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Abstract

Nowadays, the numerical analysis of submarine pipelines of offshore oil and gas industry is a big challenge

in engineering design. A simple, fast and accurate numerical tool is proposed in this article based on the

macroelement concept. The novel macroelement is within the framework of hypoplasticity and can consider

static monotonic combined (multi-directional) loads for shallow embedded pipelines in clay. The incremental

nonlinear constitutive formulas are defined in terms of generalised forces and displacements and an enhanced

function of failure surface is introduced. A series of empirical formulas are proposed to describe the stiffness

variation trends for soil-pipeline interaction. Model predictions show that the proposed macroelement is proved

to be an efficient alternative approach compared to the traditional finite element analysis. The computational

cost is thus much reduced for the pipeline design.
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1. Introduction1

Pipelines are critical link among oil and gas field, offshore wind farms and related product users onshore.2

As oil and gas developments move into deeper water, the offshore pipelines represent an increasingly significant3

part of the facility costs. In deep water, pipelines are generally laid on the seabed, penetrating by a fraction4

of a diameter due to their own weight and the effects of the laying process. Submarine pipelines are subjected5

to high temperatures and pressures during service, causing axial expansion and subsequent lateral buckling6

of the pipelines [1]. The degree of buckling along the horizontal direction mainly depends on the lateral soil7

resistance. It is worthy noting that the sweeping of pipeline due to buckling across the seabed could neutralize8

partial axial loadings. At the same time, excessive buckling causes stress concentration in the pipeline, which9

has an irreversible negative effect on the service life of the pipeline. For design purposes, predicting the stability10

behavior and understanding the performance of pipelines under combined environmental loadings is therefore11

of great importance.12

The numerical simulation is widely adopted to analyse the nonlinear behavior of pipeline [2–4]. A great13

number of large deformation based finite element analyses were carried out and the effect of strain rate and soft-14

ening effects are highlighted [5–10]. However, the nonlinear finite element analyses are usually time-consuming15

and require considerable skills. An alternative high-efficient and convenient practical approach to reproduce the16

nonlinear behaviour of foundations under combined loadings is the so-called macroelement approach intro-17

duced in geotechnical engineering by Nova and Montrasio [11]. According to the concept of macroelement,18

the nonlinear behavior of the soil-structure system is modeled by relating the resultant forces directly to the19

corresponding displacement through a reference point [12].20

The early applications of the macroelement tool were for the foundations under monotonic and cyclic/dynamic21

loading conditions [12–29]. The macroelement models mentioned above were developed with the conventional22
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plasticity theory. Alternatively, macroelement models considering the constitutive equations of hypoplasticity23

[30–32] have been initially developed by Tamagnini and his colleagues for shallow foundations [33–35] and24

then extended to pile and caisson foundations [36, 37].25

In addition to the related macroelement researches for shallow foundations mentioned above, several pipe-26

soil interaction plasticity models have been also developed to describe combined force-displacement behaviour27

in 2D (vertical and horizontal force space) [2, 38–42] or in 3D (vertical, horizontal and axial force space)28

[43, 44]. Schotman and Stork [38] proposed an analytical model similar to the stress-strain relationship and29

the concept of material hardening in the Cam Clay plasticity model based on a series of analytical and finite30

element analyses of partly embedded pipelines. A kinematic hardening two-surface model was developed by31

Zhang et al. [39, 40] based on the experimental data of pipe-soil interaction tests in calcareous sand for drained32

conditions. Randolph and White [41] derived the yield envelopes from upper-bound plasticity solutions for33

pipelines at shallow embedment in clay. The failure enveloped was then validated with the results of numerical34

simulations and experiments conducted by Merifield et al. [2]. It worth noting that all theses studies considered35

the pipe-soil interaction in the V−H plane (vertical-horizontal force). Tian and Cassidy [44] extended the model36

in 3D vertical, horizontal and axial force, V − H − T space.37

The aim of this paper is to study the response of shallow embedded pipelines in clay under combined vertical38

and horizontal loadings with a novel macroelement developed under the framework of hypoplasticity. First,39

the constitutive framework of the hypoplastic macroelement is briefly introduced. Then, the main ingredients40

involved in the constitutive relationship such as the elastic stiffness factors, evolution of plasticity and hardening41

are presented. Finally, the performance of the proposed macroelement is evaluated comparing with results from42

finite element simulations (FEM).43

2. Problem definition44

The problem studied in this paper is concisely sketched in Fig. 1. A shallow embedded pipe is considered45

resting on an infinite clay strata. The pipe has a diameter D with an embedment depth w. w/D ranges from 0.146

to 0.5, which is the zone of most interest for typical single-bore pipelines [2]. The undrained shear strength of47

clay is su. A representative segment L in the longitude direction of the pipeline is chosen for the analysis. For48

a plane strain problem, the length L is taken as the unit length of the unit system. u and w are the horizontal49

and vertical displacements at the center of pipe. H and V are the corresponding horizontal and vertical forces50

applied on. Two extreme contact conditions i.e. frictionless and rough are considered in this study. A parameter51

