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1 INTRODUCTION 

Pipeline systems form key infrastructure to transport 
water, oil and gas worldwide. Rapid growth in petro-
leum industry during the last decade all over the 
world has warranted many new pipeline projects 
with investments of several hundreds of billions of 
US dollars (Herberg et al. 2010; Gerard 2014; 
DeMicco 2015; Mills 2016). Pipeline systems are 
typically buried at shallow depths above the natural 
groundwater table, where the soil is in a state of un-
saturated condition and are covered with unsaturated 
soil backfill material. BS EN 14161:2003 (BSI 
2003) recommends that the minimum pipeline burial 
depth from the soil surface to the top of the pipeline 
should be greater than 0.8 to 1.2m to avoid any inter-
ference with human activities.    

Pipeline systems experience high stresses and de-
formation due to permanent ground deformation 
(PGD) associated with soil subsidence, differential 
settlement, landslide, frost heave or thaw settlement, 
and soil liquefaction, lateral spread movement or 
fault displacement induced by seismic activities. 
Longitudinal PGD that take place along the pipe axis 
induce boundary axial forces at the interface be-
tween liquefied (i.e. soil) and non-liquefied (i.e. 
pipeline) materials resulting in large strains in the 
pipeline body. According to American Lifelines Al-

liance (ALA) (2001), longitudinal PGD typically 
causes 5 to 10 times higher damages to steel pipe-
lines in comparison to transverse PGD owing that to 
the high flexural flexibility of steel pipeline.  

Typically, underground structures are designed 
considering the most unfavourable groundwater 
condition that could occur during the design lifetime 
of the structure or in normal circumstances (BS EN 
1997-1:2004 (2004)). For this reason, design proce-
dures for pipelines are based on the assumption that 
natural groundwater table (GWT) is at the natural 
ground level. In other words, soil is assumed to be in 
a saturated state. However, about half the world re-
gions experience more evaporation from the soil ra-
ther than infiltration of water resulting in developing 
surficial unsaturated soil strata that extends to more 
than 3m from the natural ground surface. Recent 
studies suggest that pipeline systems buried in un-
saturated soil experience much higher internal forces 
and deformations due to relative soil mass move-
ment with respect to pipeline (Saadeldin et al. 2015; 
Robert et al. 2016; Al-Khazaali et al. 2016).  

The recommended design and analysis procedures 
by many design codes such as American Society of 
Civil Engineers (ASCE) (1984), ALA (2001), and 
ALA (2005) are not able to capture the suction con-
tribution towards the unsaturated soil-pipeline sys-
tem behaviour. Both soil and interface mechanical 
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properties (i.e. shear strength and stiffness) for un-
saturated condition were found to be much higher 
than saturated condition especially in the boundary 
effect and transition zones of unsaturated soils (Ha-
mid and Miller 2009; Lu and Kaya 2014).  

Consequently, for more conservative and reliable 
design and analysis procedures of pipeline systems 
buried in unsaturated soils, the principles of unsatu-
rated soil mechanics should be utilized. In this study, 
numerical analysis of pull-out tests of prototype pipe 
in saturated and unsaturated sand are presented using 
the experimental results undertaken by Al-Khazaali 
and Vanapalli (2017). The experimental results indi-
cate that axial force exerted on the pipeline increases 
with matric suction. In addition, the results of nu-
merical analysis show reasonable prediction of the 
elastic axial load-displacement behaviour of the pipe 
with respect to the measured behaviour.   

2 EXPERIMENTAL MODEL 

2.1 Test setup and arrangement of instruments 

A rigid steel box of 1.5 m length, 1.2 m width, and 
1.1 m height was specially designed by Al-Khazaali 
and Vanapalli (2017) to conduct axial force-
displacement test under controlled saturated and un-
saturated environments. The box is equipped with a 
drainage system consists of three perforated pipes of 
50.8 mm nominal diameter that are extended along 
the base of the test box at 400 mm centre-to-centre 
distance. The pipes serve to supply/drain water uni-
formly and to create uniform suction profile follow-
ing the principles of hanging column technique. The 
pipes were covered with a filter consists of a 75mm 
layer of clean gravel and a geotextile to prevent sand 
fine particles washing out during drainage process 
and clogging the perforated pipes.   

The sand was compacted in several layers of 
200mm thickness using 6.5kg manual compactor. 
The compaction was performed at optimum moisture 
content to achieve around 69% relative density, DR.  

