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Abstract: The use of a finite element (FE) method and selection of the appropriate model to simulate soil
elastoplastic behaviour has confirmed the importance and sensitivity of the soil properties on the accuracy when
compared with experimental data. The properties of the filling soil play a significant role in determining levels of
deformation and displacement of both the soil and subterranean structures when using the FE model simulation.
This paper investigates the impact of the traffic load on the filling soil deformation when using the traditional
method, one pipe in a trench, and a new method, two pipes in a single trench one over the other, for setting up a
separate sewer system. The interaction between the buried pipes and the filling soils has been simulated using an
elastoplastic FE model. A modified Drucker—Prager cap constitutive model was used to simulate the stress-strain
behaviours of the soil. A series of laboratory tests were conducted to identify the elastoplastic properties of the
composite soil used to bury the pipes. The FE models were calibrated using a physical lab model for testing the
buried pipes under applied load. This allows the FE model to be confidently upgraded to a full-scale model. The
pipe-soil interactions were found to be significantly influenced by the soil properties, the method of placing the
pipes in the trench and the diameters of the buried pipes. The deformation of the surface soil was decreased by
approximately 10% when using the new method of setting up the separate sewer.

Keywords: Elastoplastic; Modified Drucker—Prager cap constitutive model and Soil-pipe interaction.

1. Introduction

Soil is a media in which many infrastructure objects are embedded, such as pipelines and a variety of
underground structural materials. One of the more complicated challenges facing designers is considered to be
predicting the behaviour of a system when its structure and materials interact with the soil. The complexity of soil
texture, which includes different types of solid matter peppered with voids filled by air or water, generates a variety
of soil stiffness and elastoplastic behaviour. Therefore, it is important to identify the properties of the soil to predict
soil behaviour when designing underground structures [1]. The cost associated with the compaction process and
selection of a filling material is considered one important criterion regarding the safety and economic design of
any drainage system and selecting the filling soil material [2]. The separate sewer system (SSS) is more common
today in the UK, EU and the USA for all new developments. It is proposed as one solution to avoid the negative
impact of combined sewer systems. Installing the traditional separate sewer system in narrow streets, which are
more common in residential areas in the UK and EU, is challenging. The high initial cost of the traditional separate
sewer system and the large area required to host the two sets of pipelines are considered the main barriers to using
this system. This research proposes a new method for installing a separate sewer system: using one trench to
accommodate two PV C pipes, one over the other, storm pipe at the top and sanitary pipe at the bottom. A normal
composite soil available within the UK territory and used to embed sewer systems was used to bury the pipe system.
A validated finite element model has been used to simulate the behaviour of the new system, which required a
series of laboratory tests to identify both soil and pipes’ properties. Identifying the soil properties was essential to
extract the elastoplastic parameters of the soil for accurate simulation. Many studies have used the finite element
(FE) model to characterise a variety of factors that influence the infrastructure behaviour [3-11]. They reported
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that the FE method is reliable for estimating the structural performance of underground structures compared with
empirical methods. There are more than just soil constitutive models embedded in the finite element commercial
packages to simulate soil behaviour; for example, nonlinear Duncan and Selig soil models to simulate the soil
behaviour have been used by Kang et al. [12] to study the proper soil cover depth that can protect underground
structures, using a 2D FE model. The FE model used to simulate the performance of flexible pipes subjected to a
backfill soil depth of 6.1 and 12 m for two years incorporated a series of triaxial compression tests conducted in
the laboratory to identify soil properties. The study revealed that the FE results tended to underestimate the pipe
deflections and to overestimate the soil strain [13]. McGrath and Moore [14] developed a design procedure using
a two-dimensional FE model for buried flexible pipes. A laboratory test was compared with the FE model to
evaluate the model’s effectiveness at estimating pipe behaviour under deep burial. It was found that the
performance of the FE approach is essential in selecting the appropriate constitutive model to characterise soil
behaviour. The importance of conducting studies into the soil deformations in sewer-laying projects is due to the
permanent deformation of road surfaces which results from the traffic load, which is considered one of the
important factors in road surface design, and the drainage system integrity [15]. The rutting that occurs in filling
soil used in buried pipe systems is one of the primary distresses in road systems. It is caused by the permanent
deformation in the surface layer of the foundation soil. The FE technique is receiving increased attention for
simulating pavement and soil behaviour under live loads because of its versatile implementation of material
characteristics and ability to examine the performance of the underground system structure [16]. However, there
are limited studies investigating the surface soil deformation when using two flexible pipes buried in one trench,
one over the other. This research studies the rut print of the traffic load on the filling soil used to bury two pipes
in a single trench, one over the other, compared with soil deformation of the traditional system when only one pipe
is laid in the trench. Two cases were investigated, one where there is a pavement at the soil surface and the second
without the pavement. The paper is structured to describe the procedure of identifying soil material properties for
the FE model. The boundary conditions and interaction of the FE model were validated compared with the
experimental results produced from the physical model. The validation process enabled the FE model to be
confidently upgraded to a full-scale model.