α is used to describe these two contact conditions. For frictionless condition α = 0 while α = 1 for rough52

condition [2].53

L
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Figure 1: Sketch of soil-pipe system
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3. Modeling of soil-pipe interaction by hypoplastic macroelement: constitutive framework54

In the framework of hypoplastic macroelement, the constitutive equation is established between the gener-55

alized load vector t and the generalized displacement vector d. For the soil-pipline interaction the moment can56

be neglected and therefore the generalized load vector components are t=[V H]T and d=[w u]T (w and u are57

the pipe vertical displacement and lateral movement respectively), see Fig. 1. The constitutive equation for a58

hypoplastic macroelement is established in rate–form [33, 36], which enables the consideration of non–linear59

and irreversible behavior, Eqs. (1) and (2).60

ṫ = K(t, η) ḋ (1)

K = L(t) + N(t)ηT η :=
ḋ∣∣∣∣∣∣ḋ∣∣∣∣∣∣ (2)

where ṫ and ḋ are respectively the generalized force rate and stretching velocity; L and N are constitutive61

functions which depend on the current load state. In eq. (2)1, the first term, L(t), on the right–hand side62

represents the incrementally linear response of the constitutive equation. The second term, N(t)ηT , nonlinear63

in ḋ, is responsible for the incremental non–linearity of the system response [33]. η is the direction of the64

stretching velocity.65

To adapt the model to cyclic loading the model for cyclic loading, an additional internal variable namely

“internal displacement” δ is introduced [45]. The internal displacement state variable is included with the

following evolution equation:

δ̇ = Ĥ(δ, η) ḋ Ĥ =


I − ρβrηδη

T
δ if ηδ · η > 0;

I if ηδ · η ≤ 0.
(3)

ηδ :=


δ/ ||δ|| (if ||δ|| > 0)

0 (if ||δ|| = 0)
ρ :=

1
R
||δ|| (4)

where I is an identity matrix; βr and R are model constants; ηδ provides the direction of δ; ρ ∈ [0, 1] is a66

normalized measure of the internal displacement magnitude.67

With the incorporation of the additional state variable [33, 45], the constitutive equations of the macroele-68

ment become eq. (5):69

ṫ = K̂(t, δ, η) ḋ (5)

where:

K̂ = [ρχmT + (1 − ρχ)mR]L(t) + K̃(t, δ, η) (6)

K̃ =


ρχ(1 − mT )(Lηδ)η

T
δ + ρχNηT

δ (if ηδ · η > 0)

ρχ(mR − mT )(Lηδ)η
T
δ (if ηδ · η ≤ 0)

(7)

where χ, mT and mR are model constants.70

Eqs. (3) to (7) imply that the tangential responses of the hypoplastic macrolement vary according to the71

development of the “internal displacement” δ. The “internal displacement” controls ρ and ηδ which record the72

history of the previous loading step. The term η·ηδ determines whether the current loading is continues, reverses73

or is neutral (where the loading is tangential to the yield surface) compared to the previous loading step. The74

magnitude of ρ determines whether the current loading is far from the loading initiation or loading reversal. In75

this way the performance of the hypoplastic macroelement under cyclic loading is improved [32, 33, 45].76

In this section, the general framework of the hypoplasticity macroelement is presented. However, several77

key ingredients have to be reformulated to adapt the macroelement for soil-pipe interaction: the initial elastic78

linear behavior defined by L and the development of the nonlinear behavior defined by N. Furthermore, the79

related parameters should be calibrated. These issues are presented in the following section.80
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4. Definitions of key ingredients of the constitutive relationship81

4.1. Elasticity82

In hypolasticity, the tangent stiffness K̂ varies continuously with the direction η of the generalized velocity83

ḋ. With the development of plasticity, the initial elasticity vanishes when the stretching d is sufficient large. The84

initial elasticity is defined by a stiffness matrix L:85

L :=
1

mR

 kvv khv

0 khh

 (8)

where kvv, khh and khv and are the vertical, horizontal and coupled stiffness coefficients of the soil-pipe system.86

The stiffness matrix L is asymmetric as there exists only one coupled stiffness khv. The coupled khv is due to87

the fact that for the soil-pipe interaction problem, the vertical downward displacement w with the constraint of88

lateral movement (u = 0) causes only a vertical reaction force. However, when the pipe is subjected to horizontal89

displacement u with the constraint of vertical movement (w = 0), both horizontal and vertical reaction forces90

exist. In accordance with the components of d=[w u]T , the upper right component of L is placed with the91

coupling stiffness khv. To quantify the stiffness components of the soil-pipe system, numerical simulations are92

carried out in this article. Fig. 2 shows the FEM mesh and boundary conditions of the numerical model. The size93

of the soil domain is 6× 16 m. The displacements at the bottom of the model are fixed in the X and Y directions94

and on the lateral sides in the normal direction. Elastic properties are assigned for soil with a Poisson’s ratio95