A steel pipe of 114.3mm outer diameter and 
1.35m in length was used to fabricate the prototype 
pipeline. The steel pipe was knurled in crossing di-
rections at 1150 angle at 1mm pitch and 0.25mm 
depth using a lathe. These measurements were used 
to provide enough roughness where the knurling 
depth is equal to the mean sand particle size D50.   

The prototype pipe was buried at 250mm from the 
soil surface to its springline. The pipe was aligned 
horizontally with the load cell, loading frame and the 
hydraulic jack to avoid any unbalanced forces. A 
sleeve of 130 mm inner diameter was used to pre-
vent the sand from collapsing in the gap between the 
pipe head and the box. Furthermore, the sleeve-pipe 
overlap point was wrapped with a plastic wrap to as-
sure free bearing resistance due to the presence of 
sand between the pipe head and the box (Figure 1). 

Adjustable external loading frame includes a reac-
tion beam and two supporting legs to support a hy-
draulic jack of 40mm stroke that was used to applied 
pull out force. The load was transferred using a ¾” 
threaded rod that connected the pipe-load cell-
hydraulic jack together. S-shaped Transducer Tech-
niques load cell (LC) of 22,241 N (5000lbs) was 
used to measure the axial force, and linear variation 
displacement Transducer (LVDT) with 50.8mm 
stroke was used to measure the displacement. Ana-
log Data from LC and LVDT was translated to digi-
tal data using data acquisition system (DAQ) and 
saved in a computer. The soil-suction profile was 
measured using four soil moisture probe 2100F Ten-
siometers that were installed at different depths. The 
full setup is shown in Figure 1.     

 

 

 
1. Pipe. 
2. Tensiometers. 
3. Real (-uw) distribution. 
4. Hydrostatic PWP. 
5. Piezometer. 

6. Water supply- 
   drainage valve. 
7. Perforated pipes. 
8. Filter. 
9. Hydraulic jack. 

10. Load cell.  
11. LVDT. 
12. Sleeve. 
13. Plastic sheet. 
14. Loading frame. 

Figure 1. A schematic illustration for the full setup showing the 
main features. 

2.2 Soil properties 

Poorly graded (SP) silica sand which is commercial-
ly available is used in the present study; this soil is 
referred to as Unimin 7030. The key physical and 
mechanical properties of the sand is listed in Table 
1. The soil water characteristic curve (SWCC) was 



measured using hanging column technique as per 
ASTM D6836-02 and fitted using Fredlund and 
Xing (1994) model (Figure 3).  

 
Table 1. Summary of key properties of Unimin 7030 sand. 

Index property  

Standard compaction tests  
Maximum dry unit weight (kN/m3) 16.7 
Optimum moisture content (%) 14.6 
Relative density, DR (%) 69.0 
Void ratio 0.606 

Grain size distribution  
D60 (mm) 0.27 
D30 (mm) 0.20 
D10 (mm) 0.16 
Coefficient of uniformity 1.7 
Coefficient of curvature 0.93 
Specific gravity 2.65 
Unified soil classification system (USCS) SP 

Mechanical property 

Shear strength  
Soil peak angle of friction, ’p(0) 35.3 
Soil ultimate angle of friction, ’R(0) 31.6 
Soil dilation angle,  6.75 
Interface peak angle of friction, δ’p(0) 34.5 
Interface ultimate angle of friction, δ’R(0) 30.2 
Interface dilation angle, int. 6.33 

Stiffness    
Initial modulus of elasticity, E (kN/m2) 1000 
Initial interface elasticity modulus, Ein. (kN/m2) 750 
Poisson’s ratio, ν 0.344 

 
The effective friction angle of sand and interface, 

’ and δ’, respectively were measured using direct 
shear test (DST). Drained DSTs were performed us-
ing displacement controlled test at low constant 
shearing speed rate (i.e. 0.0025mm/s). The sand-pipe 
interface shearing angle was measured using a spe-
cially designed rough surface steel block of (60 X 60 
X 15 mm). The steel block was placed in the lower 
part of the shear box with its rough surface at the 
same level of the horizontal failure plane. Then, sand 
was compacted in the upper part of the shear box us-
ing tamping method to achieve the required density. 
The tests were performed under four normal stresses 
(i.e., 25, 40, 75 and 125kPa). 