2. Soil properties

Two types of soil have been used to bury the pipe, according to British standard requirements [17]: composite
soil, which is used as a filling soil, and granular soil, which is used as a bedding layer. The bedding layer properties
were prepared and identified by the manufacturer. The filling soil properties, mechanical characteristics and
elastoplastic behaviour have been defined through a series of laboratory tests. The sieve analyses, standard
protector test and jar test have been applied to filling soil specimens to identify the mechanical properties. The
triaxial and consolidation tests have been used to determine the elastoplastic behaviour of the composite soil.

2.1 Mechanical properties

Sieve analyses (grain size distribution) were applied to identify the physical properties of the soils, using a set
of standardised sieves. Sieves with opening sizes ranging from 0.075 mm for sieve no. 200 to 4.75 mm for sieve
no. 4 were used to analyse the soil. The results from this test were used to classify the type of the soil based on the
Unified Soil Classification System (USCS). Three samples were selected randomly from the raw soil to conduct
the test; results of the sieve analyses presented in Figure 1. Figure 1 shows that the top soil was classified as SP-
SM (silty sands, sand-silt mixtures, more than 50% passes no. 4 sieve, more than 50% retained on no. 200 sieve)
according to the USCS. The soil is of medium grade, based on values of uniform coefficient C,=6.6 and curvature
coefficient Cc=0.5, making it suitable for use as a filling soil [18].

A specific gravity (Gs) is the unit weight of soil solids to the unit weight of water. A jar test was conducted to
identify the specific gravity for the filling soil. To determine and achieve the required compaction for the filling
soil, a 90%-95% compaction degree, the standard protector test (Figure 2) was applied to the filling soil specimen
to determine the maximum dry unit weight (ys-max) and the corresponding optimum moisture content (wopt). These
were 1.828 g/cm3 and 12.6 %, respectively.

2.2 Elasticity and plasticity properties of the soil

Soil is considered an elastic-plastic material within which strain increments are additively composed of part
elastic and part plastic (equation 1). This is according to conventional plasticity theory, such as the Coulomb-
Mohr hypothesis and Drucker—Prager’s criterion, which are used as a yield or fracture condition, predominantly
for granular and geological materials [19].

da =da(: +d£p (1)
where d.= total strain, dee= elastic strain, dep= plastic strain.
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Figure 1. Particle size distribution curve of the composite soil.
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Figure 2. The curve of compaction.

There are many soil constitutive models which propose to simulate elastoplastic soil behaviour. However,
designers often face difficulties selecting the most appropriate constitutive soil model for numerical modelling.
The analysis type, kind of material and range of pressure/stress, in addition to an in-depth understanding of the
concepts of constitutive methods, are the main factors which direct the choice of model. Limitations and
advantages of each model in solving engineering case studies, the type of input data which is required and
availability of data obtained from a range of laboratory tests are other factors of consequence when choosing a
constitutive model [20]. The modified Drucker—Prager cap constitutive model has been used in this research; the
model was required to identify specific parameters of soil such as soil modulus (E") and Poisson’s ratio (v), to
identify the elastic components of the stress-strain relationship and unload-reload curve, to identify the plasticity
of the soil. Drucker-Prager (Equation 2) is used to model frictional materials which are typically granular, such as
soils and rock, that exhibit pressure-dependent yields, and where the compressive yield strength is greater than the
tensile yield strength (the material becomes stronger as the pressure increases). The Drucker—Prager plasticity
model has been widely used in finite element analysis programs for a variety of geotechnical engineering
applications.