ν = 0.49 [2, 46, 47]. The elastic modulus of the pipe is set to be 206GPa, so as to it can be regarded as a rigid96

body. For the purpose of getting closer to the engineering practice, the variation of soil modulus with respect97

to depth is considered following two profiles i.e.a constant modulus and a linear modulus profile, see Fig. 3.98

In this study, five values (40 MPa, 80 MPa, 160 MPa, 200 MPa and 300 MPa) are set to cover the possible99

soil modulus in practical pipe-line engineering. The constant modulus case represents an overconsolidated100

clay, while the linear distribution a normally consolidated clay [46, 48]. To determine numerically the stiffness101

factors, small vertical and horizontal displacements are applied on the center of the pipe and the reaction forces102

are measured. This method is illustrated in Fig. 4.103

Figure 2: FEM mesh and boundary conditions
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Z
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(a) Constant modulus profile

Z

E =mz

1
m

(b) Linear modulus profile

Figure 3: Soil stiffness profiles

Soil

V kvv = V/w

w Soil

Vkhh =H/u

u

H
khv =V/ u

u= 0 w = 0
≠0 ≠0

Figure 4: Determination of stiffness components

For a comprehensive study of the stiffness properties of soil-pipe system, parametric studies were carried out104

on the influence of pipe diameter, embedment depth, contact condition and soil profiles. Empirical equations105

are proposed to calculate the components in the stiffness matrix, see Tables. 1 and 2.106

Table 1: Empirical equations for soil-pipe system with frictionless contact condition

Vertical stiffness kvv Horizontal stiffness khh Coupled stiffness khv

Constant profile 0.28EDDcD

(
1 + 1.45

(
w
D

)0.22
)

0.49EDDcD

(
w
D

)0.75
0.21EDDcD

(
w
D

)0.21

Linear profile 0.10EDDcD

(
1 + 8.0

(
w
D

)0.5
)

0.36EDDcD

(
w
D

)0.96
0.23EDDcD

(
w
D

)0.55

Table 2: Empirical equations for soil-pipe system with rough contact condition

Vertical stiffness kvv Horizontal stiffness khh Coupled stiffness khv

Constant profile 0.26EDDcD

(
1 + 3.0

(
w
D

)0.42
)

0.51EDDcD

(
w
D

)0.25
0.12EDDcD

(
w
D

)0.57

Linear profile 0.15EDDcD

(
1 + 8.3

(
w
D

)0.65
)

0.49EDDcD

(
w
D

)0.66
0.13EDDcD

(
w
D

)0.8

The proposed empirical equations link the soil-pipe stiffness with ED which is the soil Young’s modulus at107

a depth of pipe diameter. Normally, in the engineering practice, it is the shear modulus which can be directly108

calculated by the shear wave velocity Vs. Then the Young’s modulus E can be easily calculated by converting109

the shear modulus G by E = 2G(1 + ν). D is the diameter of the pipe with w/D is the embedment ratio, cD is a110

factor taking into account the influence of the pipe diameter. cD could be calculated by a dimensionless factor111

cD = 1.45(D/Lr)−0.5. Lr is a unit reference length in the applied unit system. In this study, the unit length Lr is112

1.0 m. The validation of the proposed empirical equations for the case of a pipe with 2.0 m diameter resting on113

frictionless/rough pipe-clay contact interface with linear/constant modulus profiles is presented in Figs. 5 and114

Fig. 6. The proposed empirical equations have a good agreement with the FEM results.115
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Figure 5: Validation of empirical equations: frictionless contact (a) Young’s modulus E profiles - linear type (b) vertical elastic stiffness kvv

(c) horizontal elastic stiffness khh (d) coupled elastic stiffness khv
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Figure 6: Validation of empirical equations: rough contact (a) Young’s modulus E profiles - constant type (b) vertical elastic stiffness kvv

