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Abstract: This paper addresses the challenges associated with steel pipes used for transporting liquid
fluids within buried sections of mining facilities, specifically in areas with heavy mining vehicles.
While existing design standards, such as AW-WA M11, and manufacturer recommendations largely
consider loads from vehicles like the AASHTO HS20 or Cooper E-80, both weighing below 35 tons,
these guidelines inadequately represent the actual loads experienced on certain mining roads, notably
those accommodating heavy vehicles, like haul roads. The research presented here focuses on the
interaction between soil and buried steel pipes under the substantial loads exerted by mining vehicles
with a maximum gross load of up to 612 tons, inclusive of hauled material weight. Utilizing a
parametric study with the finite element method, the paper identifies critical variables influencing
efforts and deflections calculations in these facilities. The analysis of 108 models, varying parameters
related to trench pipe installation conditions, offers insights that empower designers to refine soil
trench parameters in mining facilities, mitigating pipe failures and optimizing installation costs.
Ultimately, the key influential variables affecting pipe deflection and stress are identified as the trench
backfill height and the elasticity modulus of the trench lateral fill.

Keywords: buried pipe stress analysis; FEM; water pipeline transportation; haul road

1. Introduction

Steel pipes that transport water and other fluids over long distances are called pipelines.
The determination of the wall thickness of pipes is an important aspect in pipeline design.
To determine this thickness, the following factors are considered: the internal pressure, the
effects exerted by the installation loads on the pipe itself (flexibility analysis), the effects
of occasional internal loads (for example, water hammer), and the effects of occasional
external loads (such as surface loads). Considering safety as well as the aforementioned
factors, underground pipes installed in mining areas must support high loads (which
includes the weight of the mineral hauling vehicle), and thus must be properly analysed
(see Figure 1).

To protect buried pipes from the loads to which they are subjected, some designers
use protective jackets, e.g., corrugated steel pipes. These measures represent a significant
additional cost in the projects, which is why the pipe is sometimes buried at a certain depth
and in direct contact with the ground. In these cases, it must be verified that the stresses
caused by dead loads and surface loads are below the allowable values of the pipe material.
It is important to design the installation considering the smallest possible size of the trench
and selecting filling materials incurring the lowest possible cost.

Generally, trenches are composed of a pipe supported by a bed of fine sand or similar
material, a lateral fill installed by means of thin compacted layers and a top fill compacted
on the pipe. For this article, a finite element model is proposed within the Abaqus/CAE
2019 software environment, which considers the nonlinearity of the soil material, the
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nonlinearity of the contact between the pipe and the soil, the nonlinearity of the soil
geometry and finally the residual lateral loads with nonlinear soil behaviour due to the
compaction of the different layers in the construction stage. Model validation is performed
using experimental data obtained at the University of Texas Arlington (UTA) in the Center
for Underground Infrastructure Research and Education (CUIRE).

Figure 1. Example of pipeline installation crossing different accesses and a haul road.

This study demonstrates the importance of the proper selection of soil materials to
construct a trench, as well as the importance of considering appropriate conditions for
the installation of pipes. A correct selection makes it possible to reduce installation costs
and allows the pipe to withstand forces below the allowable values. Varying the width of
the trench and choosing a material with a higher degree of elasticity for the side fill are
important factors.

This study analyses other factors that can increase deflections in the pipe, such as the
variation in the height of the pipe bed or the height of the top fill. Additionally, the position
on the pipe of the point subjected to the greatest load is determined. The parametric
analysis carried out allows us to understand the behaviour of buried pipes under stresses
and deflections generated by truck traffic.

In the mining industry, mined material is transported in mining trucks via haul roads.
Some vehicles used in this industry can reach weights (considering both net weight and
cargo weight) of up to 612 tons. Therefore, the pipes buried under the haul roads support
high loads. To analyse these loads, it is not possible to use the recommendations of the
AWWA M11 standard [1], since this standard only provides information for calculations
with vehicles up to 35 tons, such as the AASHTO HS20 [2] or Cooper E-80.

The conventional design of buried pipes is based on the maximum deflection of the
pipe, which according to AWWA M11 [1] should not exceed 5%. Deflection is measured by
dividing the displacement either vertically or horizontally with respect to the pipe diameter.
Spangler [3] defined Equation (1), which approximates the horizontal deflection of a steel
pipe under the assumption shown in Figure 2.
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Figure 2. Spangler’s stress distribution hypothesis [3].

In accordance with Equation (1), the deflection is directly proportional to the following:

The pipe bedding effect constant K, which depends on the pipe bedding angle ;
The deflection factor for installation time Dy ;

e The dead load W, (kWN) , which is commonly estimated using the Marston’s equation
or its derivatives;
o Theliveload Py, (kWN) , which can be estimated using the Boussinesq or Timoshenko

equations or their derivatives;
e  The cube of the mean radius of the piper.

On the other hand, it is inversely proportional to the sum of the pipe stiffness defined
by the following:

e  The product of the elasticity modulus, E, and the inertia moment of the pipe, I;

The lateral soil stiffness of the pipe, with value of 0.061E’r>, where the value 0.061

corresponds to the value of 3 for an angle of 50° (a typical value in this type of

installations, but which may vary depending on the installation). E’ is the modulus
of soil reaction obtained from AWWA M11 standard tables [1], which has different
recommended values and depends on soil properties, degree of compaction and

depth [4].

In some cases, the recommended values of the hybrid module E’ are limiting for certain
soil types. For the soil type considered in this article, the most appropriate alternative is the
one proposed by Krizek et al. [5], restricted soil modulus M; (kPa). The restricted modulus
is an inherent characteristic of the material and is determined as the gradient of the secant
line on the stress—strain curve derived from a soil compression test. This test, which is
carried out inside cylindrical containers to avoid lateral expansion of the soil, measures
the capacity of the soil to withstand axial compression loads. Alternatively, the restricted
modulus M; can be calculated, based on the Young’s modulus E; and the Poisson’s ratio v
of the soil, using Equation (2):

Es(1—vs)

M; = (1+ 05)(1 — 20s)

(2)

To determine the value of M;, the load applied to the pipe is taken into account.
Using previous research, it is established that E” is in the range of 0.7M; to 1.5M;,
although AWWA M11 [1] suggests considering E’ = M;. On the other hand, the surface
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loads W, produced by the weight of the vehicle and transmitted to the trench through its
wheels [6], represent a force on the crown of the pipe, P, whose value can be estimated
using the Timoshenko expression (Equation (3)).

