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Abstract: The mechanical performance of underground flexible structures such as buried pipes or culverts made of plastics depend
not only on the properties of the structure, but also on the material surrounding it. Flexible drains can deflect by 30% with the joints
staying tight, or even invert. Large deformations of the structure are difficult to model in the framework of Finite Element Method,
but straightforward in Discrete Element Methods. Moreover, Discrete Element approach is able to provide information about the
grain–grain and grain–structure interactions at the microscale. This paper presents numerical and experimental investigations of
flexible buried pipe behaviour with focus placed on load transfer above the buried structure. Numerical modeling was able to repro-
duce the experimental results. Load repartition was observed, being affected by a number of factors such as particle shape, pipe fric-
tion and pipe stiffness.
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1. INTRODUCTION

Underground pipes are widely used in various fields
of engineering. Typical pipe applications include the
transport of fluids under pressure (oil, gas, water) or
with a free surface (sewage, drain water). Moreover,
large pipes are often used as tunnels or culverts that
allow water flow and animal crossing through em-
bankments. Historically buried pipes were made of
materials such as bricks or steel and were constructed
thick and stiff in order to carry the external loads with
the strength of the pipe itself. In modern times, the
introduction of new materials like plastics or sheet steel
allowed flexible constructions with thinner walls to be
constructed. Such flexible pipes carry the load in coop-
eration with the surrounding soil and therefore the
question of soil–structure interaction is essential for its
design. The nature of that cooperation is based on the
load transfer above the buried pipes which is linked to
the arching effect in the backfill soil.

The study presented in this paper was focused on
experimental and numerical investigations of the load

transfer above flexible buried unpressurised pipe.
Flexible buried pipes deflect under load and depend-
ing on the particular application can deflect beyond
30% of diameter or even invert while remaining hy-
draulically operational. Such large deformations can
be difficult to model in the framework of Finite Ele-
ment Method (FEM) but are natural for even the most
basic Discrete Element codes (DEM). Moreover, in
order to study the load transfer one needs access to
interparticle forces at the microscale, which are avail-
able in DEM as well.

In this work, we performed laboratory experiments
on PVC pipes surrounded by 2D analogue soil, and
subsequently modeled the same problem in DEM.

2. EXPERIMENTAL PROGRAM

The experiments on buried pipes were performed
using the 1γ2ε apparatus, Fig. 1, located in 3SR Labo-
ratory in Grenoble, France. The apparatus was used
and described numerous times  (Joer et al. [6]; Cal-
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vetti et al. [1]; Sibille and Froiio [11]; Hall et al. [5];
Lirer et al. [7]; Charalampidou et al. [3]). 1γ2ε is able
to impose different plane stress loading conditions on
2D analogue Schneebeli material (Schneebeli [10]). In
this work, two types of analogue soil were used:
wooden rods with diameters ranging from 0.8 to 2.0 cm
and PVC rods with diameters between 0.1 and 0.3 cm,
Fig. 2b. All the rods were circular and 6.0 cm long.
Apart from the rods, 6.0 cm long pieces of commer-

cially available PVC pipe with external diameter of
10.0 cm were used, Fig. 2a.

Two types of experiments were performed: with or
without the flexible pipe buried in the granular mate-
rial. In every case the granular sample was placed
inside the apparatus, one handful at a time, and sub-
jected to vertical compression test with constant lat-
eral loading, preceded by isotropic loading with σ =
50 kPa. The samples were loaded with rigid, smooth

Fig. 1. Sketch of the 1γ2ε apparatus

a) 

b) 

Fig. 2. The materials used in the 1γ2ε experiments: (a) flexible PVC pipe; d = 10.0 cm, t =  0.33cm;
(b) granular material: PVC grains (left), wooden grains (right). The length of all the elements was 6.0 cm

T a b l e  1

Description of the 1γ2ε experiments

Material Pipe Load velocity Image interval Test name
PVC no 2.0 cm/h none Biax-1-PVC-NoPipe
Wood no 2.5 cm/h none Biax-2-Wood-NoPipe
Wood yes 2.5 cm/h 30 s Biax-3-Wood-Pipe
PVC yes 5.1 cm/h 30 s Biax-4-PVC-Pipe
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walls of the apparatus. During the tests the external
forces imposed on the sample were measured with
transducers located in the hinges connecting the appa-
ratus walls while the wall displacements were re-
corded using four LVDTs, see Fig. 1. Due to the fact
that the front face of the sample was unobstructed and
flat, it was possible to take digital images throughout
the tests and then to analyse it with Digital Image
Correlation techniques (DIC). The approximate initial
size of the entire granular sample was 60 × 60 cm;
Each sample contained about 2000 wooden rods or
40000 PVC rods. The four experiments performed are
summarised in Table 1.