(c) horizontal elastic stiffness khh (d) coupled elastic stiffness khv

The neccessary information for calculating the vertical stiffness of the pipepline are availble in some exsiting116

studies [42, 49–53]. In order to further validate the empirical equations for soil-pipe systems, the related data117

of several centrifuge tests (Dingle et al. [49]; Cheuk and White [50]; White and Dingle [51]) and model tests118
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(Al-Janabi et al. [53]) are adopted to calculated the vertical and horizontal stiffness. The vertical stiffness119

is obtained by measuring the initial slope of the penetration tests i.e., the vertical load-embedment profiles120

presented in these researches. The horizontal stiffness can be also calculated with a similar procedure using121

lateral load-displacement response curves. Note that the penetration tests start from mudline, in other words,122

the initial embedment w/D for the vertical stiffness calculation equals to 0. The rough contact assumptions are123

adopted for all the model tests based on the descriptions in the references. Furthermore, the Young’s modulus124

profile is considered linear according to the shear strength su provided in these researches and the modulus125

ratio (E/su) equals to 500. The model parameters and soil properties for the stiffness terms calculations are126

summarized in Tables. 3 and 4.127

Table 3: Experimental data used for validation of vertical stiffness

Model test Pipe diameter Initial embedment Undrained shear strength Test No./type

D (m) w/D su(kPa)

Centrifuge test, Dingle et al. [49] 0.8 0 2.3 + 3.6z Penetration test

Centrifuge test, Cheuk and White [50] 0.8 0 0.75 + 1.6z Test KC05

Centrifuge test, Hodder and Cassidy [42] 0.5 0.5 3.5 + 0.7z Test NO. 1.305.2

1g model test, Al-Janabi et al. [53] 0.0508 0 1.1 + 16.7z Test #1 and #2

Table 4: Experimental data used for validation of horizontal stiffness

Model test Pipe diameter Initial embedment Undrained shear strength Test No./type

D (m) w/D su(kPa)

Centrifuge test, Dingle et al. [49] 0.8 0.45 2.3 + 3.6z lateral sweep test

Centrifuge test, White and Dingle [51] 0.8 0.46 2.3 + 3.6z Test L2

Centrifuge test, White and Dingle [51] 0.8 0.18 2.3 + 3.6z Test L4

Figs. 7 (a) and (b) show the comparison between the empirical equations and the test results for vertical128

and horizontal stiffness in function of the depth for rough interface conditions and linear modulus profiles,129

respectively. The ratio of the experimental values to the predicted values from the proposed empirical formula is130

also indicated as a percentage in the figure. The results from the empirical equations for calculating vertical and131

horizontal stiffness are close to the experimental results with an average error of 18.25% and 9.3%, respectively.132
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Figure 7: Validation of empirical equations for rough contact conditions with model test results: (a) vertical stiffness kvv (b) horizontal

stiffness khh

4.2. Plasticity133

4.2.1. Bearing capacity envelope134

Merifield et al. [2] proposed a bearing capacity envelope with parabolic shape, which is adopted as the135

bounding surface in the constitutive relationship of hypoplastic macroelement. In the framework of hypoplas-136

ticity, the envelope acts as a tractor to which the evolution of plasticity is referred. The envelope f (t) = 0 is137

defined as:138

f (t) :=
H

Hmax
− β

(
V

Vmax

)β1
(
1 −

V
Vmax

)β2

= 0 (9)

where:

β :=
(β1 + β2)β1+β2

β
β1
1 β

β2
2

; Hmax := Vmax

(
0.48 −

α

25

) ( w
D

)0.46− α
25

; Vmax :=


7.4suD

(
w
D

)0.4
(rough)

5.66suD
(

w
D

)0.32
(frictionless)

(10)

β1 and β2 are two parameters defining the trend of varying skew with respect to embedment level: β1 = (0.8 −139

0.15α)(1.2 − w/D); β2 = 0.35(2.5 − w/D). Vmax and Hmax are the maximum vertical and horizontal resistance,140

respectively. The roughness parameter α takes values of 0 and 1 for frictionless and rough contact conditions,141

respectively. su is the undrained shear strength of clay.142

4.2.2. Plasticity evolution143

As mentioned in section. 3, the constitutive function N is responsible for the incremental non–linearity of144

the system response. Proposed by Niemunis [32], the constitutive vector N of eq. (2) can be written as:145

N(t) = −Y(t)Lm(t) (11)

where Y(t) ∈ (0, 1] is a scalar function which controls the degree of nonlinearity and increases with respect to146

the distance of the current stress state t to the ultimate bearing capacity envelope. m is a unit vector pointing147
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the direction of the evolution of plasticity. The loading function Y is defined by a simple power law:148

Y(t) = ξκ (12)

where ξ is a nonlinear factor which measures the distance of the current loading surface to the bounding surface.149

κ is a model constant controlling the plastic hardening of the model response. For an arbitrary loading state t∗150

i.e. t∗ = [V∗ H∗]T within the bounding envelope, there exists a scalar multiplier ξ ∈ (0, 1] which satisfies151

f (t∗) = 0. The current loading state t∗, the loading surface f (t∗) and bounding surface f (t) are illustrated in152

Fig. 9.153

f (t∗) :=
H∗

ξHmax
− β

(
V∗

ξVmax

)β1
(
1 −

V∗

ξVmax

)β2

= 0 (13)