IcW, H3
P; = fr 1-— ————5 D, 3)
ac (rtZ + HZ) .

Its impact depends on the following:

The backfill height over pipe H;

The external diameter of the pipe De;

The radius of contact r¢, equivalent to the width of the tire;

The equivalent contact area of the wheel track on the trench a.;

The impact factor I¢, which for the present study was considered to be 2.

The AWWA M11 standard [1] also suggests verifying the resistance of the pipe taking
into account the buckling limit g, (kPa) which is calculated by Equation (4). This limit, g,
depends on the following:

The pipe stiffness EI;

Its outside diameter D,;

Modulus of soil reaction E’;

Backfill height over pipe H;

The water buoyancy factor Ry, which is considered 1.0 for dry soils or those far from
humid areas.

1/2
1 , EI ) @

o = (32Rwl F 4 02BA D3

Equation (4) does not depend on the width of the trench nor on the elastic modulus of
the lateral fill and, given that exceeding this load on the pipe could imply its failure, it is
necessary to verify it by other means.

Other researchers, such as Warman et al. [7], propose improvements to the analytical
calculations based on the equations of Marston and Spangler [3] introducing more variables
in a buried pipe installation. Even so, they continue considering the behaviour of the soil
in its elastic state and conventional load values.

The finite element method (FEM) associated with engineering is mainly due to
the research of Turner M. J. et al. [8]. They analysed stresses in complex aircraft struc-
tures, and their advances soon spread to other areas of engineering (mechanical, civil
engineering, etc.). For example, in the geotechnical and pipeline specialties it has been
possible for finite element models to adequately simulate the values of experimental
tests. Different publications [9-14] analyse buried pipes under different installation
conditions and materials and use the FEM to simulate the values of experimental studies.

Below are indicated, according to the research carried out by Watkins and An-
derson and published in the book Structural Mechanics Buried Pipes [15], some of the
main advantages of using the finite element method compared to using more common
calculation procedures:

It allows consideration of the nonlinearity and heterogeneity of the soil;
It allows consideration of the interface between the pipe and the ground, that is, the
slip or adhesion between both surfaces;

e Itprovides greater precision in the analysis of the vertical and horizontal displacements
of the pipe;

e It uses mathematical models that allow the materials of the ground and the pipe to
be characterized.

The present study proposes a parametric model that considers the behaviour under
real conditions of a pipe trench located in a facility subjected to surface loads. One of
the main contributions of this study is to analyse vehicles with a weight much higher
than the weight contemplated in the AWWA M11 standard. Using finite elements, it is
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also determined which parameters that tend to increase the stresses on the pipe are
most influential.

The parameters of the finite element model are adjusted through a sensitivity analysis
to adequately reproduce Sharma’s experimental tests [16]. The deflections and maximum
stresses are determined for steel pipes of 36", 42" and 48" with standard weight thickness
and ASTM A53 Grade B material. The surface loads produced by the circulation of mining
trucks are considered. Table 1 includes the load capacity for the truck models commonly
used in mining.

Table 1. List of load capacities of heavy vehicles used in mining industry (Typical mining
equipment—Peru).

Vehicles Payload (t)  Rear Axle Side Wheels (kPa)
CATERPILLAR models 793 F (Irving, TX, USA) 240 1242
CATERPILLAR models 797 F 400 1248
KOMATSU model 930 E (Tokyo, Japan) 297 1246
KOMATSU model 980 E 360 1236

The pressure of the rear axle wheels. More details in the second and third tables of Section 3.

The parametric analysis consists of evaluating 108 models that emerged after modify-
ing the following variables (variables identified in previous equations):

Pipe outside diameter D,;

Pipe thickness t, preselected according to hydraulic calculations;

Pipe bedding angle «, depending on the installation;

Elasticity modulus of the pipe material, preselected according to the hydraulic calcula-
tions Ey;

e  Elasticity modulus of the trench backfill, determined by a soil survey or recommended
values (Eq1, Esp, - . ., Esn);

The recommended geometric values in the typical trench section as width and height;
The study was carried out using the mining vehicles shown in Table 1 as a reference.

2. Proposed Finite Element Model

Previous researchers [6,9,17,18] have used finite elements to determine and analyse the
stresses produced by different external loads on pipelines, in order to determine different
failure scenarios. This study analyses buried pipes subjected to external loads higher than
those contemplated in the standards applying the finite element method with Abaqus/CAE
2019 software to identify the installation parameters that have the greatest influence on the
stresses produced on the pipe and that could lead to failure.

Experimental data from a test carry on at the University of Texas Arlington (UTA) in
the Center for Underground Infrastructure Research and Education (CUIRE) by Sharma [16]
were used to validate the finite element model.

The procedure developed is summarized in the scheme shown in Figure 3. The
following characteristics are taken into account:

The nonlinearity of the material, the contact and the geometry [15,19-21];

The linearity range of the pipe;

The applied loads, including soil and surface loads as well as lateral loads produced
by the compaction process of the layers during installation.

During the construction process of installing pipes in trenches, the compaction
of the soil in layers is contemplated, which progressively affects the deflection of the
pipe. The lower layers affect the horizontal deflection, reducing the diameter; the upper
layers reverse the result, causing the pipe to deflect horizontally toward the walls of
the trench. Thus, using a procedure that considers the construction process in stages,
proposed by Dezfooli et al. [10] and described in Section 2.3, results are obtained that
better approximate reality.
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Figure 3. FEM analysis procedure of a buried pipe in a trench [10].