2.1. DIGITAL IMAGE
CORRELATION TECHNIQUE

The measurements of global stresses and strains of
the sample in 1γ2ε were enhanced with DIC (Sutton et
al. [12]; Richefeu et al. [9]).

The method consists of finding a matching motif
in two images, Fig. 3. A node is defined in the refer-
ence image n. Around the node a correlation window
containing some characteristic features of the image,
like for example specimen surface texture, is defined.
The motif inside the correlation window is searched
for in the second image n+1 within some area called a
search range. The motif is compared with various
fragments of the image and each comparison is quan-
tified with a correlation coefficient. Finally a dis-
placement vector can be drawn between the initial and
final position of the node.

The tests in 1γ2ε were photographed every 30 s
using a 24 Mpx digital camera connected to a com-
puter. Using the sets of photographs it was possible to
observe the kinematics of the granular material, the
pipe and the apparatus itself. The front surface of the
PVC pipe was painted white, and sprayed with a fine

pattern of random dots. 48 characteristic points
equally distributed on the perimeter of the pipe were
followed through the tests. Tracking of the granular
material was done in two ways: in the case of wooden
rods the diameter of the particles was large enough to
fit a correlation window inside a single rod and follow
each particle independently once the front surface of
the rods was painted with contrasting black and white
speckles; in the case of PVC grains the diameter of
such a rod was about 9 px which was not enough to
perform direct grain tracking. Instead a regular grid of
nodes was placed across the whole granular sample
and tracked throughout the tests. The natural contrast
of the PVC rods was enough to perform DIC without
additional grain painting. Apart from the automated
tracking of the granular material and the pipe seg-
ments, the corners of the 1γ2ε apparatus were fol-
lowed as well in order to assure the accuracy of
LVDT measurements. Finally, two additional refer-
ence points disconnected from the apparatus were
followed as well to compensate for camera movement
errors. The DIC technique is very sensitive in terms of
image quality so it was important to provide homoge-
neous lighting of the photographed surface of the
sample.

2.2. 1γ2ε EXPERIMENTAL RESULTS

The measurements provided by the sensors of the
apparatus gave access to macroscopic stresses and
strains of the sample. In the figure 4 the results of
vertical compression tests with and without PVC pipe
on two different types of granular materials are given.
It appears that the presence of the flexible pipe had
little effect on the macroscopic behaviour of the sam-
ples. In case of PVC samples, Fig. 4a, tests with and
without the pipe are similar both at the peak and at the
residual values of vertical stress. The behaviour of the

Fig. 3. Digital Image Correlation principle. A given wooden rod is searched for after rearrangement of the medium
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sample in terms of volumetric strains was similar as
well, considering that it varies from test to test de-
pending on random initial arrangement of the granular
material. The comparison of the two tests with wooden
particles, Fig. 4b, reveals a difference in the maximum
level of vertical stress. It should be noted that during
these tests due to the large size and small number
of the particles occasionally some rapid movements of
the rods occured which were related to closing of
rather large voids in the assembly and caused sudden
drop of stresses. Because of that, the macroscopic
curves of tests performed on wooden rods are gener-
ally speaking more chaotic than the ones obtained
with PVC.

The lack of influence of soft and rigid inclusions
on the macroscopic behaviour of sand was previously
noted by Desrues and Viggiani [4].

Observations of the pipe buried in granular material
during vertical loading revealed that the pipe sur-

rounded with small PVC particles deformed in a sym-
metrical manner while the pipe in wooden analogue
soil deformed asymmetrically, see Fig. 5. That differ-
ence was caused by the number of particles in contact
with the pipe surface and therefore the uniformity of
forces acting on the pipe.