Fs=t-ptang-d 2

where, £ is the friction angle measured at high confining pressure, d its cohesion in the p-t plane.
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K is the ratio of the yield stress in triaxial tension to the yield stress in triaxial compression, thus controlling the
dependence of the yield surface on the value of the intermediate principal stress. To ensure that the yield surface
remains convex requires 0.778 < K < 1. The Modified Drucker-Prager/Cap plasticity gathers the Drucker-Prager
shear failure and compression cap yield surface which causes the material to compact (Figure 3). This model is
appropriate for soil behaviour because it is capable of considering the effect of stress history, stress path, dilatancy
and the effect of intermediate principal stress [21].
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Figure 3. Yield surfaces of the modified Drucker—Prager cap model in the p—t plane (permission according to
Copyright Dassault Systemes Simulia Corp) [21].

The cap yield surface is defined in Equation 4 as a function of volumetric plastic according to the consolidation
mechanism.

Rt
1+a-a/cosfB

Fe= J(p? + ) R@+ pytanf) =0 @

where R is a material parameter that controls the shape of the cap and a is a small number (typically, 0.01 to 0.05)
used to define a smooth transition surface between the Drucker—Prager shear failure surface and the cap:

2
- _ 2 _ __¢ _ —
Ff—J(p P+ [t = (1-25) @+ patanp) | —a(d+ potanp) =0 (5)
The hardening-softening behaviour is described by an evolution parameter (pa) which is a function of the
volumetric plastic strain (P,= P, (€uvo1)) and the mean effective (yield) stress. A one-dimension consolidation test
is used to obtain this function using unloading-reloading cycles. Equation 6 is used to calculate the evolution
parameter (pa).

_ _Pp—Rg
~ 1+Rtanp

a (6)

The modified Drucker—Prager cap constitutive model was selected for use in the simulation because of its
accuracy and its ability to simulate the plastic behaviour of the soil relative to effective stress for the long term,
such as when it is exposed to moving load. Triaxial and consolidation tests were carried out to identify the model
parameters for the soil.

2.2.1 Triaxial test

The triaxial compression test is an effective method to determine the stress—strain behaviour of soil under
different confining pressures, and is used by the FE package to identify the elastoplastic properties of the soil. A
triaxial Consolidated-Undrained (CU) test was conducted on undisturbed soil specimens obtained from the
physical models after the soil was compacted in the trench. The soil specimens were extracted from the trench
from the first layer of the soil and from underneath the buried pipes. The test was conducted for each filling soil
layer: below and above the buried pipes. In total, 12 tests were conducted; Figure 4 shows the results of the three
triaxial tests under three confining pressures.
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Figure 4. Results of the three triaxial tests under different confining pressures.

The triaxial test results were used to identify the soil friction angle and cohesion for the Drucker—Prager model.
Figure 5 illustrates the soil friction angle () and cohesion (d) for the Drucker—Prager model from the effective
stress (p) plotted against the shear stress (q).
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Figure 5. Shear stress (q) — effective stress (p) plotted to identify Drucker—Prager model parameters.

2.2.2 Consolidation test

An isotropic consolidation test was used to identify the plastic strain of the soil through applied loading—
unloading cycles, and to calculate the volumetric elastic strain that can be subtracted from the volumetric total
strain [22]. Three isotropic consolidation tests were conducted on the soil specimens extracted from the trench
from three different points in the trench. In total, nine tests were conducted. The results of the sample extracted
from the point located in the middle of the trench, where the applied load has the greatest effect, were selected to
establish the soil parameters and curve of cap hardening. Figure 6 shows the results of the consolidation test.

The compression index (Cc) and swelling index (Cs) obtained from the isotropic consolidation test were used
to calculate the A and « slopes of the normal consolidation and loading—unloading lines in the e—In p plane using
Equation (7) and Equation (8), respectively.

Cc

A= in10 (7)
Cs
K=o )
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These two parameters were used to establish the cap hardening curve that describes the evolution of the soil’s
plastic volumetric strain Figure 7, which is used as an input parameter of the Modified Drucker—Prager/Cap
plasticity in the FE model to simulate the plastic behaviour of the filling soil. The plastic volumetric strain (gvp)
was calculated using Equation 9.

A-k ’
- n?