To approximate the nonlinear behaviour of soils, different constitutive models can
be used, which model this behaviour based on the soil type and the nature of the prob-
lem. Among these models, the following stand out: the Mohr-Coulomb elastoplastic
model with perfect plasticity, the plasticity model of Drucker and Prager [22], the Cam
clay model [23], the modified Cam clay model [24], Duncan’s hyperbolic model [25],
Vermeer’s nonlinear elastoplastic model with hardening [26], the soil model with hard-
ening [27], the undrained soft clay model [28] and the Duncan-Selig [29]. Considering
the objectives set out in this article, it is necessary to measure the trends of increase in
the stresses of a buried pipe, caused by changes in some variables of the installation,
but a high accuracy in the plastic behaviour of the soil is not required. Taking into
account these considerations, the Mohr-Coulomb elastoplastic constitutive model is
used. Likewise, it is considered that the values required by this model, the friction angle
¢ and cohesion ¢, can be easily obtained from a conventional and usual soil study in
engineering projects.

2.1. Validation of Finite Element Model

The finite element model proposed in this paper has been validated with the experi-
mental results of test 1a presented by Sharma [16] in his study “Development of a Model
for Estimation of Buried Large Diameter Thin-Walled Steel Pipe Deflection due to External
Loads” (see Figure 4).

For the Sharma’s test [16], a concrete box was previously built in the Center for
Underground Infrastructure Research and Education (CUIRE) at Arlington University,
and it consists of reinforced concrete walls and slab. Pea gravel bedding of 0.305 m
height was placed at the floor of the soil box. Instrumented steel pipe piece was placed
longitudinally along the length of the load cell and centrally along the width of the soil box.
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The pipe was embedded with native material as embedment. The embedment was placed
in approximately nine layers compacted above 90% standard proctor density. Density
measurement was taken through a nuclear density gage.

PEA GRAVEL
(SURCHARGE
LOAD
EXPECTED 62
kPa)

2438

NATIVE
BACKFILL SOIL

STEEL PIPE ~

NATIVE EMBEDMENT SOIL . ' ‘ |
B1 COMPACIED TO 85% S
— 95% STANDARD 152 |
PROCTOR MAX. DRY — [ &
DENSITY ~_|

1981

PEA GRAVEL [~
BEDDING ~_| |

3505 2

Figure 4. Installation section for validation test 1a (mm). Adapted from Sharma [16].

A timber frame was constructed above the concrete box to provide 2.438 m high
walls on the sides to facilitate additional surcharge load. The surcharge load due to
compaction was achieved by 0.610 m of native material and the 2.438 m of pea gravel
placed over the embedment.

In Sharma’s test [16] the horizontal and vertical pipe deflection were measured by
recording values ul and u2 (inches), respectively, by means of convergence meters. Also,
the micro circumferential deformations in different positions of the pipe were also measured
using strain gauges.

During the embedment phase there is a positive peaking deflection in the vertical
diameter (u2) and a negative deflection in the horizontal diameter (ul). This behaviour is
reversed during the backfill cover and surcharge loading when there is a reduction in the
vertical diameter and an increase in the horizontal diameter.

2.1.1. Model Geometry

The test la includes the measurement of horizontal and vertical deflections and
circumferential deformations on an instrumented steel pipe. The pipe, 72 inches diameter
and 0.313 inches thickness, was installed inside a concrete box and buried using a layered
clay soil compaction procedure, with an average thickness of 9 inches per layer. To simulate
the upper external load and pressure at the pipe crown of approximately 62 kPa, a wooden
box was installed.

The results of Test 1a are shown in Section 2.3 along with the FEM simulation.

The geometry of the pipe trench is determined by the pipe, the gravel bed, the com-
pacted lateral layers and the fill over the pipe. In the experimental study [16] the concrete
box was represented as a rigid element where lateral displacement was restricted at the
walls and vertical displacement at the base. See Figure 5.
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Figure 5. Finite element model validation—geometry.

The length of the finite element model has been defined according to the sensitivity
analysis described in Section 2.2.2.

2.1.2. Boundary and Contact Conditions

A symmetrical model is considered with respect to the central axis of the trench. The
boundary conditions imposed on the edges of the model restrict the movements in the
lateral nodes in the horizontal direction, in the lower edge of the model in all directions,
and the rotations with respect to the X, Y and Z axes. Since a symmetric geometry is
involved, it is considered a restriction on the lateral edge coinciding with the direct axis of
the trench and the turns in the XY plane, thus allowing the number of model elements and
the computational and temporal cost to be reduced. See Figure 6.

—_—— ———p—> —p —p

—\A\‘—b >—p—p—p —p

—————p
CONTACT CONDITIONS
—  Contact with Friction
BOUNDARY CONDITIONS
e X =0

e e e e !

e X=0,Y=0,Z=0,YZ=XZ=XY=0
X =0 XY=XZ=0

Figure 6. Model contact and boundary conditions.

The friction angle has been defined according to the sensitivity analysis developed in
Section 2.2.3.
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2.1.3. Meshing and Element Types

The proposed model contemplates the use of wedge elements with six (6) nodes as well
as linear brick elements with eight (8) nodes with reduced integration and “hourglass con-
trol” for both the ground and the steel materials. Reduced integration is considered to have
sufficient precision with one integration point per element, and thus reduce computational
costs (without affecting the results).

The mesh size has been defined according to the sensitivity analysis developed in
Section 2.2.4.

2.1.4. Lateral Loads and Numerical Simulation Procedure

Lateral earth pressures on large diameter pipe are important in order to model the
behaviour of the pipe—soil system. However, the study of this lateral loads during pipe
installation is limited. Dezfooli et al. [10] developed a method to model construction stages
across layers, using an algorithm to activate and deactivate soil layers. Figure 7 shows the
last three layers considered in the study in contact with the pipe, when only the pipe and a
group of soil layers are active. The shared nodes allow the model parts to capture and track
modified geometry, according to the deformed shape of neighbouring parts.

U, U2
+2.567e-02
+2.27 1e-02
+1.976e-02
+1.681e-02
+1.385e-02
+1.090e-02
+7.944e-03

T I_.

(a) (b)

Figure 7. Shared nodes between active and inactive parts: (a) Black dots are shared nodes between
soil and pipe, and grey dots are shared nodes between soil layers. (b) Analysis in finite element
software (Deflections U, U2 in meters).