After substituting the current loading state t∗ = [V∗ H∗]T into eq. (13), the scalar multiplier ξ ∈ (0, 1] of the154

current loading state can be obtained by solving the nonlinear function numerically by the Newton-Raphson155

method. In eq. 12, κ controls the plastic hardening in the model, which can be easily calibrated by comparing156

the monotonic response with a given reference.157

H

V

VmaxξVmax

t*
f(t*)

f(t)

Figure 8: Determine the nonlinear factor ξ from the current loading surface

The plastic flow direction m is defined by another function g(tg) which differs from the loading and bounding158

surface functions. A non-associated plastic potential function is chosen as the following:159

g(tg) :=
Hg

λhξHmax
−

(
1
λv

)
β

(
Vg

ξVmax

)β1
(
1 −

Vg

ξVmax

)β2

= 0 (14)

where λh and λv are model parameters.160

H

V

ξVmax

t*

t

f(t*)

g(t)

g

Figure 9: Current loading surface and plastic potential surface

An image point tg = [Vg Hg]T can be easily found on the plastic potential surface with Vg = V∗ and161
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Hg = λh
λv

H∗. Then m can be determined by:162

m =
∂g/∂tg∣∣∣∣∣∣∂g/∂tg

∣∣∣∣∣∣ (15)

In this study, before the model reaches full plasticity, i.e. 0 < ξ < 1, λh and λv are constants. In order to163

avoid excessive plastic displacement of pipe invert (for example, the movement of pipe invert due to lateral164

displacement under constant vertical force), when fully plasticity is reached i.e. ξ = 1, λv is considered to be165

dependent on the lateral movement of the pipe. Therefore λv is defined by eq. (16) as:166

λv =


1.0 if 0 < ξ < 1

25 ∗ (u/D)2 if ξ = 1
(16)

where u and D are the lateral displacement and the pipe diameter respectively. According to Eq. (16), when the167

lateral displacement u is sufficiently large, the development of plasticity turns gradually to the direction of the168

lateral movement of the pipe. Eq. (16) captures the effect that under certain vertical loads, pipes reach a steady169

embedment after undergoing a large lateral displacement [5, 7, 9].170

It should be pointed out that at the corners of the plastic potential function i.e. when the horizontal force is171

H = 0, the function is not differentiable and therefore a special treatment is required. In this study, when H = 0172

the plastic flow direction is forced to be the same as the direction of the vertical displacement increment.173

5. Model validation174

In this section, model validation is carried out by comparing macroelement results with FEM simulations175

and experimental data. First of all the model parameters are summarized. Then the performance of the proposed176

macroelement is validated by probe penetration and sweep tests. Finally, the limits of the proposed macroele-177

ment are acknowledged and discussed.178

5.1. Model parameters179

For a soil-pipe system system with given pipe diameter D, embedment ratio w/D and undrained shear180

strength su, several model parameters can be directly calculated by equations presented in the above sections.181

The model parameters can be determined and calibrated by the following steps:182

• Elastic stiffness: kvv, khh and khv can be calculated by Eqs. in Tabs. 1 and 2183

• Ultimate bearing capacity envelope: Vmax which determines the size of the ultimate bearing capacity184

envelope can be calculated by Eq. (10)185

• Hardening and plasticity coupling parameter, κ, λh and λv can be determined by performing several mono-186

tonic simulations and comparing with the monotonic test data. Then the optimum values can be selected.187

The parameter κ is responsible for the isotropic hardening of the plastic response which defines how fast188

the model state is approaching to the ultimate bearing capacity envelope. This parameter can be obtained189

by fitting the vertical penetration test data. (for example, the date of the initial vertical loading step in190

the test NO. 1.305.2 of Hodder and Cassidy [42]). Parameters λh and λv, acting on the coupling effect of191

the development of plasticity between horizontal and vertical directions, can be calibrated by fitting the192

curve of horizontal sweep test data. (for example, the experimental data of test NO. 1.305.2 of Hodder193

and Cassidy [42] and data of Dingle et al. [49]).194

• “Internal displacement”: For other parameters such as the 5 parameters for the “internal displacement”,195

they can be determined with a trial and error procedure using cyclic loading test data. For the newly196

proposed macroelement, these 5 parameters were empirically determined by matching the stiffness vari-197

ation with the experimental cyclic test data with unloading and loading reversal paths. Thus, the two198

constants mT <= mR can be determined from the fitting of the stiffness change when passing from the199
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small-displacement to the medium-displacement regime and for full unloading path. The constant R,200

which provides the size of the elastic regime can be calibrated by trial and error procedure together with201

the calibration of mT and mR. χ and βr which are responsible for accumulation effects can be obtained by202

comparing with the experimental data with several cycles of loading. The proper values of χ and βr can203

capture the possible accumulation trend of deformation/force under cyclic loadings.204

