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Abstract 46 

Pipelines are commonly buried, and can buckle upwards when heated if there is insufficient 47 

soil uplift capacity. Interface tension beneath the buried pipe significantly influences the uplift 48 

capacity at shallow embedments. Conventional design approaches, which consider either zero 49 

or unlimited interface tension, do not assess and quantify the effect of interface tension on uplift 50 

capacity. The present study bridges the gap between conventional “no tension” and “full 51 

tension” capacities. Mobilisation of interface tension is governed by seepage forces which in 52 

turn directly control the formation of a gap beneath the pipe. A large deformation finite element 53 

approach, which simulates this phenomenon of gap formation using a thin layer of gap elements 54 

below the pipe, is adopted to study the soil response for various cases of uplift velocity, 55 

embedment and soil weight. The enhancement in undrained shear strength of soil at higher 56 

uplift velocities due to strain rate effects has also been considered. The interface tension 57 

mobilised at these different velocities and embedments varies systematically in a way that is 58 

expressed by modifying Hvorslev’s intake factors. The proposed expressions may be used with 59 

the existing methodologies to assess pipe stability during operation, demonstrated here through 60 

a design example.  61 

Keywords: Buried pipelines; seepage; soil-structure interaction; uplift capacity; finite element 62 

modelling; offshore geotechnics. 63 

Words: 6752, Tables: 1, Figures: 13.  64 
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1. Introduction 65 

Pipeline systems are an integral part of offshore oil and gas projects as they are used to 66 

carry hydrocarbons within the field and also to shore. Offshore pipelines are often buried into 67 

the seabed by trenching, particularly in shallow water, to protect them from hydrodynamic 68 

wave actions or damage from fishing gear. During operation, these pipes convey oil and gas at 69 

high temperature which is significantly higher than the ambient temperature during laying. This 70 

results in development of compressive stresses within the pipe, thus making it prone to 71 

buckling. For buried pipes, buckling in the upward direction (commonly termed as upheaval 72 

buckling) is of predominant concern and is resisted by the soil around and above the pipe. This 73 

resistance is influenced by the shear stresses mobilised along slip surfaces, interface tension 74 

generated beneath the pipe and the submerged unit weight of the soil.  75 

The peak vertical resistance is termed the uplift capacity per unit length, Vu, and 76 

estimation of this capacity is essential in designing buried pipeline systems. Vu is often 77 

normalised with suD (where, su is undrained shear strength of the soil and D is diameter of the 78 

pipe) to define the non-dimensional bearing factor, Nu (= Vu/suD). Various types of failure 79 

mechanisms can occur during uplift and these are broadly classified into a “global failure 80 

mode” and a “local failure mode” (DNV, 2017). In the “global failure mode”, the uplift 81 

mechanism involves lifting of a wedge of soil along with the pipe and thus, the mechanism 82 

extends to the mudline. In the “local failure mode”, a localised flow-round mechanism takes 83 

place in which soil flows around the pipe resulting in soil movement from top to bottom of the 84 

pipe as uplift occurs.  85 

In undrained conditions, theoretical solutions for the uplift resistance of each failure 86 

modes exist for idealised cases. Randolph and Houlsby (1984) obtained the limiting values of 87 

Nu to be 6 π+  (≈ 9.14) and 4 2 2π+  (≈ 11.94) for perfectly smooth and fully rough cylinders 88 

respectively, under lateral movement in an infinite medium. These factors are frequently 89 
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referred to while obtaining undrained uplift factors of deeply embedded pipes because of 90 

similar problem geometry. Martin and White (2012) performed numerical limit analyses to 91 

study the undrained uplift response for smooth and rough pipes considering extreme cases of 92 

interface tension (T) and interface roughness coefficient (α).  93 

Maitra et al. (2016) proposed a generalized uplift capacity prediction model considering 94 

effects of soil heterogeneity and extreme cases of T and α. Maitra et al. (2017) further extended 95 

the work of Maitra et al. (2016) for studying cases of intermediate interface roughness 96 

conditions. Attempts have been made by several other researchers to study uplift response of 97 

buried offshore pipelines for various cases of embedment, soil strength profile and unit weight 98 