For the case of lateral pressure induced by compaction, a horizontal load is applied to
each constructive layer of the compacted soil [10]. The calculated stresses are applied to
each soil layer using the equivalent temperature loading (Equation (5)) [10]:

As As 1
&AT =os| — — — (5)
< LSKpipe LsKepan Esoil )

where:

the cross-sectional area of the soil layer is As;

the length of each layer is Ls;

Kpipe values are obtained as the product of the pipe thickness and its elasticity modulus;
Kuyai, is obtained multiplying the trench wall’s elasticity modulus by the trench
wall’s length;

E;,i1 is the elasticity modulus of the lateral fill;

« is a virtual thermal coefficient;
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e  0sis the lateral soil stress. It is calculated from the value of the undrained cohesion Cu
of the soil. Cu is measured in units of pressure. According to Clayton and Symons [30]
the lateral soil pressure reaches up to 80% of Cu for soil plasticity indexes of 48%.

The undrained cohesion values, Cu, have been defined according to the sensitivity
analysis developed in Section 2.2.1.

Finally, the lateral stresses are introduced into the model through the temperature
variation AT obtained for each layer.

In the finite element model developed, the pipe does not reach its elastic limit and the
soil works in its elastoplastic state. The soil failure criterion proposed by Mohr—Coulomb is
used. The Mohr-Coulomb criterion relates the maximum and minimum triaxial stresses to
the friction angle ¢ and the cohesion ¢ of the material (Equation (6)). The Mohr—Coulomb
criterion defines the yield function, F(oy, T), as a measure of how close the normal and
shear stress are to the failure surface. The graphical representation is a circumference
perpendicular to the hydrostatic axis and corresponds to half of the first invariant of the
stress tensor. When the friction angle of the soil is not considered, that is, ¢ = 0, the
expression is simplified to the Tresca criterion.

F(ou,7) = |7| — (c + o tan ¢) (6)

This mathematical model has been chosen considering that its parameters are easily
obtained with a conventional soil study and the accuracy of the results is sufficient for
trend analysis.

2.2. Sensitivity Analysis of the Finite Element Model

The finite element model validation has been finally completed with the adjustment
of the following variables: compaction, model length, the friction coefficient, and the size
of the mesh. To obtain the appropriate values for these variables the following sensitivity
analysis has been performed.

2.2.1. Compaction

Layer compaction during the construction stage generates lateral loads in the soil that
affect the pipeline. Its value is directly proportional to a percentage of the shear stress of
a compacted and undrained soil. The sensitivity analysis considers the evaluation of the
model applying lateral loads between 0.2 to 0.6 of the undrained cohesion, Cu.

As shown in Figure 8, the results indicate that for the first layers (at the height of
the base of the pipe or “Haunch Zone”) compaction is not effective, since low pressures
are present (approximately 20% of the Cu). For layers above the first two, the percentage
increases and is between 30% to 60% of Cu. In the last two layers, the percentage is 40%.
The lateral pressure is maximal in the central lateral zone of the pipe or “Springline”.

The obtained results are consistent with the works of Clayton and Symons [30] and
with the tests carried out by Sharma [16].

In Figure 8 the closest values to the validation test are identified as FEM-ul-Cu-Verified
and FEM-u2-Cu-Verified.

2.2.2. Model Length

The sensitivity analysis evaluates the model lengths of 0.3 m, 0.6 m, 1.5 m and 3 m for
the validation experimental test [16]. The results obtained are shown in Figure 9.

For model lengths varying from 0.3 m to 3 m, the deflection variation is 4% for vertical
displacements and 2% for horizontal displacements. The computational cost of an analysis
of a 3 m long model is 50 times greater than that of a 0.3 m model. Therefore, and based on
the results obtained, the simulation was performed in a 0.3 m length model.
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—&— FEM-u2-Cu-0.2
-#- FEM-ul-Cu-0.2
—4— FEM-u2-Cu-0.3
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-1.75

-2.25
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Figure 8. Results of the parametric sensitivity analysis—compaction.

1.5

—8—FEM-u2-Length-0.3m
- - FEM-ul-Length-0.3m
—4—FEM-u2-Length-0.6m
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- - FEM-ul-Length-1.5m
—8—FEM-u2-Length-3m

4 .‘*-a.uﬂ.“;,.’ -®- FEM-ul-Length-3m

Displacements (in)

-1.5
Construction Stage

Figure 9. Parametric sensitivity analysis results—model length.

2.2.3. Contact

According to the research of El Chazli et al. [31], the friction coefficient between soil
materials and steel pipes takes values between 0.2 and 0.5. On the other hand, Shaurav
Alam et al. [32] establish, for clay soils with an internal friction angle of 22.2° and cohesion
of 87 kPa (12.5 psi), values between 0.3 to 0.96 for the friction angles and depending on the
burial depth of the pipe. Taking these investigations into account, this study performs a
sensitivity analysis in the range of 0.2 to 0.5 in steps of 0.1.

The Figure 10 shows the results obtained in this sensitivity analysis. It is observed
that, for the coefficients analysed, the vertical and horizontal displacements vary by 10%
and 14%, respectively. It is also observed that the variation in displacement values is not
linear. A friction coefficient of 0.3 is used in the finite element model, both for the pipe-soil
and for the soil-soil.
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Figure 10. Parametric sensitivity analysis results—(a) friction coefficient; (b) displacements in the last
stage of construction vs. friction coefficient.

2.2.4. Mesh Size

The sensitivity analysis was developed for mesh sizes of 40 mm, 45 mm, 50 mm and
70 mm. The computational cost used for the densest mesh was 7 times higher than that of
the least dense.

The results shown in Figure 11 indicate that the variation in displacement results in the
last construction stage varies between 5% and 30% for vertical and horizontal displacements,
respectively. To reduce these percentages denser meshes should be used. Based on the
results a mesh density of 50 mm is used in the finite element model.

2.3. Results of Validation of Model Finite Element

The finite element model proposed in this study has been developed using Abaqus/CAE
2019 software [33]. To define the characteristics of the three-dimensional model, a sensitivity
analysis was carried out as described in previous section.

