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ABSTRACT: The analysis of the performance of buried pipelines subjected to ground movements mainly relies on the relationship 
between the developed soil restraint and the displacement of pipe relative to the soil (often referred to as “soil springs”). In addition to 
soil properties and burial depth, one of the other important considerations in the development of soil springs is the effect of pipe diameter 
(D) on the soil restraint. This paper presents the results of a numerical modeling study conducted to investigate the effect of pipe size on 
the maximum soil restraint experienced by buried pipes subjected to horizontal relative ground movements. Results of the study indicate 
that, for a selected overburden ratio or the burial depth (H), values of the normalized maximum soil restraint reduces with increasing D, 
and this reduction effect becomes increasingly pronounced with the increase in H/D ratio. The results are assessed in comparison with 
previous work.  The work highlights the value of considering the effect of pipe size in developing the soil-springs for soil-pipe 
interaction analysis.   
 
RÉSUMÉ : L'analyse de la performance des canalisations enterrées soumises à des mouvements de terrain repose principalement sur la 
relation entre le dispositif de retenue du sol développé et le déplacement de la conduite par rapport au sol (souvent appelés «ressorts du 
sol»). En plus des propriétés du sol et la profondeur d'enfouissement, l'un des autres considérations importantes dans le développement 
des sources du sol est l'effet d'un tuyau de diamètre (D) sur la retenue du sol. Cet article présente les résultats d'une étude de modélisation 
numérique réalisée pour étudier l'effet de la taille du tuyau sur la retenue du sol maximale subie par des tuyaux enterrés soumis à des 
mouvements de terrain par rapport horizontal. Les résultats de l'étude indiquent que, pour un ratio de morts-terrains sélectionné ou 
l'enterrement de profondeur (H), les valeurs de la retenue maximale du sol normalisé réduit avec l'augmentation de D, et cet effet de 
réduction devient de plus en plus prononcés avec l'augmentation du rapport H/D. Les résultats sont évalués par rapport aux travaux 
antérieurs. Le travail souligne l’importance de considérer l'effet de la taille du tuyau, dans le développement des sols-ressorts pour 
l'analyse de l'interaction sol-pipe. 
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1  INTRODUCTION  

The pipeline engineering practice has paid significant attention to 
the mobilization of soil restraints on buried pipelines subjected to 
ground movements, and in turn, the need to account for this 
consideration has been well highlighted in the current design 
guidelines (ASCE 1984, ALA 2001, PRCI 2009). The majority of 
studies reported in the literature have mainly focused on the study 
of the maximum soil restraint and force-displacement 
relationships of buried pipes subject to ground movements, and 
only a few have focused on the effect of other related parameters 
such as pipe size. Study of scale effects on soil-pipe interaction 
with respect to numerical modeling by Geo and Stolle (2005) and 
of trench-backfill-type effects on soil restraints using full scale 
physical modeling by Wijewickreme et al. (2014) and Monroy 
(2013) can be highlighted as some examples in this regard.  
 In the current pipeline design guidelines, the 
maximum normalized soil restraint [Nqh – this variable defined 
later in the text in Equation (8)] on the pipeline is typically 
estimated based on the H/D ratio [where H = soil overburden 
height to spring line of the pipe and D = pipe diameter] and 
surrounding soil properties (soil friction angle and/or cohesion). 
However, there is recognition that D alone as opposed to H/D, 
can have an effect on Nqh, and it appears that ignoring this may 
result in the overestimation of load in many situations. Lack of 
reliable experimental data and numerical basis is very likely the 
reason for not accounting this aspect in the guidelines. In spite of 
the ability to provide useful data, full-scale experimentation 
addressing the effect of large number of variables is often not 
viable due to the significant time and effort involved.  

Alternatively, the use of numerical models supported by 
experimental validations is considered to provide a reliable and 
cost-effective way of assessing soil-pipe interaction. 

This paper presents the results of a numerical modeling 
study conducted to investigate the effect of pipe diameter on the 
maximum soil restraint of buried pipes subjected to horizontal 
relative ground movements.  The numerical model was first 
verified by examining its ability to capture the findings of full-
scale experiments conducted on buried pipes conducted using the 
Advanced Soil Pipe Interaction Research (ASPIReTM) facility at 
the University of British Columbia (UBC) (Karimian 2006; 
Wijewickreme et al. 2009).  The numerical simulations were 
performed using the commercially available software FLAC 2D® 
Version 7.0 (Itasca 2011). The calibrated model was then used to 
assess the variation of maximum soil restraint on pipes of 
different sizes, and overburden ratios, subjected to lateral ground 
movements particularly considering the influence of D. 