(Zeng et al., 2014; Valle-Molina et al., 2014; Brennan et al., 2017; Charlton and Rouainia, 99 

2019). However, all these previous studies on uplift capacity of buried pipes assume “No 100 

Tension” (NT) condition (T = 0) or “Full Tension” (FT) scenario (T = ∞) at the pipe-soil 101 

interface. As pointed out by Martin and White (2012) and Maitra et al. (2016), uplift capacity 102 

can vary to a great degree between the two extremities of T, especially for pipes buried at 103 

shallow depth. Thus, studying intermediate cases of interface tension becomes important. 104 

Pipeline design generally aims to minimise the burial depth as trenching requires huge capital 105 

expenditure, so unnecessary conservatism is to be avoided. The present work aims at bridging 106 

the gap between the conventionally obtained NT and FT uplift capacities for buried pipes. 107 

During uplift, the mobilisation of interface tension is governed by seepage forces and 108 

relies on negative excess pore pressure generated beneath the pipe. This excess pore pressure 109 

causes flow of water towards the pipe invert, which results in formation of a water-filled gap 110 

beneath the pipe and hence, separation can occur at the bottom of the pipe. This separation is 111 

prevented, however, if the overburden stresses cause the effective stress to remain positive, so 112 

a gap does not form. This phenomenon of gap formation is commonly termed as “breakaway” 113 

(BA). On the other hand, when sufficient interface tension is mobilised, separation at interface 114 
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cannot occur (“no breakaway” or NBA) and the soil at the bottom interface remains in contact 115 

with the pipe. Numerical simulation of this phenomenon of gap formation is challenging and 116 

limited attempts have been made by researchers in the past to model the role an opening gap 117 

plays on uplift response for various offshore foundations like suction caissons and plate anchors 118 

(Cao, 2003; Mana et al., 2014; Thieken et al., 2014; Maitra et al., 2019). From these studies, 119 

the factors influencing mobilisation of interface tension have been identified as uplift velocity 120 

(v), soil permeability (k) and shape and size of the foundations. The combined influence of v 121 

and k reflects that process is controlled by seepage. 122 

The objective of the present paper is to study the effect of seepage on mobilisation of 123 

interface tension beneath a buried offshore pipe by simulating the process of gap formation. A 124 

numerical modelling technique has been used here which is similar to that adopted by Maitra 125 

et al. (2019) for strip anchors. A series of two-dimensional large deformation finite element 126 

(LDFE) analyses were carried out in which the pipe was subjected to displacements at various 127 

rates and from the obtained capacities, the contribution of interface tension has been quantified 128 

as a function of Hvorslev’s intake factors. Also, the strain rate dependency of undrained shear 129 

strength of soil has been taken into account while considering various pipe uplift velocities. 130 

The proposed model can be incorporated in the design framework proposed by Maitra et al. 131 

(2016) and thus, provides a systematic basis for predicting the uplift capacity of buried pipes 132 

under a range of uplift conditions spanning between full tension and zero tension. It can also 133 

be used to predict buckling behaviour of a buried pipe during its lifetime, illustrated in this 134 

paper through a design example. 135 

2. Numerical simulation of gap formation 136 

2.1 Material model and details of analyses 137 

Notation is defined in Fig. 1. The pipe was considered to be rigid and weightless. 138 

Analyses were carried out for three values of D (0.5 m, 1 m, 1.5 m). Results for D = 1 m are 139 
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the main focus in this paper for brevity, but through non-dimensionalisation the proposed 140 

equations can predict the capacities for other values of pipe diameter. Pipe embedment (w) was 141 

varied to study pore pressure responses for various cases of pipe embedment ratios (w/D) 142 

ranging from 1.5 to 5.  143 

The material model for soil adopted in the present study is the same as that adopted by 144 