The results of the finite element analysis are compared with those obtained experimen-
tally by Sharma [16]. The surcharge is applied on the trench surface and furthermore, the
deflections during the construction process in layers and the deformations just at the end
of the construction are compared. It is considered as 0° at the top of the pipe or crown and
180° at the base of the pipe or Invert. Validations results are shown in Figures 12 and 13.

Regarding Figure 12, the following results were obtained in deflection at the sur-
charge construction step. In the vertical diameter deflection (u2) there is a variation of
9.13% between FEM and test results, and in the horizontal diameter deflection (ul) there
is a variation of 12.9% between FEM and test results. Based on these results authors con-
sider that the results of the finite element analyses are fairly closed to the experimental
test results.
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Figure 11. Results of parametric sensitivity analysis—(a) mesh size of the model from Test 1a;
(b) displacements in the last stage of construction vs. mesh size (mm).
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Figure 12. Validation results: horizontal and vertical deflection. FEM vs. experimental test.

Figure 13 compares FEM simulation with the deformation values measured dur-
ing the test using strain gauges in the final construction stage (surcharge). There is a
variation between FEM and test of 12.58% in the vertical deformation and 71.18% in
the horizontal deformation. As expected, the variation values between FEM and test
results are greater in deformation than in the deflection since the finite element models
first approximate the displacements and then the deformations. However, in the case
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of horizontal deformations, the discrepancy is significant. Authors consider that this
discrepancy may be due to the fact that the soil modulus of elasticity is not constant
with depth, as stated by Hartley et al. [4]. Since the limiting deformation is the vertical
deformation, and in this case the finite element approximation is acceptable, the model
is considered validated.

—E22 FEM —8-E22TestC —2—E22TestS —E22TestN
6.00E-04

4.00E-04 -]

2.00E-04

0O xXp
g

0.00E+00

(IN/IN)

-2.00E-04

B>
>0

-4.00E-04

CIRCUNFERENTIAL MICRO DEFORMATIONS

-6.00E-04
0 20 40 60 80 100 120 140 160 180

SEXAGESIMAL DEGREE

Figure 13. Validation results: circumferential deformations. FEM vs. experimental test (final stage
of construction).

3. External Loads over Haul Roads

The vehicles considered in this article, shown in Table 1, are mining trucks that
transport the material to the primary crushing area. The road along which they circulate,
called a mining haul road (see Figure 14), is normally an exclusive road built with highly
resistant materials [34]. Several layers of crushed gravel, pit-run gravel and sand are
arranged. An example of a haul road section in shown in Figure 15.

132 1 9.6 6.3 9.6 132 1

05

40

Figure 14. Haul road design profile (Komatsu 980 t truck), (dimensions in meters).

Currently, international standards and recommendations for calculation and design
of buried steel pipelines only consider the effects of live loads on the pipe for HS-20 type
vehicles whose load does not exceed 35 tons [1,2]. One of the main contributions of this
study is to analyse vehicles with a weight much higher than the weight contemplated in
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the standards. Therefore, this article evaluates the behaviour of a group of pipes subjected
to higher magnitude loads. The finite element calculation procedure described in Section 2
has been used for the study.

2.9m
Safety Berm

2% Crown

Surface Course Z20.8m ‘f~

Base Course TTTTsm

Ditch = —

3H:1V 3H:AV Sub Base
oot Sub Grade

Figure 15. Typical section of a section of a haul road for 320 t trucks [4].

Construction materials for haul road pavement require high durability. The deter-
mination of the height of the road layer depends on the vehicles that circulate on it. The
elasticity modulus on the top layer (surface) is approximately 500 MPa, on the second layer
(base) is in the range of 150 to 350 MPa and in the layer below the base (subbase) the value
ranges between 100 to 150 MPa (Table 2). To simplify the parametric analysis, all layers
with an elasticity modulus of 150 MPa are considered. This hypothesis is consistent with
the fact that the thickness of the top layer is very small.

Table 2. Minimum bearing capacity and Young’s modulus of haul road construction materials [34].

Material Thickness (m) Bearing Capacity (MPa)  Young’s Modulus (MPa)
Surface Gravel GW or crushed rock 0.3 t0 0.6 0.7 t0 0.9 Note 1
Base Gravel (GW) or pit run sand 1 0.3 to 0.65 150 to 350
Subbase Gravel (GW) or till, mine spoil 1.5 0.1t00.2 100 to 150

Note 1: Consider 500 MPa for design.

The tire print has an elliptical shape. The model has been simulated according to the
work developed by several researchers [35-38]. Other authors, in order to simplify the
calculation of the contact area, consider a circumference whose equivalent radius is half the
real width of the tire [34].

To simplify the analysis, the tire print has been considered to be rectangular with a
width equal to the width of the wheel A’ and length L (tire contact length). Its calculation
is carried out using Equation (7), where:

e 4. is the equivalent area of the tire print on the trench. It is determined using the
equivalent radius 7, (which is half the width of the wheel);

e the width of the wheel is A’.
a
L=2% )

The Figure 16 shows the representation of the tire prints of the vehicle. For the vehicles
used in this article, the front axles are single and the rear axles double. According to the
manufacturers’ technical sheets, the greatest load is exerted on the rear axle. Therefore, the
contact pressure under the rear wheel area is taken into account.

As described in Section 1 of this article, there are equations that estimate the surface
loads of rectangular sections. These loads are applied on the buried pipe and that are a
function of the burial height. Helwany [39] has validated, through finite element models,
the Spangler equation, which does not depend on the soil properties, but only on the burial
height of the pipe.
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Figure 16. Diagram of tracks of a vehicle on the surface.

surface pressures applied on these vehicles’ tire prints are shown in Table 4.

Table 3. Weights of mining trucks.