©)

& =
VP 1+ep 14

where p = effective stress, p’ = mean effective stress, eo = void ratio, and A and « are the slopes of the normal
consolidation and loading-unloading lines, respectively.
The soil parameter properties produced through the laboratory tests above are summarised in Table 1.
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Figure 6. Results of the consolidation test used to identify soil properties.
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Figure 7. Evaluating the modified cap model hardening curve.
3. The physical model

There is a lack of field data concerning the configuration of one-over-one pipes installed in one trench; therefore,
it was essential to build a physical model in the laboratory to test the new system of placing the pipes. The physical
model had dimensions of 2.5x0.5x1 m? and was embedded in the hydraulic rig. The laboratory test allows the
identification of the mechanical properties and boundary condition parameters for the system under applied loading.
The model included two PVC pipes 80 mm and 160 mm in diameter set in a wooden trench, embedded in a
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hydraulic steel rig. The two pipes were buried in the composite soil; the large pipe was placed at the top and the
small pipe at the bottom. Strain gauges and linear vertical displacement transducers (LVDTSs) were used to measure
the pipe and soil deflection. A steel plate with dimensions 0.5x0.25 m? was used to simulate a truck tire footprint
[23] using a compression load cell located between the hydraulic load arm and the tyre footprint to synchronise
the applied load with the measured displacement. Figure 8 shows the setup of the physical model. All the
measurement instruments were connected to a P3 strain indicator and recorder to continuously record the pipe and
steel plate deflections from the LVDTs when the live load was applied.

Table 1. Parameters of the modified Drucker—Prager cap and Mohr—Coulomb constitutive model for the soil and
bedding layer.

ltems Parameters Value
Density 1685 kg/m?®
E' 16.943 MPa
v 0.295
Drucker—Prager
. B 55
Soil K 0.8
U 15
A 0.044
K 0.0056
€o 0.48
Mohr—Coulomb
) 31.7
C 50
Density 1855 kg/m?
E 100 MPa
Bedding [0} 35
C 0
Y 0.4
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Figure 8. Setup of the trench in the hydraulic rig to test the performance of the system of the buried pipes in the

soil.
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4. FE model

Two 3D FE models were created to simulate the new design. The first was built to simulate the physical
laboratory model and was then used to validate the model parameters and boundary conditions. The first validated
model was upgraded to a full-scale model of a separate sewer system using two PVC pipes, 500 mm and 1000 mm
in diameter. The second model was used to investigate the rut of the tier footprint in two cases, when two PVC
pipes were set in one trench relative to the conventional system when one pipe was laid in the trench under an H20
traffic load.

4.1 FE model of physical model

FE models were created to simulate the physical laboratory model, including the plate of the tire footprint, the
load cell, pipes, bedding layers and filling soil. The models have the same dimensions and boundary conditions as
the physical model. The mesh of the model includes 177,062 linear hexahedral elements of type C3D8R for the
case of one pipe, and 210,782 elements for the case of two pipes laid in one trench. The boundary conditions and
dimensions applied in the physical model were determined for the FE model. The material properties extracted
from laboratory tests of each object were identified for the FE model using a modified Drucker-Prager cap
constitutive model for both the physical FE model and the real-scale FE model to simulate the soil behaviour. The
same series of loads applied in the physical model was used in the FE model to explore the behaviours of the soil
and compare the physical and FE model results for validation. Figure 9 illustrates the results produced by the FE
model and physical model with one pipe in one trench and Figure 10 shows the results for two pipes in the trench.

Figure 9. Visualisation results for (a) the FE model and Figure 10. Visualisation results for (a) the FE model
(b) physical model with one pipe set in one trench under and (b) physical model with two pipes set in one trench
an H20 live load. under an H20 live load.

The results of the comparison show acceptable consistency between the experimental results from the physical
model and the FE model. The soil rut print at the centre of the physical model was 3.5 cm for the case of one pipe
in the trench and 3.74 cm for two pipes in the trench. The FE model shows 3.4 cm for the case when one pipe was
laid in the trench and 3.9 cm for the case of one pipe over another pipe in one trench. The results from both models
demonstrate the mitigation of strain in the sanitary pipe when it is positioned below the storm pipe.
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4.2 Full-scale FE model