Maitra et al. (2019). The soil was considered to be linearly elastic – perfectly plastic porous 145 

material and coupled effective stress – pore pressure analyses were carried out. The yield 146 

criterion was defined similar to that of Tresca yield criterion, but applied over effective stresses 147 

(since, the difference between major and minor principal stresses at failure is the same in total 148 

and effective stress space). Carter et al. (1979) had studied a cavity expansion problem 149 

considering a similar constitutive relationship and compared the results with that obtained 150 

using modified Cam clay model. It was shown that choice of soil model did not influence the 151 

pore pressure responses. Since, the primary objective of the current study is to study the 152 

breakaway phenomenon associated with seepage, such a simplified constitutive model has been 153 

used for modelling soil strength. However, experiments have shown that the soil exhibits fully 154 

drained behaviour at vD/cv less than about ~ 0.01 (Chung et al., 2006), where cv is the 155 

coefficient of consolidation. Thus, at slow uplift rates, the soil is likely to undergo consolidation 156 

and may gain in strength, which is not captured using the model considered in the present study. 157 

Thus, for the cases of slow uplift, the obtained capacity factors may be on the low, or 158 

conservative side.  159 

Detailed studies of uplift response for various shear strength profiles have been carried 160 

out by previous researchers (Martin and White, 2012; Maitra et al., 2016) and uplift capacity 161 

prediction methodologies exist in the literature for such profiles (DNV, 2017). Also, it has been 162 

highlighted by Maitra et al. (2019) that mobilised interface tension depends only on the pull-163 

out rate, soil permeability and problem geometry; and is independent of the soil strength 164 
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profile. Thus, the focus of the current study is limited to studying the seepage phenomenon 165 

during pipe uplift, and effects of soil heterogeneity has not been studied here, but the results 166 

are applicable to other soil strength profiles.  167 

The undrained shear strength of the soil has been assumed to be uniform with depth. 168 

The Young’s modulus, Poisson’s ratio and permeability of soil (k) are assigned values of 500su, 169 

0.3 and 10-7 m/s respectively. Three different cases of normalised submerged unit weight of 170 

soil have been considered (γ'D/su = 0, 1 and 2; where, γ' is submerged unit of soil) to capture 171 

the effect of soil weight on the obtained failure mechanisms at various uplift rates. The effects 172 

of strain rate on su have also been incorporated in the later part of study using the model 173 

suggested by Einav and Randolph (2005) and Zhou and Randolph (2007). In the rate dependent 174 

soil model, su is expressed as: 175 

max
u u0

ref

1 log max 1,s s γµ
γ

    = +   
     




     (1) 176 

Here, μ is the rate effect parameter defined as rate of increase in shear strength per decade and 177 

su0 is the su measured at a reference shear strain rate ( refγ ) of 6 13 10 s− −× . μ typically varies from 178 

0.05 – 0.2 (Dayal and Allen, 1975; Graham et al, 1983; Biscontin and Pestana, 2001) and thus, 179 

three values of μ in this range (0.05, 0.1 and 0.2) were considered for the effect of strain rate 180 

on su. maxγ  is the maximum rate of shear strain which can be obtained using: 181 

1 3
max

p /
v

D D
ε εγ
δ

∆ −∆
=       (2) 182 

Here, Δε1 and Δε3 are major and minor principal strains respectively, during a small 183 

displacement of δp applied to the pipe. 184 

When breakaway occurs, the effective stress at the pipe-soil interface falls to zero and 185 

the pipe and soil separate resulting in a gap forming, which is filled with water. Thus, while 186 

simulating such phenomenon, volume conservation needs to be maintained, i.e., the gap should 187 
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grow by a volume equal to the volume of water flowing into it from the adjacent soil. Also, 188 

zero effective stress and uniform excess pore pressure conditions should prevail within the gap. 189 

These conditions can be numerically simulated by placing a thin gap layer (of initial thickness 190 

tg) below the pipe (see Fig. 1). The gap elements should possess the following properties –  191 