The pipe shape was tracked with DIC at 48 points
on its front face and therefore it was possible to com-
pute the mezoscopic change of cross-section area of

the pipe 
1

21

A
AA=εV

−  and relate it to the volumetric

strains of the whole assembly, Fig. 6. While the
granular assembly was dilating, as seen in Fig. 4 or
Fig. 6, the flexible pipe was contracting. Another re-
mark can be made that the change of pipe area ob-
tained in the physical experiments, even though
asymmetrical, was in accord with the change of area
of a circle compressed to an ellipse, see Fig. 7.

a)      b) 

Fig. 4. 1γ2ε experiment results of two types of materials with or without a circular, flexible pipe inside:
(a) PVC rods; (b) wooden rods. The horizontal stress was kept constant at 50 kPa, while the vertical stress rose to a peak,
decreased and stabilised. The change of volume (area) of the sample is typical of a dense assembly of cohesionless grains

a)       b) 

Fig. 5. Images of the loaded samples: (a) PVC rods; (b) Wooden rods.
A red ellipse with the same value of eccentricity
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3. NUMERICAL MODELING

The problem of an elastic pipe surrounded with
granular material and subjected to loading was subse-
quently modeled numerically using DEM in the
framework of Molecular Dynamics. The granular
model used in the modeling was similar to the one de-
scribed by Szarf et al. [13], [14] and consisted of parti-
cles called clumps made of three discs forming a single
body. The shape of the particles was defined with
a simple geometrical parameter

1

21
R
R= −α (1)

that linked the radii of a smallest circumscribed circle
and a largest inscribed circle of a particle, Fig. 8a. By
changing the value of α it was possible to obtain
many variations of the shape, Fig. 8b.

The introduction of the complex particle shapes in-
stead of simple discs ensured that the mechanical be-
haviour of the granular material was more similar to the
behaviour of real soil without the necessity of incorpo-
rating additional numerical devices such as rolling re-

sistance. This allowed the numerical model to remain
simple and to use classical DEM contact laws: linear
elastic normal contact law and elastic-perfectly plastic
tangential law (for more details see [13], [14]).

Apart from the granular material, a model of an
elastic pipe made of 48 elastically connected discs
was used as well. The mechanical behaviour of the
pipe was governed by the introduction of the addi-
tional contact law called parallel bond (PFC2D Man-
ual [8]). A parallel bond is transferring compressive
and tensile forces, as well as moments of force be-
tween the two connected particles. By default this
law is acting together with the classical normal and
tangential contact laws, which causes different be-
haviour in compression and tension. That was solved
by countering the forces from the two classical con-
tact laws in every pipe–pipe contact with additional
opposite forces. Therefore it was possible to relate
the numerical parameters of contact stiffness in the
pipe to the geometry and Young’s modulus of the
real pipe

D
E=k pb

n , (2)

Fig. 6. During vertical compression test in
1γ2ε the volumetric strains of the apparatus

and the pipe specimen were different. The whole sample
was dilating (εV > 0, two top curves) while the PVC pipe

was contracting (εV < 0, two bottom curves)

Fig. 7. Comparison of the volumetric strains
between experiments on an flexible pipe with

theoretical behaviour of an ellipse.
The vertical strains ε1 are not the strains of

the experimental apparatus as in Figs. 4 or 6
but the strains of the pipe

        

a) α definition; b) Particle shapes used

Fig. 8. Definition of the shape parameter α (left) and the shapes of particles with different values of α used in this study (right)
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where pb
nk is the normal stiffnesses of parallel bond

contact, D is the diameter of each disc forming the
pipe, E is Young’s modulus of the pipe material. The
stiffness of the pipe in numerical simulations was
assumed to be equal to the stiffness of the pipe in the
physical experiments. Young’s modulus of the PVC
pipe was assessed in a laboratory simple compression
tests and was equal to 2 GPa. The parallel bonds in the
pipe were modeled as unbreakable.

As in the case of physical experiments, the nu-
merical simulations were performed both with and
without the pipe in the granular sample. Each sample
consisted of 5000 particles of a given shape and dif-
ferent radii (Rmax = 3 Rmin with linear distribution of
particle area in this range) placed as a granular gas in
a rigid square box. The size of the particles was
slowly increased up to a point when σ = 2.5 kPa. The
samples were then compressed isotropically with
rigid walls up to σ = 50.0 kPa in absence of inter-
granular friction in order to obtain dense assemblies.
Up to this point the deformations of the pipe were
blocked. Samples prepared in such way were then
subjected to vertical compression with very low ve-
locity in order to avoid any dynamical effect while
the lateral pressure on the walls was kept at 50 kPa,
just as in the physical experiments. Vertical com-
pression tests were performed with the presence of
intergranular friction between the backfill particles.
Gravity was neglected.

3.1. RESULTS OF
THE NUMERICAL MODELING IN DEM

Comparison of the numerical vertical compression
tests with and without a pipe made with different par-
ticle shapes revealed that, in contrary to the physical
experiments, there was a persistent reduction of
maximum macroscopic friction angle in the presence
of elastic pipe, Fig. 9. The residual value of friction
angle was unaffected.