Dilation behaviour was observed from DST re-
sults both for sand and interface. Similar trends in 
results were reported by Bolton (1986) using the 
plane strain and triaxial and shear test results for 17 
sands for different densities and confining stresses. 
Bolton (1986) concluded that dilation behaviour and 
peak angle of shearing are inversely related to mean 
effective stress and directly related to relative densi-
ty, DR. Moreover, sand with DR ranges between 50 
and 80 % and confining stress between 20 and 200 
kPa exhibits remarkable dilation behaviour. In this 
study, the DSTs were performed under DR and nor-
mal stress within the range from Bolton (1986) 
which can explain the dilation behaviour for the 
sand. Figure 3 shows the measured peak and ulti-
mate shearing angle for sand and interface. 

 
Figure 2. Soil-Water Characteristic Curve (SWCC). 

 

Figure 3. Shearing angles for sand and interface. 

2.3 Test procedure 

The pipe axial force-displacement test methodology 
consisted of four stages. In the first stage, the pipe 
was buried at 250mm depth from the soil surface 
and sand was compacted around it at optimum water 
content. The confining stress at the pipe level in-
creased at the stage after placing the compacted 
backfill.   

In the second stage, uniform soil-suction profile 
was achieved. During this stage, sand was saturated 
by allowing the water to flow from the bottom of the 
box through the perforated pipes up to the soil sur-
face to level (A) (Figure 1). Raising the water table 
(WT) in the box from the bottom assures occluded 
air bubbles removal from the sand and prevents gen-
erating air pockets. By saturating the sand, effective 
confining stress at the pipe level decreases due to the 
reduction in effective unit weight. 

Desired soil-matric suction profile is achieved in 
stage three by controlling the WT level in the box. 
This can be achieved by utilizing hanging column 
technique to achieve differential pore water pressure 
in the box by lowering the WT to a specific level 



(i.e. level B) and keep it for 24 hrs to achieve equi-
librium condition. The suction profile was measured 
using four Tensiometers at different levels. Tensi-
ometer readings were verified by collecting several 
samples during the third test with WT level 350-
400mm depth using six aluminium containers that 
were buried during pipe placement. The containers 
were placed at the pipe level at 2-containers at 100, 
200 and 310mm depths. The water content of the 
collected samples was measured and related to the 
SWCC to estimate the matric suction value. The av-
erage matric suction value from each of the two con-
tainers at the same level was considered to compare 
with Tensiometers readings. Figure 4 shows matric 
suction profile for the three tests and average matric 
suction from the collected samples. At this stage, 
confining stress for unsaturated condition at the pipe 
level increases upon effective unit weight increase. 

Load application and sand-pipe shearing was per-
formed in the final stage. The data was collected by 
DAQ and stored on a computer.     

 
Figure 4. Soil-matric suction profile for different GWTs. 

3 NUMERICAL MODELLING 

Plain-strain numerical analyses were carried out to 
simulate the elastic axial force-displacement behav-
iour of the prototype pipe using the commercial 
software, SIGMA/W. The analyses were performed 
in two stages: i) insitu condition where initial condi-
tions are set, and ii) load-deformation condition 
where the soil and interface are sheared. The model 
boundaries extended to 0.87m in depth and 1.5m 
width (Figure 5(a)). The left and right boundaries 
were restrained horizontally and the bottom bounda-
ries was restrained in both directions. A hole was 
made on the right side of 0.13m size and 0.2m length 
to simulate the sleeve. The boundaries along the 
sleeve hole was restrained in both directions. Since 
the pipe was fabricated out of a steel pipe with ex-
tremely high stiffness in comparison to soil stiffness, 
the pipe was simulated using fixed boundary condi-

tion in both directions during insitu stage. In the 
load-deformation stage, the pipe movement was 
simulated using boundary condition with constant 
horizontal displacement of (2mm/min) and fixed in 
vertical direction. Interface element was generated 
along the pipe boundaries and sleeve.  
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Figure 5. (a) Model boundary conditions and dimensions, (b) 
XY-Disp. at the end of saturated condition numerical analysis.  