The main parameters for the proposed hypoplastic macroelement are summerized in Table. 5.205

Table 5: Model parameters of the proposed hypoplastic macroelement for a soil-pipe system

Model parameter Values Description Group

kvv Eqs. in Tabs. 1 and 2 Vertical stiffness

Elastic stiffnesskhh Eqs. in Tabs. 1 and 2 Horizontal stiffness

khv Eqs. in Tabs. 1 and 2 Coupled stiffness

Vmax Eq. (10) Limit bearing capacity
Bearing capacity envelope

α 0 or 1 Contact condition

κ 1.2 Loading function constant Hardening

λh 2.5 For rough contact

Direction of plasticity evolution1.5 For frictionless contact

λv Eq. (16) For all cases

mR 2.5 Stiffness at load reversal point

Cyclic behavior

(internal displacement)

mT 2.0 Stiffness when neutral loading

R 1.0×10−3 Range of linearity

βr 0.1 Rate of evolution of IS

χ 0.2 Transition of stiffness

5.2. Probe penetration and penetration-sweep tests206

In this section, the model validation is carried out for the probe penetration and penetration-sweep tests. This207

kind of tests can validate the evolution of pipe resistance paths within the ultimate bearing capacity envelope208

of the soil-pipe system. For the probe penetration tests, vertical and horizontal displacements were applied209

simultaneously at the center of the pipe. A displacement control method was used and the reaction forces were210

recorded. The elastic FEM model presented in section. 4.1 was used and new plastic material properties were211

assigned to refine the model response. The Mohr-Coulomb yield criterion which is an isotropic elasto-plastic212

constitutive model was adopted to model the soil plasticity. Undrained shear strength su and 0◦ of friction angle213

and dilatation angle were used as the model parameters. As mentioned in section. 2, a parameter α is used to214

define the contact condition (0 for frictionless and 1 for rough contact condition). In the plastic model, the shear215

strength of the contact interface between the pipe and the soil is τmax = αsu.216

The different simulation cases are summarized in Table. 6 and comparisons of the macroelement and the217

FEM numerical simulations are shown in Figs. 10, 11 and 12. The results are shown in terms of normalized218

horizontal (or vertical) resistance and normalized embedment (or lateral movement). For different soil profiles,219

different contact conditions, pipe diameters etc., the prediction of the macroelelement model matches well with220

the numerical results. The initial branch of the curves indicates a good prediction of the stiffness. For the221

evolution of vertical and lateral resistances, the macroelement has also a satisfactory performance. It can be222

also noticed that the ultimate resistance develops rapidly even under relative small movement of the pipe. The223

peak value is found for a lateral movement less than 0.01 u/D.224

11

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Table 6: Loading cases for probe penetration test

NO. D w/D Modulus profile su Contact condition Applied displacements

1 2.0 m 0.4 Constant (E=200 MPa) 200 kPa rough w=0.2 m and u=0.083 m

2 1.5 m 0.3 Linear* (E = z m) 200 kPa rough w=0.3 m and u=0.1 m

3 1.0 m 0.5 Constant (E=200 MPa) 300 kPa frictionless w=0.12 m and u=0.04 m
* z is depth; m = 200MPa/6m
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Figure 10: Validation of the proposed macroelement: D=2 m; constant modulus profile (E=200 MPa); su=200 kPa; rough contact condition;

w/D = 0.4. w=0.2 m and u=0.083 m. (a) Vertical response (b) Horizontal response
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Figure 11: Validation of the proposed macroelement: D=1.5 m; linear modulus profile (E = z m, where z is depth; m = 200MPa/6m);

su=200 kPa; rough contact condition; w/D = 0.3. w=0.3 m and u=0.1 m (a) Vertical response (b) Horizontal response
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Figure 12: Validation of the proposed macroelement: D=1.0 m; constant modulus profile (E=200 MPa); su=300 kPa; frictionless contact

condition; w/D = 0.5. w=0.12 m and h=0.04 m (a) Vertical response (b) Horizontal response
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Besides the penetration test, penetration-sweep tests [12, 54–56] of the soil-pipe system were also carried225

out. A penetration test is displacement controlled and has two steps. First, the pipe is pushed in the vertical226

direction until reaching a prescribed embedment. Then it was displaced horizontally while maintaining the227

vertical displacement. Taking the first example of pipe diameter and soil properties in Table. 6, two displacement228

loading paths were simulated:(1) uv = 0.015m then uh = 0.01m; (2) uv = 0.005m then uh = 0.01m. The229

comparison of the macroelement results with FEM simulations is shown in Fig. 13. In the normalized V
S uD ,