(a) Very low stiffness – This ensures that negligible effective stresses are developed within 192 

the gap and also, the gap is free to stretch when water flows into it. For this reason, the 193 

Young’s modulus and Poisson’s ratio for the gap elements were assigned values of 1 kPa 194 

and 0.01 respectively. 195 

(b) Very high permeability compared to soil – This maintains uniform excess pore pressure 196 

condition within the gap. The permeability of the gap layer was set to a very large value 197 

(= 1 m/s), i.e., 107 times greater than the permeability of soil. 198 

(c) Small initial thickness – Ideally initial thickness should be zero; however, a small value of 199 

tg is assumed due to numerical constraints. Several initial thicknesses (ranging from 0.01D 200 

to 0.06D) and shapes of the gap layer were considered and these were found to have 201 

negligible effect on uplift response. An intermediate value tg = 0.04D was finally chosen 202 

to avoid excessively small elements within the gap. The gap layer was defined as the region 203 

between two circular arcs (as shown in Fig. 1) having an initial maximum thickness (tg) of 204 

0.04D near the pipe invert. Near the leftmost and the rightmost points of the pipe, the 205 

thickness of the gap is close to zero and in such places, the geometry of the gap was 206 

modified minutely (as shown in Fig. 2) to avoid ill-conditioned elements during the finite 207 

element analyses.  208 

For more details on the numerical model and choice of properties for the gap layer, 209 

please refer to Maitra et al. (2019). While defining the interaction behaviour at the various 210 

interfaces (pipe-soil interface at the top of pipe, pipe-gap and gap-soil interface below the pipe), 211 
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the “tie” constraint in Abaqus was used which prevents separation between the interacting 212 

surfaces.  213 

2.2 Large Deformation Finite Element Methodology 214 

The large deformation finite element methodology has been used which is based on 215 

“Remeshing and Interpolation Technique with Small Strain” (RITSS) (Hu and Randolph, 216 

1998a, 1998b). Displacement controlled finite element (FE) analyses were performed using a 217 

plane strain numerical model constructed in commercial FE software Abaqus (Dassault 218 

Systèmes, 2013). The soil and the gap layer were discretized using CPE6MP elements available 219 

in Abaqus (6 noded plane strain triangular elements along with pore pressure as degree of 220 

freedom). Mesh optimization was carried out to fix the required model dimensions ensuring 221 

negligible boundary effects and also to decide on the required mesh densities to minimize errors 222 

from numerical approximations. The bottom of the soil domain was restrained from any kind 223 

of displacements, whereas vertical displacements were allowed along the side boundaries of 224 

the mesh. Zero excess pore pressure boundary conditions were applied to the top boundary of 225 

the mesh simulating a seabed surface through which seepage and pore pressure dissipation can 226 

occur. Fig. 2 shows an example of a FE mesh for w/D = 2. 227 

The pipe was subjected to upward displacements at various rates and several cases of 228 

normalised uplift velocities (v/k) were considered (ranging from 10-2 to 104) to capture the full 229 

range of responses from zero generation of excess pore pressure (fully drained) to zero flow of 230 

water beneath the pipe (fully undrained). As part of the LDFE methodology, the entire pipe 231 

displacement was broken down into a series of small incremental displacements (= 1% of D) 232 

and small strain analyses were carried out for each increment. After each increment, the 233 

displacements of the boundary nodes were tracked and a new mesh was constructed with the 234 

deformed boundaries. Stresses, strains, pore pressures and other field variables were mapped 235 

from the deformed mesh to the reconstructed new mesh before applying the next displacement 236 
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increment. While pore pressures were mapped for the entire soil and gap elements, stresses 237 

were mapped for the soil domain only. The effective stresses developed inside the gap were 238 

readjusted to zero after each increment to simulate a water-filled gap realistically. This is 239 

essential in modelling the breakaway phenomenon and has been highlighted by Maitra et al. 240 

