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Abstract 

With the pipelines being constructed in deeper water, the subsea pipelines are generally laid simply on 

the seabed and polymer coatings are widely used to protect pipes from abrasion and erosion, as well as 

for thermal insulation. However, different materials and low normal stresses predominant along the 

pipe-soil contact surface could make it inappropriate when referring to the current guidelines, which 

are based on limited empirical data. A new large-scale interface shear device has been developed in this 

research under the concept of driving a soil box beneath an axially constrained pipe section. It enables 

to test large diameter pipe and coarser granular or rocky materials. The results from axial interface test 

between pipe and granular material with different grain sizes are presented in this paper, with due 

consideration to the contact point number along the shear surface. Test results on finer sand beds are 

further compared with those of element interface shear tests to investigate the effects of curvature and 

scale. Findings from this research are expected to prove the reliability of axial pipe-soil shear 

investigation on this novel test device and to reduce the uncertainties in subsea pipeline design. 

1. Introduction 

As primary phenomena of the deep-water pipelines, the axial walking and lateral buckling have attracted 

particular attention from research and industrial practices for their serious impact on the stability of 

pipelines. In as-laid pipelines, their walking and buckling behaviours and the related pipeline feed-in 

are all predominantly resisted through the friction mobilized along the pipe-soil contact surface. Hence 

the reliable evaluation of the axial pipe-soil friction is crucial for the prediction of pipeline walking and 

buckling under various loading conditions. The interface shear friction has been widely assessed 

through interface shear tests using the direct or ring shear devices as well as using other novel apparatus 

specifically adopted for the low confining stress conditions (<40 kPa is typical as-laid subsea pipelines) 

(Eid et al., 2015; De Leeuw et al., 2021). However, due to the sample scale and limitation embedded in 

the existing test devices, this method cannot reflect the effects of pipe curvature and increasing 

embedment as axial shearing proceeds. Additionally, pipe-soil shear tests on granular bed like gravels 

and cobbles are also required to conduct on the testing apparatus in a larger scale which allows the 

effects of grain size, shape and more complicated soil bed terrain to be considered in subsea pipe-soil 

interaction design. 

In this research, a new device specific for the large-scale model shear tests has been developed through 

the concept of driving a soil box beneath an axially constrained pipe section. This minimises the soil 

disturbance due to end effect and allows the least sliding resistance to be obtained. The axial pipe-soil 

shear tests were conducted between an unburied polypropylene pipe section and granular soil beds with 

a broad range of granular sizes from very fine sands to large cobbles. Among them, the testing results 

on sands were further compared with those of element interface shear tests to investigate the curvature 

and scale effects in terms of the axial shear stiffness and strength, which would provide validation for 

a potential analytical model to bridge the behaviour observed across different testing scales. Pipe-

granular bed shear behaviours were compared under different granular sizes and according contact point 

number along the shear surface.  
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2. Large-scale shear testing rig and materials  

A polypropylene pipe section with 260mm diameter was used for testing, and its surface roughness was 

measured as 0.18μm by stylus profilometer. Five soil materials with different granular sizes: Redhill 

sand (RH), Leighton Buzzard (LB), Pea Gravel (PG), River Pebble (RP) and Scottish Cobbles (SC) 

were selected to test against the polypropylene pipe section. Their particle size distribution was shown 

in Figure 1. The effect of particle angularity will be carefully considered in the next research stage. 

 

 

Figure 1: The particle size distribution of the testing granular materials  

The model test rig design followed the concept of a standard interface direct shear box, consisting of a 

soil box, a model pipe section, actuator system and data acquisition system. The general configuration 

is shown in Figure 2. The soil box was driven on the carriages axially through the actuator system 

comprised a step motor controlling the ball screw linear transmission unit. The axial movement of pipe 

was restrained while its freedom of vertical displacement was available. The least sliding resistance 

over the pipe-soil contact surface is expected to obtain during axial shearing in this configuration. The 

axial pipe-soil shearing was activated through driving soil bed in the axial direction at a constant rate, 

during which the axial shear friction was determined as difference between the loads measured on both 

pipe ends. The tests generally consisted of 3-8 sweeps including the axial shearing in both directions 

which allows the ultimate friction at the long axial shear displacement to be mobilized.  