The Table 3 shows the weights of the heavy-duty vehicles considered in Table 1. The

Weight % Axle Load Tire Dimensions Gross Weight
Veh.icl'e Chassis (+) Other Hopper Loading Single Front Double Rear Weight Width
Description (Payload) Type
(kg) (kg) (%) (%) (kg) (m) (kg)
CATERPILLAR 120,000 235,000 33 66.7 40.00R57 3850 1.107 378,101
model 793 F
CATERPILLAR 220,000 360,000 33 66.7 59/80R63 5371 1.458 612,223
model 797 F
KOMATSU
model 930 E 174,815 297,000 33 66.7 53/80R63 4536 1.311 499,031
KOMATSU 214,137 360,000 33 66.7 59/80R63 5371 1.458 606,360
model 980 E
Table 4. Surface pressures of mining trucks.
Contact Area per Wheel Loads Pressure
Vehicle / . . Rear Axle/ Rear Axle
Description Te ac A L Rear Axle Side Wheels Side Wheel Area Side Wheels Impact Factor Side Wheels
(m) (m?) (m) (m) (kg) (kg) (m?) (kPa) - (kPa)
CATERPILLAR 0.5535 0.96 1.107 0.9 252,193 126,097 1.9926 621 2 1242
model 793 F
CATERPILLAR 0.729 1.67 1.458 1.1 408,353 204,176 3.2076 624 2 1248
model 797 F
KOMATSU 0.6555 1.35 1.311 1 332,854 166,427 2.622 623 2 1246
model 930 E
KOMATSU 0.729 1.67 1.458 1.1 404,442 202,221 3.2076 618 2 1236
model 980 E

As shown in Table 4, vehicles with different gross weights apply similar pressures on

the tire prints, since their tires have different dimensions for each model. Therefore, only the
highest-pressure value was used for this article, which corresponds to the CATERPILLAR
truck model 797 F, whose pressure is approximately 1250 kPa, whereas a value of 2 is
considered as a conservative impact factor to take into account road irregularities.
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4. Parametric Study FEM Buried Pipe under Haul Road

This study analyses 36", 42" and 48" steel pipes with standard wall thickness
(0.375 in) [40] of ASTM A53-B material, buried under a haul road and with different
installation conditions. A parametric analysis is performed on 108 trench—pipe inter-
action models that have been obtained by modifying the variables listed in the third
figure in Section 4.1. The selected variables were those that showed a greater impact
on the results of the analytical equations indicated in the introduction section. For
the parametric study the finite element calculation procedure described in Section 2
was employed. The validation of the FEM model was carried out with experimental
test data [16]. In the validation study a concrete box was used as the boundary of the
trench walls. However, in the parametric study the walls of the haul road pavement are
contemplated, to estimate more accurately the behaviour of the pipe—soil interaction.

4.1. Parametric Study

The trench cross section schematic used for the parametric analysis is shown in
Figure 17.

PRESSURE
AREA
)

TIRE OF A
HEAVY DUTY
VEHICLE

PRESSURE

AREA =
?) LAYERS OF CRUSHED GRAVEL,

PITRUN GRAVEL, AND SAND
WITH HIGH ELASTICITY MODULE
(BF)

HAUL ROAD

TN

(C)x(0D)

LATERAL FILL MATERIAL
(EM)

BEDDING

MATERIAL

B

Figure 17. Parameterized diagram of pipe installation section in trench (dimensions in mm, unscaled).

The nomenclature used for the parametric study is shown in Figure 18.

---------- » Backfill Height BF

i = o i it i >‘ Trench Width |

-------------------------- > Lateral Fill Type

----------------------------------- ¥ Bedding Height

[Eiuttttieieieteieteteie ettt ¥ OQutside Diameter of Pipe

EESSSERSE=———— e > Steel Pipe A53-B

Figure 18. Nomenclature of parametric models based on the analysed variables.



Appl. Sci. 2024, 14, 167 18 of 28

Lastly, Figure 19 shows a summary of the data flow for the parametric study of the
behaviour of a steel pipe installed under a haul road using the finite element method.

Steel Pipe
A53-B
( ) v A 4 A\ 4
36" STD 42" STD 48" STD
@ @@
( \ Y
Well Graded Sand
E=100,000 kPa
@ @@
C=(1/12)0D C=(1/6)0D
)
Silty Gravel SM Silty Gravel SM
E=30,000 kPa E=60,000 kPa
Dense Improved soil
@ @@
( \ Y A 4 \ 4
OD+0.6m OD+0.8m OD+1m
- @
AT @ )
Crushed gravel and
sand mixes
E=150,000 kPa
- @@ ~— @ @@ @
( \ v
@ )
2 "
—
- @@
T amr
CAT-797F
P=1250 kPa
- 9 @@ ~— @

Figure 19. Data flow for parametric calculation using the finite element method.
Table 5 shows the constitutive properties of the used materials.

Table 5. Properties of trench materials used in parametric study.

Soil Type Compaction  Elasticity Modulus Density Friction Angle Cohesion

UScs Proctor Es @ (kPa) o (tmd) @ () ¢

(kPa)
Haul Road (TN) GW ; 150,000 2 0 0
Bedding (B) SW 95% 100,000 225 48 0
SM 80% 30,000 171 28 17
a /
Embedment (EM) () sM 90% 60,000 1.92 32 24
Backfill (BF) GM 95% 150,000 2 0 0

(@) Reference [41]. @ References [34,42].
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4.2. General Considerations

The most important considerations taken into account for the development of the

parametric analysis are described below:

It is considered that the contact walls of the trench are made of natural soil in order
to more accurately estimate the behaviour of the pipe (see Figure 17). Additionally,
it is considered that the trench walls do not require external control measures due to
possible instability during its construction.

For the calculation of the residual lateral pressure of the lateral backfill on the pipe,
the stiffness of the trench is taken into account.

The model considers longitudinal and transverse symmetry to reduce computational
costs (see Figure 20).

The surface load applied on the pipe is located in the central area of one of the rear
wheel prints and the pipe is considered to be unaffected by the pressure of the front
axle tire of the mining truck or the lateral rear wheel.

According to the model boundary conditions, a restriction on the longitudinal
displacement of the soil and the pipe is considered. A qualitative analysis of the
effect of the model length on the variation in the vertical stress results produced
by a surface load was carried out for model lengths of 3 m, 6 m, 9 m, 12 m and
15 m, for mesh sizes of 0.12 m. According to the results, it is concluded that the
longer the pipe length, the less affected by this restriction are the results. Thus,
for the parametric analysis, a model with a total length of 12 m and a minimum
and maximum mesh density of 0.05 m and 0.5 m, respectively, was considered
(longitudinal and transversal symmetrical model). Even when the results of vertical
pressures on the pipe are slightly affected, the trends of stresses and deformations
in the pipe will remain basically the same.