(2019).  241 

The undrained shear strength of the soil was updated after every iteration using the 242 

model described using Eqs. (1) and (2) to incorporate the effects of strain rate. The mapping of 243 

these field variables as well as pre- and post-processing were done using subroutines written 244 

in Fortran and scripts written in Python. 245 

2.3 Benchmarking of the adopted methodology 246 

 When a pipe undergoes uplift at a very slow rate, negative excess pore pressure 247 

developed below the pipe is negligible and a “No Tension” (T = 0) condition prevails at the 248 

interface. On the other hand, for very high uplift velocity, there is no water flow beneath the 249 

pipe and large amounts of negative excess pore pressure can be generated, which corresponds 250 

to the “Full Tension” (T = ∞) scenario. Thus, the uplift capacity factors (Nu = Vu/suD) obtained 251 

from the present study for the smallest v/k (= 0.01) can be benchmarked against the NT uplift 252 

factors generated by Martin and White (2012) and Maitra et al. (2016). Nu corresponding to v/k 253 

= 104 for various w/D can be benchmarked with the FT factors from the same studies, but with 254 

the following caveat (see Fig. 3).  255 

It is important to recognise that the gap elements have a low shear strength, 256 

representative of a ‘smooth’ interface (α → 0), which influences the fully undrained uplift 257 

resistance. Martin and White (2012) and Maitra et al. (2016) obtained uplift factors for cases 258 

of α = 0 and 1 around the full periphery of the pipe. In the present numerical model, the top 259 

surface of the pipe is “tied” to the soil so it behaves as a rough interface, whereas the bottom 260 
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of the pipe is “tied” to the “soft” gap layer and thus, the interaction surface at bottom of the 261 

pipe is equivalent to smooth. Thus, the FT uplift resistance in the present work corresponds to 262 

an overall intermediate roughness (0 < α < 1) in previous work.  263 

For all w/D, the obtained uplift factors for v/k = 0.01 lie between the NT factors obtained 264 

by earlier researchers for smooth and rough pipes, whereas Nu obtained at v/k = 10000 falls in 265 

between the FT factors corresponding to α = 0 and 1 (Fig. 3). This shows a good agreement 266 

between the obtained uplift factors using the present numerical model, plasticity theory 267 

solutions and the existing design methodology for extreme cases of interface tension.  268 

Based on upper bound limit analysis by Martin and Randolph (2006), the limiting uplift 269 

factor (Nu(limit)) for deeply embedded pipe in weightless soil is close to 10.8 for α = 0.5. Also, 270 

Thusyanthan et al. (2008) carried out tests in a geotechnical centrifuge to study uplift resistance 271 

in clayey backfill and reported an uplift capacity factor of 10.5 during fast pull out at 0.2 mm/s 272 

for w/D = 5, 6. Thus, the limiting uplift factor (Nu(limit)) obtained in this study (for e.g., Nu ≈ 273 

10.6 for w/D = 5, v/k = 104 in Fig. 3) is consistent with the findings from these previous studies.  274 

3. Results and discussions 275 

3.1 Uplift response at various uplift rates for μ = 0 (No rate effect) 276 

Figs 4a and 4b show the mobilisation of uplift resistance with pipe displacement for 277 

w/D = 2 and 4. The mobilisation displacements (taken as displacement required for mobilising 278 

95% of the peak uplift resistance) for various cases considered in this study were found to range 279 

between 3% to 10% of D. Larger mobilisation displacements were required for pipes placed at 280 

deeper embedment depths (markers in Figs. 4a and b indicate that this displacement is ~ 0.05D 281 

and ~0.08D for w/D = 2 and 4 respectively). Figs. 4c and d show the variation in obtained uplift 282 

capacity factors (Nu = Vu/suD) with v/k and γ'D/su for w/D = 2, 4 (D = 1 m). The results are 283 

plotted in this manner since the uplift velocity was the input to the numerical analyses, rather 284 

than the mobilised uplift resistance. However, the results could equally be interpreted as the 285 
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uplift rate in response to a particular level of applied force, generated by the heating of the 286 

pipeline or any other action. If the applied force lies below the NT capacity, then the pipe will 287 

remain stationary in equilibrium. If the applied force exceeds the FT capacity, then the pipeline 288 

will move upwards, breaking out in an uncontrolled manner. For intermediate levels of 289 

mobilised uplift resistance, the pipe will move upwards at the rate v/k given by the responses 290 

shown in Fig. 4. 291 

The increase in Nu with v/k reflects the mobilisation of interface tension that depends 292 

on generation of negative excess pore pressures underneath the pipe. This bridging of the gap 293 

between the conventional NT and FT capacities is the primary objective of the study.  294 