 

 

Figure 2: The design of large-scale pipe-soil shear test rig and typical shear test measurement  
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3. Results 

Interface shear friction across a large range of grain size 

The peak/maximum and ultimate shear frictions were obtained in the large-scale model tests on sand 

and other coarser materials under various generalized applied weight levels 0.7/1.38/2.29/3.63kPa, with 

the results averaged over the shear sweeps and illustrated in Figure 3. According to the Mohr–Column 

criterion, the friction angle (φ) and according friction coefficient (μ=tan φ) can be obtained by linearly 

fitting the frictions under various normal stress conditions, in which the cohesive force was assumed to 

be zero for granular materials in this study. With the granular sizes ranging from fine sand to cobble, 

the peak friction coefficient μp ranges from 0.24 to 0.40 while the ultimate friction coefficient μu ranges 

from 0.16 to 0.36, which are both much lower than the blanket evaluation of μ=0.6 on rocky bed in 

current design codes (DNV GL 2017). There is also an approximate trend that the friction factor 

increases as the increasing contacted particle number. This trend stabilizes when the pipe-soil contact 

surface transferring from point-face contact to face-face contact. The larger shear friction can be 

attributed to the more particles mobilized around the side berms forming during axial pipe-soil shearing 

and also those mobilized beneath the pipe-soil interface. Further analysis on the effect of contact points 

distribution below the pipe has been carried out and will be presented in the oral session. 

 

 

Figure 3: Effect of granular sizes and according contact point number on axial pipe-soil shear friction: (a)Axial 

shear friction versus applied weight; (b) axial shear friction factor variation with granular sizes  

 

Analysis of stress paths during large scale interface shearing 

Assuming that the normal stress distribution around the pipe cross section follow the equation 

σθ=ksin(θ0-θ), the stress paths of the large-scale model tests on dense sand are presented in Figure 4 to 

estimate the normal and shear stress variation during the cyclic axial shear sweeps. All the stress paths 

in Figure 4 share similar patterns for tests under different applied weights. As the pipe settles down 

during axial shearing, the average contact normal stress reduces with the increasing contact surface 

area, while the shear stress initially rises to a peak and then gradually decreased with a roughly constant 

gradient in each single sweep. It appears that, as the stress level decreases, the ultimate interface friction 

increases. 
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Comparison with direct shear testing 

The large-scale test results were also compared with the direct shear testing results under similar normal 

stress levels to examine the effect of testing scale and curvature. The comparison confirms the 

increasing trend of ultimate friction angle for decreasing normal stress levels. The trends between the 

two devices are generally in agreement, including the observation of an higher interface friction for 

denser soil bed conditions. The other main observation is about the scatter of the results which seems 

much less pronounced for the large scale tests, especially at very low stress level (i.e. <5 kPa).  

 

 

Figure 4: (a) Derivation of average normal and stress stresses around the pipe-soil contact surface; (b) Shear 

stress path analysis during axial shear; (c) Comparison between large-scale shear test results and direct shear test 

results  

4. Conclusion  

A novel pipe-soil interaction model test rig designed for large-scale axial pipe-soil shear testing was 

developed to investigate the axial shear friction between polypropylene pipe and granular materials 

ranging from fine sands to cobbles. The friction factor exhibited an approximate increasing trend with 

the increasing contact number due to the particle sizes compared to the pipe scale and it became roughly 

steady when pipe-soil contact transferred from point-face contact to face-face contact (where the side 

berms is easily detectable). For test on sandy beds, the calculated interface friction factors from the 

large-scale tests showed slight non-linear reduction within the corresponding normal stress ranges. The 

tendency of interface friction factor with the increasing normal stresses was roughly consistent with the 

results of direct shear tests. Overall, it appears that the large-scale interface device can produce 

experimental results with less scatter and more clear trends at very low stress levels (i.e. <2.5 kPa). 
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