To ensure that the pipe does not fail and to suggest design recommendations, the
admissible stresses of the ASTM A53 Grade B material pipe will be considered in the
analysis of the results.

Tire Footprint

Trench

Pipe

Pavement “Haul Road”

Figure 20. Section of three-dimensional finite element model, including trench sidewalls (transversal

symmetric model).

4.3. Analysis of Results

For the analysis, 108 models were generated with the Abaqus/CAE 2019 software [33]

with variation in parameters. The results were postprocessed in MS Excel spread sheets
to have the data sorted and compare each of the solved cases. Figure 21 shows one of the
simulated cases.
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Figure 21. Example of one of the FEM cases run for the parametric model: soil and pipe stress results
for a pipe installation with 48" + 0.8 m width, lateral backfill type EM1, bedding height 1/12 of 48"
buried 2 m high under a tire pressure load of a CAT-797F truck (Stress in kPa).

Haul roads are designed to withstand high pressures such as those produced by the
wheels of high-tonnage haulage mining vehicles. The compacted soil layers typically
operate within their elastic range, designed to achieve deformations of approximately
2000 microns [34]. For this reason, it is important that the pipe backfill receives the same
treatment as the haul road design, so that the only load on the pipe will be that transmitted
by the surface pressure applied by the truck tires, and there is no need to consider the
failure of the soil with large vertical displacements.

4.3.1. Surface Pressure

It is important to note that the pressure applied on the surface dissipates with respect
to depth, so the pressure that the pipe will assume will depends on the height of the
top backfill of the trench. As shown in Figure 22, the pressure of 1250 kPa, applied on
the surface, decreases as the measurement is deeper; hence, pipes installed at 1 m depth
will receive much greater load than those installed at 3 m depth. Therefore, it will be
important to evaluate the pipe and verify if the deflection and stresses applied on it are
within acceptable limits.

-05
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35
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500 750 -1000 1250
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+8.979e+00
-9.681e401
-2.026e+02
-=.084e+02
-4.142e+02
-5.200e4+02
-5.257e+02
-7.315e+02
-2.373e4+02
-9.431e4+02
-1.049=4+03
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funins
i

Figure 22. Curve of vertical forces applied by a CAT-797F truck and the weight of the upper backfill,
with respect to depth (Stress in kPa).

For example, for a 48" pipe with standard wall thickness (0.375”) and with an allowable
stress of 138 MPa installed at 1 m depth, the pressure produced by a CAT 797F truck with a
weight of 600 tons generates maximum stresses under the von Mises pipe failure criteria
of 79 Mpa at the crown of pipe. Considering a design safety factor of 2, the design limit
stress is 69 Mpa, and hence the installation condition at a depth of 1 m is not recommended,
because it exceeds the design limits at the pipe crown (See Figure 23).
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Figure 23. Stresses of a 48" STD A53-B pipe, buried at 1 m with a trench width of 48" + 0.8 m and a
bedding height of 1/12 of 48" (Stress in kPa).

4.3.2. Trench Width and Pipe Bedding Height

On the other hand, it is important to point out that there are other parameters
which can increase the stresses on the pipe: the width of the trench and the height of
the pipe bedding.

Diagrams of the circumferential displacements on a 36" pipe are shown in Figure 24
with an amplification factor of 5. It is observed that, when the trench width parameter is
modified, the deflection increases as its width increases and, therefore, the stresses also
increase, becoming closer to the allowable stress on the pipe. It is thus important to consider
trenches with the minimal possible width, which also benefits the costs. However, it should
be considered that it is necessary to compact the layers of the lateral backfill of the pipe with
a compaction equipment, so that a suggested minimal adequate width, from the lateral
wall of the pipe to the lateral wall of the trench, could be 300 mm.

On the other hand, bedding heights of 1/12 OD and 1/6 OD has been considered in
the model. The results show that increasing the bedding height reduces the deflection pipe.
Figure 25 shows the effect of the bedding height. This effect is not very relevant, so one
of the conclusions of this study is that is not necessary to increase more than 1/12 OD the
bedding height.

It is important to note that the bedding height of the pipe is relevant during pipe
installation only if the pipe is installed with internal wooden supports (struts) that prevent
the pipe from deflecting due to its own weight. This fact is more significant for pipes with
a very high diameter/thickness ratio.

4.3.3. Lateral Backfill Material

Next analysed parameter is the pipe lateral backfill material. These materials are
usually selected sand or fine gravel and have a high soil modulus of elasticity. However,
these materials can sometimes be replaced by treated or improved soils to lower costs, in
which case the soil obtains a modulus similar to those of the sand or fine gravel, as explained
in “Development of a Model for Estimation of Buried Large Diameter Thin-Walled Steel
Pipe Deflection due to External Loads” [16].

The study analyses soils with modulus of elasticity of 30,000 kPa and 60,000 kPa,
with the same degree of compaction. The results show that the higher the modulus of
soil elasticity, the lower the pipe deflection. An example is displayed in Figure 26, where
analysing the 42" STD A53-B pipe buried at 1 m and subjected to a surface load of a CAT
797F vehicle, with a 42" + 0.6 m of trench width, the deflection varies by 15.6%, having
the most favourable material an elasticity modulus of 60,000 kPa. Nevertheless, the
costs of these materials increase the project budget, and hence it is necessary to evaluate
the choice of material considering both its cost and if the pipe is within the allowable
deflections and stresses.
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Figure 24. Deflections and stresses of a 36" STD A53-B pipe buried at 1 m under a CAT 979 F
truck load with EM1 lateral soil material, for (a) 36" + 0.6 m, (b) 36" + 0.8 m h and (¢) 36" + 1 m

trench width.
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Figure 25. Deflections of 42” STD A53-B pipe buried at 1 m under a CAT 979 F truck load for 42" + 1 m
trench width with (a) bedding height of 1/12 of 42" and (b) bedding height of 1/6 of 42".
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Figure 26. Deflections of 42" STD A53-B pipe buried at 1 m under a CAT 979 F truck load for
42" + 0.6 m trench width with (a) lateral soil elasticity modulus E1 = 30,000 kPa and (b) lateral soil
elasticity modulus E2 = 60,000 kPa.