H
S uD230

space, the macroelement model can well capture the evolution of the loading path within the ultimate bearing231

capacity envelope.232
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Figure 13: Validation of the proposed macroelement by swipe tests: D=2.0 m; constant modulus profile (E=200 MPa); su=200 kPa; rough

contact condition

The second penetration-sweep test was carried out based on the centrifuge test performed by Hodder and233

Cassidy [42]. In the test NO.1.305.2(a), the external pipe diameter was 0.5 m (in prototype scale) with an initial234

embedment ratio w/D = 0.5. The undrained shear strength was approximate 3.5 kPa at the soil surface and the235

increasing shear strength gradient is 0.7 kPa/m (in prototype scale). A rough contact condition is assumed in the236

macroelement simulation. The macroelement model prediction follows well the trend of experimental results.237

The horizontal swipe phase also shows a good agreement, with the macroelement model tracking a yield surface238

that approximates the experimental results. The ultimate strength is observed at small vertical and horizontal239

displacements around 0.1D.240
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Figure 14: Comparison of macroelement simulations with the centrifuge test (Hodder and Cassidy, 2010), test NO. 1.305.2(a)[42]; w/D =

0.5. (a) Vertical response (b) Horizontal response (c) Combined response

5.3. Horizontal sweep test at constant vertical load241

In section 5.2, the validation of the macroelement is carried out by probe penetration and penetration-sweep242

tests. Generally, the ultimate resistance is fully developed at a relatively small displacement of pipe diameter. In243

this section, new series of lateral sweep tests are performed in which the pipe is subjected to relatively larger lat-244

eral displacement. Different from the sweep test in section 5.2, when the lateral sweep horizontal displacement245

is applied, instead of keeping a constant vertical displacement, a constant vertical force is maintained. This kind246
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of sweep test allows the vertical movement of pipe invert under pipe lateral displacement. First, the macroele-247

ment model is compared is compared with the centrifuge test performed by Dingle et al. [49], numerical results248

from Chatterjee et al. [6, 7], bilinear and tri-linear resistance models from White and Cheuk [57]. The pipe249

diameter D is 0.8 m with an embedment ratio w/D equals to 0.45. The soil shear strength is 2.3 kPa with a250

strength gradient k equals to 3.6 kPa/m. The Young’s modulus of the soil is taken as 500su0 (su0 = su + kz). A251

rough contact was assumed in the macroelement simulation. For the bi-linear and tri-linear models, related pa-252

rameters mentioned above, the friction factor µ = 0.5 and the submerged unit weight γ′ = 6.5kN/m3 are adopted253

to calculate the value of limiting horizontal force, breakout resistance and the constant residual force. The spe-254

cific calculation equations can be found in the research of White and Cheuk [57].The values of ubreakout/D =0.1255

and uresidual/D =0.25 to define the mobilization distances of these two models’ response is recommended as256

typical values in their research. As a comparison, two key distances, i.e. ubreak and uresidual from the centrifuge257

test of Dingle et al. [49] are also introduced into these two models. The comparison of the results is shown in258

Fig. 15. In Fig. 15(a), the centrifuge test result of Dingle et al. [49] and the empirical equation calculations259

of tri-linear model show a sudden breakout behaviour at the early stage of the lateral movement. This brittle260

behaviour is primarily due to the loss of suction at the rear of the pipe. The magnitude of the breakout resistance261

is not governed by the undrained shear strength su but by the maximum available negative excess pore pressure262

and tensile resistance [49]. Neither the macroelement nor the FEM model can capture well this brittle behavior.263

Apart from the this phenomenon, the results of the macroelement are closer to the numerical results obtained264

negelcting softening and rate effects, see Fig. 15(a). Actually, since the macroelement model is based on the265

capacity envelope proposed by Merifield et al. [2] which is obtained numerically using a FEM model with an266

ideal soil strength (no softening and rate effects), it cannot take into account softening and rate-dependent ef-267

fects. For the macroelement, the FEM model and the centrifuge test data, the horizontal resistance grows rapidly268

and reaches the maximum then the pipe undergoes very large lateral movement till 3 times the pipe diameter.269

It is also shown in Fig. 15(b) that the macroelement can capture the invert movement when lateral movement270

occurs under constant vertical load. This is due to the various couplings considered by the macroelement.271
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Figure 15: Comparison with experimental data (Wang et al., 2010 [5] and Chatterjee et al., 2012[6, 7]). Lateral displacement under constant

vertical force; initial embedment w/D = 0.45. (a) lateral resistance response (b) pipeline trajectory during lateral movement

Fig. 16 presents the comparison of the macroelement with the FEM results of Chatterjee et al. [6, 7]. In this272

case, Chatterjee et al. [6, 7] performed a parametric study of the influence of the vertical load on pipe invert273

movement under lateral displacement. The pipe diameter D is 0.8 m and the embedment ratio w/D equals 0.3.274