As highlighted by Martin and White (2012) and Maitra et al. (2016), uplift capacity 295 

under NT conditions increases with increase in soil weight by an amount equal to the weight 296 

of the soil column lying above the pipe (provided the capacity does not exceed the FT capacity). 297 

This aspect is evident in Fig. 4c, as Nu increases in proportion to γ'D/su for v/k = 0.01. On the 298 

other hand, under FT conditions, Nu decreases with an increase in γ'D/su because the submerged 299 

weight of soil displaced by pipe (referred to in pipeline geotechnics as the soil buoyancy force, 300 

e.g. DNV 2017)) assists in uplift when breakaway cannot occur. This leads to a reduction in 301 

capacity by γ'As, where As is the area of the pipe cross-section (this reduction is analogous to 302 

the buoyancy effect in fluid, except in this case soil acts as the weighty material that is 303 

displaced).. Thus, Nu reduces with increasing γ'D/su at v/k = 1000. As a result, with increasing 304 

γ'D/su, the NT and FT capacities converge. Also, the FT capacities do not increase beyond a 305 

certain embedment (see Fig. 3) when the mechanism becomes fully localised and limiting 306 

conditions are reached. Hence, the NT capacity converges towards the FT capacity with 307 

increase in w/D as well. Thus, with increase in w/D and/or γ'D/su, the uplift capacity under NT 308 

and FT conditions eventually become equal (see Nu for γ'D/su = 2 and w/D = 4 in Fig. 4d). For 309 
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these cases Nu becomes independent of the uplift velocity, and a water-filled gap cannot form 310 

beneath the pipe. 311 

Some examples of failure mechanisms after a pipe displacement of 0.15D are shown in 312 

Fig. 5 for v/k = 10, 100; w/D = 2, 4; and γ'D/su = 0, 2. These cases correspond to the various 313 

data points labelled in Figs. 4c and d. Fig. 5 illustrates the transition in uplift mechanism for 314 

varying v/k, w/D and γ'D/su. The gap elements are not included in the contours and instead are 315 

left white to show the gap. Here, the soil displacements (usoil) are normalised by the 316 

displacement of the pipe (upipe). For pipes buried at shallow embedments, breakaway (or gap 317 

formation) can occur only when (a) uplift occurs at a sufficiently slow rate to prevent excess 318 

pore pressures and interface tension being mobilised below the pipe, so that the gap grows as 319 

water flows into it; and (b) overburden stresses are low enough to allow a stable gap to be 320 

formed beneath the pipe, at zero effective stress. Thus, for a shallow pipe displacing at a slow 321 

velocity in soils with low γ'D/su (see Fig. 5a), breakaway occurs and a nearly vertical column 322 

of soil is uplifted as the pipe displaces – which is a global failure mode, in the terminology of 323 

DNV (DNV, 2017).  324 

The soil flow of Fig. 5a is the same as the NT case, with soil movement only occurring 325 

above the pipe. However, the uplift resistance is Nu = 7, which significantly exceeds the NT 326 

resistance of 2.5. The additional resistance is from tension on the underside of the pipe, which 327 

arises from negative excess pore pressures that cause seepage into the gap as the pipe moves 328 

upwards. 329 

For higher values of v/k (compare Fig. 5a and c), gap formation is not feasible and thus, 330 

the mechanism extends between the top and bottom of the pipe resulting in a reverse bearing 331 