4.3.4. Backfill Height

The results show that the maximum stresses on the pipe while the wheel load is
passing over the buried pipe are located at the crown position (0° in Figure 27). The results
also show that the increase in the backfill height reduces significantly the maximum pipe

stresses and makes more uniform the stress distribution along the pipe perimeter.
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Figure 27. Stresses on a 36" STD A53-B pipe under a CAT 979 F truck load for 36” + 0.6 m trench
width; Installed: (a) at a height of 1 m; (b) at a height of 2 m; (c) at a height of 3 m (Stress S in kPa).

4.4. Trends—Parametric Analysis

The objective of this section is to show the trends produced by the changing of
the analysed variables and to identify the variables with more impact in the pipe
structural behaviour.

The analysis started from a base case identified as Case 1 in Figure 28. This base
case presents the condition of minimum stress on the pipe, which implies a higher backfill
height (H = 3 m), a lateral fill with a higher modulus of elasticity (E = 60,000 kPa), a higher
bed height (1/6 OD) and a tighter trench width (OD + 0.6 m).
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Figure 28. Increase in pipe stress at crown due to change in variables (a) pipe 36" STD A53 Gr. B;
(b) pipe 42" STD A53 Gr. B; (c) pipe 48" STD A53 Gr. B.
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The trend graphics for the three analysed pipes (36", 42", 48" /STD A53-Gr.B) are
shown in the Figure 28.

Figure 28a shows that when the backfill height is reduced from 3 to 2 m, the stresses
increase around 19%, whereas when reduced to 1 m, the stresses increase by about 40%.
This variable has the greatest influence on the results.

Likewise, by reducing the elasticity modulus of the lateral fill (EM) from 60,000 kPa to
30,000 kPa, the stresses increase around 13%. This variable has the second greatest influence
on the results.

On the other hand, by decreasing the pipe bedding height (C) from 1/6 OD to 1/12
of OD, the stresses only increase around 1.8%, which means that this variable does not
affect significantly the results. As mentioned in Section 4.3, the pipe bedding height is
important during the installation process, preventing the pipe from deflecting due to the
pipe’s own weight.

When analysing the increase in the trench width (A), it is observed that the impact is
almost negligible. If anything, it highlights that the trend for the three pipe diameters is
different. For the 36" pipe, the value of the stresses decreases slightly, while for the 42" and
48" it increases.

5. Conclusions
The following conclusions are drawn from this study:

e A calculation procedure has been developed to analyse pipes buried under haulage
roads bearing a surface pressure of 1250 kPa using the finite element method and
taking into account the residual lateral pressure due to the compaction of the fill. The
model has been validated with experimental data. Likewise, a sensitivity analysis has
been carried out to evaluate the following variables: model length, mesh size, contact
and residual lateral load.

e A parametric study has been carried out with 108 models, varying the diameter of the
pipe, the width and height of the trench, the height of the pipe bed and the type of
lateral filling. The trend in the behaviour of the forces acting on the pipe when the
selected variables are modified has been estimated. The results indicate that the most
influential variables on the pipe deflection and stress are the height of the backfill and
the elasticity modulus of the lateral fill.

e  Changing the top fill height (H) from 3 m to 1 m increases stresses by approximately
60%. Likewise, changing the side fill material (EM) from 60,000 kPa to 30,000 kPa
increases stresses by approximately 11%.

e  Pipe bedding height (C) does not significantly affect stresses under mining truck loads.
This variable is more important during the construction stage, where the higher the
bed height (C) in the first installation stage, the better the pipe is supported, reducing
initial deflections.

e  The width of the trench does not significantly affect the stresses on the pipe. However,
when the width increases, the results show that the stresses increase. Likewise, it is
observed that if the width of the tire print is smaller than the pipe diameter, the efforts
tend to increase; on the contrary, if the width of the tire print is greater than the pipe
diameter, the efforts tend to be reduced.

e  The variables that most influence installation costs are the height and width of the
trench, along with the quality of the filling materials. The greater the trench height, the
lower the stresses that the pipe bears, but on the other hand the excavation costs are
higher. Likewise, the better the material quality with respect to the elasticity modulus,
the lower the stresses that the pipe bears, but in the same way it increases the costs
of the installation. Lastly, a reduction in the trench width implies both a reduction in
stress on the pipe and a reduction in installation costs.
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Nomenclature

AX Horizontal pipe deflection (m)

D, Outside pipe diameter (m)

Ku Buried pipe bedding constant

fod Pipe bedding angle

Dy, Deflection lag factor (30% 40 years = 1.5) (1-1.5)

W, Backfill load over pipe per pipe length unit (kN/m)
Pr External load over pipe per pipe length unit (kN/m)

r Mean radius of pipe shell (m)

E Pipe elasticity modulus (kPa)

I Transverse moment of inertia per length unit of pipe wall, ~ t*/12 (m?)
t Pipe thickness (m)

E' Modulus of soil reaction (kPa)

M; Constrained Modulus (kPa)
Es Backfill elasticity modulus (kPa)

Vs Poisson’s ratio of soil

Iy Impact factor

H Backfill height over pipe (m)

ac Tire equivalent contact area a, = 7 re? (mz)

Ja Limit Bucking pressure (kPa)
Ry Water buoyancy factor

AT Temperature variation

On Normal stress on the plane of soil failure

os Lateral stress of soil proportional to lateral fill cohesion (un-drained shear strength, Cu)
As Transversal area of soil layer (m?)

Ls Length of soil layer (m)
Kyipe  Pipe young modulus x pipe thickness (kN/m)
Kypay  Lateral soil young modulus x Lateral soil length (kN /m)

Esir  Lateral soil young modulus (kPa)

F Mohr—Coulomb yield function

¢ Friction angle

c Material cohesion

Cu Undrained cohesion

L Tire contact length (m)

A’ Width contact, equivalent tire width (m)
Te Equivalent radius

A Trench width
EM  Lateral fill elasticity modulus
C Pipe bedding height
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