 
2  NUMERICAL MODELING 

2 .1  Details of the numerical assembly 

The development of soil restraints on pipes buried in Fraser 
River sand subjected to relative ground movements in lateral, 
upward and oblique directions have been studied extensively 
using full-scale experiments conducted in a large soil chamber 
(2.5 m x 3.8 m x 2.5 m) at the UBC-ASPIReTM facility; the 
results from some of these tests are considered in the present 
assessment. The acceptability of the soil chamber for advanced 
soil-pipe interaction testing research (i.e., considering end 
boundary conditions, chamber side wall friction, test specimen 
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 preparation procedures, etc.) is demonstrated elsewhere 

(Wijewickreme et al. 2009). Tests conducted on steel pipe 

specimens (Grade 524A) of length 2.4 m with a sand-blasted 

surface, buried in uniformly-graded Fraser River sand 

compacted to an average dry density 1,600 kg/m3 and 4% 

average moisture content with the pipe specimens loaded in a 

displacement-controlled manner at a rate of 2.5 mm/s are 

numerically simulated herein. The details of these experimental 

conditions are summarized in Table 1. The results of these studies 

were used to bench-mark the accuracy and reliability of the 

numerical models, and in turn, to demonstrate the ability of those 

models to simulate real-life experiments. 

The selection of model size is important to avoid 

boundary effects during the numerical simulations. Karimian 

(2006) has numerically shown that the referenced experimental 

conditions in the ASPIReTM chamber do not present significant 

boundary effects.  In the present analysis, for pipes up to NPS18, 

the dimensions of the numerical model (see Fig. 1) was made 

equal to the experimental setup to achieve the required H/D ratios.   

(Note: Nominal Pipe Size, abbreviated as NPS, is a North 

American set of standard sizes for pipes; the number immediately 

following the letters NPS expresses the pipe diameter based on 

inches). For larger pipe diameters, the model dimensions were 

extended to avoid boundary effects. Relative displacement of pipe 

was achieved by applying displacement of 2.5 x 10-8 mm/time 

step in the corresponding pipe movement direction.  

The behavior of the soil matrix around the pipe 

(Fraser River sand trench material) was represented using a 

hyperbolic Mohr-Coulomb constitutive model, which is described 

below later. Numerically, the pipe was represented with a series 

of interconnected structural beam elements.  Weight and 

stiffness of the beam elements were made equivalent to the actual 

properties corresponding to the steel pipe.  The interface 

between the soil and the sand-blasted pipe was represented using 

an unbounded interface element with the Mohr-Coulomb friction 

model, which allowed for sliding and separation as needed. 

 

Table 1: Details of the materials used and experimental conditions 

(Karimian, 2006) 

 

Soil 

Density 

kg/m3  

Moisture 

Content Pipe 

Size 

Over-

burden 

ratio 

(H/D) 

Direction of 

movement  

Test 1 1600 4% NPS12 1.0 Horizontal 

Test 2 1600 4% NPS12 1.9 Horizontal 

Test 3 1600 4% NPS12 2.75 Horizontal 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Details of the numerical assembly: NPS12 pipe, H/D =1.9 

2.2 Soil Material Constitutive Model   

Being nonlinear, inelastic and stress-level dependent, the stress-

strain behavior of soil is highly complex (Byrne et al., 1987). 

Therefore, it is essential to use a constitutive model which can 

capture these complex behaviors with reasonable accuracy in 

order to achieve accurate results.  In this study, the hyperbolic 

Mohr-Coulomb model (as described by Byrne et al. in 1987) was 

used to represent the behavior of Fraser River sand backfill.  

 By interpreting triaxial test results, Karimian (2006) 

has evaluated the stress dependent elastic modulus and friction 

angle for Fraser River sand, as shown in Figs. 2 and 3, 

respectively. The soil model parameters for Fraser River sand 

with a density 1,600 kg/m3 (or relative density, Dr = 75%) has 

already been derived by Karimian (2006) assuming linear 

variation between the tests conducted for sand with densities 

1,575 kg/m3 and 1,665 kg/m3. These parameters were directly 

adopted in this study to represent the stress-dependent behavior of 

Fraser River sand backfill in the numerical models. 