The 3D FE validated model at the laboratory scale was developed into a full-scale model. Conventional sewer
systems typically use a minimum cover depth of 2 m to provide protection for a sewer system network with
diameters of 1000 mm and above [24, 25]. These sewer system criteria were selected to test the structural integrity
of the new installation method for a separate sewer system. The 3D FE model was applied with the real-scale
dimensions including two PVC pipes buried at a soil cover depth of 2 m: a 500 mm sanitary pipe and a 1000 mm
storm pipe. The same soil and bedding material properties used in the laboratory for the physical model were also
used for the 3D FE real-scale model. The width and height of the whole model were selected to measure the extent
to which a live load can affect the native soil around the trench occupied by the pipes [26]. The dimensions of the
model were 10x6x10 m? for the full-scale model. Two lanes representing two wheels of an H20 truck passing over
the buried pipe section were positioned on the surface to apply the live load. Figure 11 illustrates the model of the
set of pipes (500-1000 mm) with the storm pipe lying above the sanitary pipe in the same trench. Two types of
ground surfaces were tested. The first used only soil cover which corresponded to the critical case during the
installation process, while the second also used normal road surface layers, i.e., subgrade and pavement. The
properties of the pavement used for the FE model were as follows: density = 2315 kg/ m?; modulus of elasticity =
1400 MPa. The ABAQUS 2017 package was used to implement the 3D FE model on the Liverpool John Moores
University cluster, as the dimensions of the model required powerful high-performance computing. The model
included 397,764 linear hexahedral elements of type C3D8R.

Live load
|

"Filling soil in the trench

0
Q
3
a
=}
(=
—

Storm pipe 1000 mm
Bedding layer

Sanitary pipe 500 mm

Native soil

Figure 11. The model of a 1000 mm diameter storm pipe and 500 mm diameter sanitary pipe in a single trench.

The 3D FE full-scale model was used to explore the surface soil deflection when using the proposed system;
the two sets of pipes in one trench model was compared with the traditional method. A traffic live load of H20
was selected for application to the real-scale model. Figure 12 shows a sample of the section visualisation of the
500-1000 mm diameter model with two pipes set in one trench.

The comparisons between the results of surface deformation along the length of pipe (6 metres) under effects
of only applied traffic load (H20), when using a pavement at the surface and when using only the soil, in both
cases — when using one pipe in the trench and when using two pipes — are presented in Figure 13. a, b, c and d. For
the case where one pipe was placed in the trench, the deformation was reduced to 10.8 mm when the pavement
was present and 13 mm when it was not (soil only). For the case where two pipes were placed in the trench,
deformation of the surface was reduced to 9.6 mm when the pavement was present and 11.5 mm when it was not
(soil only). The results show clearly that the filling soil deformation in the trench underneath the surface is the
main factor causing this deflection and the pavement layer did not have a significant influence on the value of the
filling soil deflection.
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Figure 12. Section of visualisation results for the FE real-scale model when two pipes were laid in one trench
under an applied H20 live load.
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Figure 13. The comparison of the surface deformation under applied load when (a) using asphalt and two pipes
set in the trench, (b) using soil and two pipes set in the trench, (c) using asphalt and one pipe set in the trench
and (d) using soil and one pipe set in the trench.

Deformation of the surface soil occurred for the three configurations: when the 500 mm pipe was set in the
trench, with the 1000 mm pipe in the trench and when both pipes were set in the trench. The surface soil deflection
for accumulation of the deformation due to the weight of the soil column and applied load is illustrated in Figure
14. The results show there was more soil surface deformation when only the sanitary pipe (500 mm) was in the
trench than when only the storm pipe (1000 mm) was in the trench. There was also less surface soil deformation
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when both pipes were set in the trench, as a result of an increase in the soil stiffness because two bedding layers
were used, one for each pipe. The soil surface deflection was larger in the case of the one 500 mm pipe in the
trench compared with the one 1000 mm pipe in the trench because the first pipe was deeper and required a large
depth, thereby increasing the soil column weight [7].

Distance along the pipe (m)
2 3 4
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Soil surface ( two pipes)-soil weight+live load
----- Soil surface (one 1 m pipe)-soil weight+live load
= . = Soil surface (one 0.5 m pipe)-soil weight+live load

Figure 14. Comparison between the deflections of the soil surface under three cases for two pipes and when either
one sanitary pipe or one storm pipe is in the trench.

5. Conclusions

The surface soil deformation was explored for two methods of installation of a separate sewer system: the
traditional method when one pipe is set in the trench and a novel method when two pipes are set in a single trench,
one over the other. The FE models were validated by using experimental results to investigate the influence of the
methods of installing the pipes of the separate sewer system on the surface soil performance. The results show a
slight decrease in surface soil deflection, approximately 3% to 10% when using two pipes in one trench compared
with laying one pipe in the trench. This finding was explained in terms of the slightly increased soil stiffness, as
two bedding layers were used in the trench with each pipe. The comparison between ruts in soil and pavement
demonstrated that pavement does not make a big difference to using just soil and slightly decreased the stress on
the filling soil underneath.
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