Observation of the global volumetric strains of the
whole assembly and the strains of the pipe revealed
behaviour similar to the one in physical experiments:
dilation of granular sample and contraction of the
pipe.

The biggest advantage of numerical simulations
in comparison with physical experiments is the ac-
cess to the forces acting in the microscale between
the particles of the medium. This made the assess-
ment of load repartition possible. Apart from that, it
was possible to test the effects of the pipe surface
roughness by changing the microscopic friction angle

coefficient μpipe between 0.0 and 0.5, and to perform
additional vertical compression tests with pipe ten
times more and ten times less stiff than the one used
in the physical experiments.

Fig. 9. Comparison of the peak φp and residual φt
macroscopic friction angles obtained in numerical simulations

with and without an elastic pipe buried in assemblies
consisting of particles with different α

In Fig. 10, the shapes of the loaded assemblies
containing pipes of various stiffnesses are pre-
sented. Even thought the vertical strains of the as-
semblies are the same in each case, the pipes are
clearly compressed to a different extent. Examina-
tion of the contact force networks for the three
stiffnesses of the pipe show that while in case of
rigid pipe the density of force chains is similar in
every section of the assembly, in case of soft pipe
there appears an arch-like structure and the force
network at the sides of the pipe is more intensive.
These observations were quantified by comparing
the vertical load acting on the sample and on the
pipe itself, Fig. 11 and Fig. 12.

In every case in the initial phase of the loading
the load repartition occurred and disappeared in the
later phases when the shear in granular assembly
localised. The intensity of the repartition seems to
depend on number of factors: The stiffness of the
pipe is the most pronounced, with rigid pipe carry-
ing more load; The shape of the soil particles influ-
ence the load transfer as well, with the most circular
particles contributing very little while particles with
deep concavities (α = 0.5) transferring more (it
should be noted that the change of particle shape
influence the macroscopic friction angle of the as-
sembly, see Fig. 9 and (Szarf et al. [13], [14];
CEGEO et al. [2]), so the effect is not straightfor-
ward); The presence of friction at the pipe boundary
was observed to actually reduce the beneficial ef-
fect of load transfer.
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Fig. 10. View of the contact force network (top) and the whole assembly (bottom) at ε1 = 10%
of vertical strains of the assembly. In the three simulations the stiffness of the pipe material

was equal to 0.2 GPa (left), 2.0 GPa (center, the original stiffness)
and 20.0 GPa (right). In every case the value of shape parameter of soil particles is equal to α = 0.5

and there is no friction at the boundary of the pipe

         

(a) Influence of particle shape, E = 2 GPa, μpipe = 0.0;    (b) Influence of pipe stiffness, α = 0.5, μpipe = 0.0

Fig. 11. Load repartition in vertical compression tests with elastic pipe.
Vertical stress acting on the sample is related to the vertical stress acting on the pipe.

In the initial phases of loading, the pipe is loaded less than the backfill material

Fig. 12. Summary of maximum load repartition
over flexible pipe for different particle shapes,

different roughness of the pipe surface
and different stiffness of the pipe
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4. CONCLUSIONS AND PERSPECTIVES

This work devoted to the study of load transfer
around buried flexible pipes made use of various tech-
niques: laboratory experiments on analogue granular
material, digital image correlation, numerical modeling
in DEM. Even though the instrumentation of the ex-
periment and the numerical model were simple, the
combination of both proved to be an efficient method
of studying the problems of load repartition. The ex-
perimental setup was reproduced numerically and the
results obtained were comparable both at the macro and
mezoscopic levels. Use of numerical tools enabled ac-
cess to the microscale information as well. The study of
intergranular forces revealed differences in loading of
the underground pipe depending on a number of factors:
particle shape, pipe stiffness and pipe roughness.

The framework of soil-structure interaction study-
ing presented in this paper seems to be promising and
should be continued to develop. The experimental setup
used should be enhanced with more direct measure-
ments in order to corroborate the numerical results
further. The numerical model of the pipe was perfectly
elastic and therefore too simple to simulate the real
behaviour of elasto-plastic materials like PVC; Never-
theless, the comparison with the experimental results
was satisfactory. The numerical model used is very
flexible in terms of micromechanical parameters con-
trol and therefore can help solving many experimental
limitations like delicate changes of material properties
or problem geometry.

The study presented should be continued especially
in the direction of real scale experiments. Apart from
that, in order to deal with engineering problems the
technical details like pipe laying procedure should be
performed more realistically. Another drawback of that
study was the limitation of particle size and number,
both in physical and numerical tests, a problem which
probably influence the performance of the buried pipe.
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