 
Fig. 2: Stress dependent Elastic Modulus of Fraser River Sand 

(Karimian, 2006) 

 

 
Fig. 3: Stress dependency peak friction angle for Fraser River 

sand (Karimian, 2006) 

 

According to the hyperbolic Mohr-Coulomb model, tangential 

elastic modulus can be expressed as; 

 𝐸𝑡𝑎𝑛 = 𝐸𝑖 [1 − 𝑅𝑓(1−sin 𝜑)(𝜎1′−𝜎3′)2𝜎3′𝑠𝑖𝑛𝜑 ]2
    (1) 

  

where,  𝐸𝑖 = 𝑘𝐸𝑃𝑎 (𝜎3′𝑃𝑎)𝑛
    (2) 

 

Ei – initial elastic modulus;  Rf –failure ratio;  φ – peak 

friction angle; σʹ1 -the major principal effective stress ; σʹ3 - the 

minor principal effective stress (or effective confining stress);  

Pa- atmospheric pressure; kE – the elastic modulus number ;  n 

– elastic modulus exponent. 

Based on the stress-dependency evaluated for the 

Fraser River sand and considering that the shear modulus, G = 

E/2(1+ν), the variation of initial shear modulus (Gi) with the 

effective confining stress level (σʹ3) for dry Fraser River sand, 

with a density of 1,600 kg/m3 (Dr =75%), can be expressed with 

the following relationship;   

 𝐺𝑖 = 360𝑃𝑎 (𝜎3′𝑃𝑎)0.6
   (3) 

And, the tangential shear modulus (Gtan) as; 

3800 mm 

H 

D 

9
5
0
 m

m
 

- 1506 -



  Technical Committee 203 / Comité technique 203 

  

 𝐺𝑡𝑎𝑛 = 360𝑃𝑎 (𝜎3′𝑃𝑎)0.6 [1 − 𝑅𝑓(1−sin 𝜑)(𝜎1′−𝜎3′)2𝜎3′𝑠𝑖𝑛𝜑 ]2
 (4) 

Poisson’s ratio (ν) was assumed to be equal to 0.3 

during the above derivation. A value of Rf = 0.9 as 

recommended by Karimian (2006) from research-specific testing 

for Fraser River sand was used in this study. Again, based on 

the results from Karimian (2006), the peak friction angle for 

this and can be expressed as;   

 𝜑 = 0.002(𝜎3′)2-0.2𝜎3′ + 48   (5) 

Dilation angle (Ψ) also would change with variation 

of the friction angle, and the relation can be expressed with the 

Bolton’s (1986) relationship as;  𝛹 = (𝜑 − 𝜑𝑐𝑣)/0.8    (6) 

where, φcv is the constant volume friction angle, that was found 

to be 33 as per testing by Karimian (2006).  

The interface between the sand and sand blasted pipe 

was modeled using unbounded interface elements which behave 

according to Coulomb shear strength criterion. This will allow 

slippage of soil with respect to the pipe when the shear force 

between them exceeds the maximum shear force, (Fs,max ) which 

is described by; 

 𝐹𝑠,𝑚𝑎𝑥 = 𝑐. 𝐿 +  𝐹𝑛 tan(𝛿)    (7) 

where, c – cohesion (in stress units along the surface); L–
effective contact length along the pipe; δ-interface friction angle; 

Fn- normal force per unit length on the interface. The peak 

interface friction angle between the pipe and Fraser River sand 

was considered as 330 based on the values from Karimian (2006).  

3. RESULTS AND DISCUSSION 

3.1 Comparison of numerical and experimental results 

The results from this work are presented in terms of normalized 

values of horizontal soil restraint (Nqh) and normalized 

displacement, Yʹ in the direction of pipe movement determined 
from the equations below: 

Nqh = Pqh / (DHL)       (8)  

Yʹ = Y / D       (9) 

where, Pqh is the measured horizontal load. The results obtained 

from experiments conducted at the UBC-ASPIReTM facility 

(listed in Table 1) are compared with their representative 

numerical simulation results in Fig. 4. Regardless of the value 

of H, numerical simulations have predicted the experimental 

peak Nqh with reasonable accuracy for all the cases. It should be 

noted that the maximum Nqh as well as the corresponding 

displacement to reach the maximum load increase with the 

increase of the H/D ratio of the pipes. However, it is to be noted 

that numerical simulation results provide initially stiffer 

responses than the experimental results.  In spite of this, it is 

important to state that the maximum computed Nqh values that 

is computed herein correspond with soil restraint mobilized at 

large displacements.  Any effects, such as soil dilation, that 

may be associated with the observed initially stiffer response is 

unlikely to affect the maximum computed Nqh values since the 

large shear strains in the soil mass at large pipe displacements 

would have brought the failed soil close to constant volume 

conditions with almost no dilation.  

 
 

Fig. 4. Normalized soil restraint vs normalized displacement for 

NPS12 pipe buried at H/D = 1.0, 1.9, and 2.75 

 

3.2 Scale effect due to pipe diameter and the influence of burial 

depth.  

