pressure approaches of Jaky (1944), Coulomb 
(1776) and to the approach of Vogt (1984).  
 

 
Figure 7. Comparison of analytical approaches and test results 
 
The results after n cycles of the eight tests indicate higher 
pressure than earth pressure at rest though significantly lower 
level than passive earth pressure. They are right in between the 
two lines of the approach according to Vogt for a value of 0.02 
and 0.11 respectively. 

4  NUMERICAL CALCULATION 

The most important aspect in the considered boundary value 
problem is related to the repetitive unloading and reloading due 
summer and winter conditions. Preliminary numerical studies 
showed that standard constitutive models, based on elasto-
plasticity, are not able to capture such a complex material 
behaviour. Therefore, it was necessary to use another approach 
to describe the backfill material, namely hypoplasticity (e.g. 
Kolymbas 1999, von Wolffersdorff 1996). The big advantage of 
hypoplasticity is that the constitutive model takes into account 
the influence of the pressure level (barotropy) and, even more 
important for integral bridge abutments, the influence of density 
and density changes (pyknotropy) on the behaviour of soils. 
Therefore, soil stiffness, dilatancy and the peak friction result 
automatically from the actual condition of the soil.  
Since the concept of hypoplasticity can become numerically 
unstable when dealing with situations with very low stress 
levels, it was decided to perform the back analyses of the small 
scale test by means of the discrete element method (DEM). The 
main focus of the small scale test was the settlement trough 
behind the wall.  
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Figure 6. Contours of computed displacements of small scale test  
 
Figure 6 illustrates a contour plot of computed displacements 
and the full line represents the measured settlements in the 
performed small scale test. One can see that the computed 
displacements using DEM analyses show a very good 
agreement with the measured values.  
The back analysis of the mid-scale test was performed with the 
finite element method using the FE software Plaxis (Brinkgreve 
et al., 2015). To describe the behaviour of the backfill material 
a hypoplastic type of constitutive model including the so-called 
intergranular strain concept was used (see e.g. Niemunis and 
Herle 1997). The dimensions of the model are the same as in 
the performed mid-scale test (see chapter 2.2.2) and the mesh 
discretization was performed by means of 15 noded elements 
using a shape function of fourth order. 
Figure 7 shows the contour lines of total vertical displacements 
uy after ten summer-winter cycles. Due to the cyclic loading, 
the void ratio in the backfill material behind the wall changes 
significantly. The FEA show that the void ratio behind the wall 
(in the middle of the model – Point A Figure 7) decreases after 
ten cycles from its initial value of 0.8 to a value of roughly 0.69. 
Moreover, this change of density effects significantly the 
stiffness and strength properties of the soil. A comparison of the 
computed settlement trough with the settlements measured in 
the mid-scale test showed again a very good agreement. 
 

 
Figure 7. Contour lines of total vertical displacements uy after ten 
summer-winter cycles (FE analysis) 
 
Since the main objective of the mid-scale test was the 
evaluation of earth pressure (and earth pressure changes) due to 
the cyclic loading, also the computed resulting force behind the 
wall was evaluated after each cycle. Therefore, the horizontal 
stresses along vertical cross sections (directly behind the wall - 
cross section A-A Figure 7) were analysed. Table 1 shows a 
comparison of the computed resulting earth pressures with the 
earth pressures measured in the mid-scale test. The results show 
an almost perfect match. 
 

Table 1. Comparison of resulting earth pressure (test vs FEA) 
 
 Mid-scale test FE analysis 
Cycle max earth pressure 

[kN] 
max earth pressure 
[kN] 

0 (initial situation) 4.32 6.20 
5 47.51 50.60 
10 55.32 56.50 
 

5   CONCLUSION 

Both experiments showed the change in lateral earth pressure 
and settlements behind the retaining wall induced by cyclic 
loading. The mid-scale experiment made it possible to compare 
the theoretical approach of Vogt (1984) with the test results. A 
reasonable concurrence could be shown. Although the major 
increase of the lateral earth pressure occurred within the first 
cycles, the increase of the stresses was even after thirty cycles 
obvious. The influence of bulk density, number of cycles, the 
horizontal displacements of the retaining wall and the type of 
movement was presented. 
The DEM analyses from the small scale test show a very good 
agreement with the settlement trough measured. With the FEA 
of the mid-scale test using a hypoplastic type of constitutive 
model, both the settlements behind the wall and the increase of 
earth pressure due to the cyclic loading were very well captured. 
These results confirm the reliability of the small scale and mid-
scale tests that were performed. Vice versa, the numerical 
models and especially the used constitutive model were 
validated. It can, therefore, be expected that the numerical 
approach is capable to investigate existing integral bridges 
considering real dimensions and different foundation types. 
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