The soil shear strength is 2.0 kPa with a strength gradient k equals to 4.0 kPa/m. The Young’s modulus of the275

soil is taken as 500su0 (su0 = su + kz). The macroelement captures well the trend of pipe invert movement. The276

pipe invert finally reaches a steady embedment after the lateral displacement of 2 times of the pipe diameter.277

Another validation is carried out by comparing with the numerical results of Wang et al. [5] and summarized in278

Fig. 17. The pipe diameter D is 0.8 m and the embedment ratio w/D equals 0.45. The soil shear strength is 2.3279
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kPa with a strength gradient k equals to 3.6 kPa/m. As shown in Figs 16 and 17, the phenomenon where lighter280

pipes rise and heavier pipes move downwards is reproduced.281

The perfermance of the macroelement model can be explained by the direction of plastic flow. As it is282

shown in Fig. 18, if the vertical load is in the range of light pipe region, the direction of plastic flow m has a283

component which in the opposite direction of the vertical force. Thus, under lateral displacement, due to the284

coupling effect, the pipe invert moves in the opposite direction of the vertical load. The pipe therefore rises285

up. The opposite is true for the case of heavy pipelines. For a medium heavy pipe (V/Vmax around 0.4), the286

movement of pipe invert is limited.287
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Figure 16: Validation of performance of proposed macroelement: lateral deformation under constant vertical force; initial embedment

w/D = 0.3. (a) Macroelement (b) Numerical simulation (Chatterjee et al.[6, 7])
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Figure 17: Validation of performance of proposed macroelement: lateral deformation under constant vertical force; initial embedment

w/D = 0.45. (a) Macroelement (b) Numerical simulation (Wang et al., 2010[5])
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Figure 18: Development of plastic deformation in the case of light and heavy pipes

Furthermore, a cyclic lateral sweep test was also carried out to further verify the performance of the288
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macroelement. Centrifuge tests JIP3 and WA1 performed by Cheuk et al. [58] are used for the validation.289

JIP3 and WA1 were performed using E-grade kaolin clay and West African soft clay respectively. The total290

number of sweeps for JIP3 and WA1 are 6 and 14 cycles. Comparison is shown in Figs. 19, 20, 21 and 22. The291

macroelement can well predict the trend of the cyclic response except the degradation of the residual resistance292

with the increasing cyclic number. Under lateral cyclic movement, a significant increase of the horizontal re-293

sistance is observed due to the berm formation during horizontal loading. The soil berm formation mechanism294

cannot be captured with the proposed macroelement.295
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Figure 19: Validation of performance of proposed macroelement: horizontal resistance response. Initial embedment w/D = 0.088. (a)

Macroelement (b) Experimental data (Cheuk et al., 2007[58], test JIP3)
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Figure 20: Validation of performance of proposed macroelement: pipe invert trajectory. Initial embedment w/D = 0.088. (a) Macroelement

(b) Experimental data (Cheuk et al., 2007[58], test JIP3)
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Figure 21: Validation of performance of proposed macroelement: horizontal resistance response. Initial embedment w/D = 0.557. (a)

Macroelement (b) Experimental data (Cheuk et al., 2007[58], test WA1)
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Figure 22: Validation of performance of proposed macroelement: pipe invert trajectory. Initial embedment w/D = 0.557. (a) Macroelement

(b) Experimental data (Cheuk et al., 2007[58], test WA1)

6. Conclusions296

The modeling of pipe-soil interaction under complex loading conditions is an interesting and challenging297

field. In this study, a novel macroelement for shallow embedded pipelines in clay is developed under the frame-298

work of hypoplasticity. The macroelment modeling starts with the bearing capacity envelope of soil-pipe system299

for single pipeline, which is the most important fundamental ingredient for developing a hypoplastic constitutive300

relationship for soil-pipe interaction of single pipeline at shallow embedment in clay. First of all, the keys ele-301

ments which define the elastic property and plastic evolution are established and integrated. A series of empirical302

formulas are proposed to describe the relationship between the stiffness variation trend of the pipe-soil system.303

Several factors as the soil modulus, the size of the pipeline, the embedment ratio etc. are considered. Then,304

plasticity evolution within the bearing capacity envelope and during the large deformation stage is developed.305

Comparisons between predictions and numerical simulations and experimental results is satisfactory. Although306

due to the complexity of the mechanism of pipe-soil interaction and the strain-rate dependent strength of clay,307

several effects such as lateral breakout, soil berm accumulation and strength softening cannot be reproduced,308

the proposed macroelement is able to reproduce the main behavior of pipe-soil interaction under monotonic and309

cyclic combined loadings. The macroelement can significantly improve the calculation efficiency compared to310

traditional nonlinear finite element simulations and it is a useful tool for the engineering design of submarine311

shallow buried pipelines resting on clays.312
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