 

The results from the parametric study to assess the influence of D 

on Nqh due to horizontal relative pipe movement are presented 

below. In particular, in keeping with the commonly followed 

approach, the Nqh versus H/D was studied.  The results obtained 

for the pipes buried at depths of 620 mm, 883 mm and 1500 mm 

for different size of pipes are shown in Fig.5. As expected, for a 

given D, the Nqh value increases with the increase H/D.  

The variation of Nqh with D for the selected H values 

is shown in Fig. 6. As can be seen in the Figure, the values of Nqh 

reduce considerably with the increase of D highlighting the 

importance of pipe size effect in pipeline design.  

 

 
Fig. 5: Normalized soil restraint vs overburden ratio for pipes of 

different burial depths.  

 

  
Fig. 6. Normalized soil restraint vs pipe diameter for pipes of 

different burial depths.  
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The scale effect on Nqh due to pipe size has been 

studied in detail by Guo and Stolle (2005) using numerical 

simulation of lateral displacement tests. The variation of Nqh with 

D (for 30 mm < D < 3 m in diameter) under the conditions of 

H/D = 2.85 and H= 0.94 m and 1.94 m were considered in their 

study. Based on the results, Guo and Stolle (2005) have proposed 

that the scale effect due to H/D ratio can be expressed according 

to the relationship; 𝑁𝑞ℎ = 𝑘 (𝐻𝐷)𝑚 (𝐷𝑟𝑒𝑓𝐷 )𝑛
    (10) 

where; k, m and n depend on soil properties and 𝐷𝑟𝑒𝑓 = 1 𝑚. For 

the material considered in their study, the values have been 

obtained as k = 6, m = 0.35 and n = 0.2 - 0.25 (Guo and Stolle, 

2005). This relation can be used for interpretation of laboratory 

small scale model test results to large scale real life conditions.  

Therefore, applicability of this relationship for pipes buried in 

Fraser River sand was evaluated as per below.  

The results obtained from the present numerical 

simulations for the Nqh versus Dref/D for pipes buried at H/D = 1, 

1.6, 1.8, 2.5, 2.75 and 5.0 are shown in Fig.7. Dref = 1 m was 

considered herein in accord with Guo and Stolle (2005).   

 

 
Fig. 7. Normalized soil restraint versus Dref/D for pipes buried at 

H/D = 1, 1.6, 1.9, 2.5, 2.75 and 5.0. 

 

It was found that the relationship of Nqh versus Dref/D 

can be expressed in the same format as suggested by the by the 

Eqn. (10) by Guo and Stolle (2005), for all the selected H/D 

ratios of the present study. However, the effect of D/Dref  seem to 

become more pronounced with the increasing H/D – i.e., the 

effect is higher at H/D ratios of 2.5 to 5.0 compared to that at 

lower H/D ratios of, say, 1 to 1.9. As a result, the factor “m” in 

Eqn. (10) which accounts for the scale effect seems to vary with 

H/D ratio. With this observation, for selected H/D ratios, the 

results can be categorized into two groups as per Eqns. (11) and 

(12) below: 

 

Group A: H/D = 1.0 – 1.9 𝑁𝑞ℎ = 5.9 (𝐻𝐷)0.25 (𝐷𝑟𝑒𝑓𝐷 )0.08
        (11) 

and,   

 

Group B:  H/D = 2.5 – 5.0 𝑁𝑞ℎ = 5.9 (𝐻𝐷)0.25 (𝐷𝑟𝑒𝑓𝐷 )0.25
        (12) 

 

As per results obtained by the Guo and Stolle (2005), 

the factors k, m and n depend on soil properties. However, their 

conclusion has been made based only on the results obtained by 

three cases of H/D. In this study, six H/D cases were considered, 

and it is shown that the value of the factor “n” is related to H/D.   

 

4  CONCLUSION 

 

This paper presents the results of a numerical modeling study 

conducted to investigate the effect of pipe diameter on the 

maximum soil restraint of buried pipes subjected to horizontal 

relative ground movements. The numerical model was first 

verified by examining its ability to capture the findings of the 

full-scale experiments conducted at the UBC ASPIReTM facility. 

Parametric studies conducted to investigate the effect of pipe size 

on the maximum soil restraint on buried pipelines has revealed 

that the pipe size has significant effects on the normalized 

maximum force, Nqh where the value is reduced with the increase 

of pipe size, for a selected H/D ratio or the burial depth (H). The 

effect seems to increase with the increase of H/D ratio.  
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