3.1 Soil modelling 

The sand was modelled using two elements: i) 8-
noded quadrilateral element with integration order of 
9, and ii) 6-noded triangular elements with integra-
tion order of 3. The domain was divided into three 
zones. The size of the elements was varied from fine 
mesh in the pipe and sleeve zone (i.e. element length 
= 0.01m in zone I) to coarser mesh as moving far 
from the pipe (i.e. i.e. element length = 0.05, and 
0.075m in zone II and III, respectively). The sand 
was modelled using Mohr-Coulomb (MC) constitu-
tive model with effective-drained parameters consid-
ering the dilatancy effect of the sand. The ϕp’, ψ, ν 
and E of the sands for saturated conditions were in-
corporated into the MC model. Consolidated-drained 
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(CD) triaxial test with low confining pressure of 
10kPa was performed to measure E-value using 
GDS-ELDYN Triaxial device (Figure 6). The appar-
ent cohesion, c for unsaturated condition was as-
sumed to be constant in the domain and was derived 
using Vanapalli et al. (1996) model (Eq. 1) using fit-
ting parameter, κ = 1. The average matric suction 
value at the top and bottom of the pipe was used to 
determine c-values. Unsaturated modulus of elastici-
ty Eunsat-values were estimated using VO-model 
(Vanapalli and Oh, 2010) (Eq. 2) based on soil-
suction profile. The variation of Eunsat-values vs. 
depth above the WT is presented in Figure 7. Under 
WT, soil is saturated and E is assumed constant.  
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where c’ = effective cohesion; ’ = effective friction 
angle associated with net normal stress ( – ua); S = 
degree of saturation; κ = fitting parameter. 

 








 
  )(

)./(

)(
S

3101P

uu
1EE

a

wa
unsat             (2) 

 

where Pa = atmospheric pressure; andβ= fitting 
parameters. 

3.2 Interface 

The interface was generated using line-area feature 
in analysis. The interface element size is 0.01m and 
its thickness is 0.0025m. The interface thickness was 
chosen following Wijewickreme et al. (2009) exper-
imental findings. MC constitutive model with effec-
tive drained parameters was used to simulate the in-
terface behaviour. Saturated interface δ′p, int., Eint. 
and ν are listed in Table 1. The Ein. was estimated to 
be 75% of saturated modulus of elasticity for soil. 
For unsaturated condition, similar approach was fol-
lowed in estimating the apparent adhesion, ca and 
modulus of elasticity, Ein.unsat.  

4 RESULTS AND DISCUSSIONS 

Figure 8 shows both measured and modelled axial 
force-displacement behaviours of prototype pipe. 
The measured behaviour shows that the axial force is 
significantly higher for (ua uw)av.= 4.25kPa in com-
parison to saturated condition (i.e. (uauw)av.= 0 
kPa). For (ua uw)av.= 3.0 and 4.25kPa, the axial 
force increases significantly especially in the elastic 
zone due to suction-strain hardening. Han et al. 
(2016) stated that suction is an energy potential ex-
erting tension stress on soil skeleton bringing the soil 
particles and their packets together providing re-
sistance to elastic and plastic deformations. Hossain 

and Yin (2014) concluded, at low confining stress, 
the shear strength of unsaturated interface exhibit 
strain hardening in the pre-peak zone due to matric 
suction contribution.  

 
Figure 6. CD triaxial test results at 10 kPa confining stress. 

 
Figure 7. Eunsat variation with depth for sand and Interface. 

 
Plane strain finite element analysis (FEA) results 

show good agreement with the measured values. 
However, for unsaturated condition, the FEA pro-
vide reasonable agreement with measured behaviour 
in the elastic zone but overestimate the axial-load 
displacement behaviour in the plastic zone or strain 
hardening zone which can lead to more conservative 
design load. Such a behavior may be attributed to the 
changes in void ratio and moisture content during 
loading process. The change in void ratio and mois-
ture content can reduce the matric suction of the soil 
and interface that leads to a reduction in the apparent 
cohesion and soil stiffness. In addition, it is also im-
portant to note that the soil-pipeline interaction prob-
lems are customarily designed and analysed using 
3D FE software. 

However, using constant apparent cohesion and 
Eunsat during the FEA with the most widely used 
MC-model will reduce the number of variables that 
are required to conduct such analysis. The more de-
manding unsaturated models are not always availa-



ble in commercial FE software and require addition-
al parameters that are not easy to obtain. 

 

 
Figure 8. Measured and modelled axial force-disp. behaviour. 

5 SUMMARY 

The experimental and numerical results in the pre-
sent study suggest that pipeline systems in unsaturat-
ed soil experience higher external axial forces. De-
signing pipeline systems using conventional 
approaches can underestimate the external, and in-
ternal forces as well as damages and result in unsafe 
design procedures. Despite the suggested numerical 
analysis limitations discussed in the paper, in the 
present study a simple numerical technique is pro-
posed for the prediction of external axial force asso-
ciated with the permanent ground deformation. The 
proposed FEA methodology provides conservative 
estimation for the axial force exerted on pipelines in 
unsaturated sand. The approach summarized is rea-
sonable and encourage practicing engineers to apply 
unsaturated soil mechanics in the design of pipelines 
in the field. 
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