(or two-sided) mechanism. From Fig. 5b, it can be seen that breakaway may not be possible 332 

even at slow uplift rate for a shallowly buried pipe in soil with high γ'D/su because of the effect 333 
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of soil weight. Fig. 5a to d shows failure mechanisms extending to the seabed for w/D = 2, 334 

resulting in a global failure mechanism.  335 

With increasing embedment, a local failure mechanism is more common (see Fig. 5f to 336 

h). Breakaway is less likely to occur for such cases as higher embedment not only implies 337 

higher overburden stresses but also involves a longer seepage flowpath as the distance from 338 

the seabed increases. This leads to a more rapid increase in interface tension with increase in 339 

v/k. For cases where NT and FT capacities are equal (e.g., γ'D/su = 2 and w/D = 4 in Fig. 4d), 340 

the mechanism is identical at all uplift velocities (compare Fig. 5f and h). Fig. 5e shows a 341 

typical intermediate mechanism involving a combination of lifting of soil above the pipe and a 342 

partial local flow-round mechanism. Thus, the transition in mechanism from “breakaway” to 343 

“no breakaway” is well captured in the figure. 344 

Fig. 6 shows the excess pore pressure diagrams (defined relative to the hydrostatic in-345 

situ pore pressures) corresponding to the cases considered in Fig. 5. These illustrate how the 346 

interface tension is linked to the generation of negative excess pore pressures beneath the pipe. 347 

With increasing v/k, higher negative excess pore pressures are generated near the pipe invert 348 

(compare Fig. 6a and c, Fig. 6e and g) which leads to higher uplift resistance at faster uplift 349 

rates.  350 

For a particular uplift rate, higher negative excess pore pressures are generated for 351 

deeper embedments as the flowpath length increases (compare Fig. 6a and e). However, this is 352 

not always true (compare Fig. 6c and g) because the difference between NT and FT capacities 353 

reduces with increase in embedment. Thus, the amount of interface tension required to mobilise 354 

the limiting resistance (i.e., FT capacity) reduces with increasing embedment. There is no 355 

increase in negative excess pore pressures with v/k once FT conditions are reached. For the 356 

case where NT and FT capacities are equal in Fig. 4d (γ'D/su = 2 and w/D = 4), the negative 357 

excess pore pressure mobilised throughout the entire soil domain is close to zero at all uplift 358 
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velocities (see Fig. 6f and h). In such case, a gap does not form even at the lowest uplift rate as 359 

the effective stress remains positive beneath the pipe, so breakaway is not feasible. 360 

3.2 Hvorslev’s intake factors for buried pipes placed at various w/D 361 

The amount of interface tension that is generated beneath a strip anchor has been solved 362 

by Maitra et al. (2019) using Hvorslev’s general equation, which was originally used to model 363 

seepage into the base of a borehole (Hvorslev, 1951). The same approach can also be applied 364 

to quantify the component of Vu that is additional to the NT limit, and is created by seepage 365 

and the resulting tension beneath the pipe. This extra resistance, Vseepage, can be expressed as: 366 

      
2

w
seepage

D vV
F k

γ  =   
  

                 (3) 367 

where, γw is the unit weight of water, F is Hvorslev’s intake factor, which is a non-dimensional 368 

geometric factor that primarily depends on the flow geometry, boundary condition and 369 

permeability anisotropy of the soil. Several researchers have derived F for various problem 370 

geometries (Wilkinson, 1968; Brand and Premchitt, 1980a, 1980b; Ratnam et al., 2001; Maitra 371 

et al., 2019). In the present study, F has been obtained for various cases of w/D (see Figs. 7 and 372 

8) using curve fitting by the method of least squares for minimisation of errors.  373 

 Fig. 7a shows that F is independent of su, because the same value captures the effect of 374 

interface tension for various su values for w/D = 2. Fig.7b highlights that F is independent of 375 

D, provided w/D remains the same (for w/D = 2, F is obtained as 2.2 for both D = 0.5 m and 1 376 

m). Thus, F is therefore a geometric constant governed only by the geometry of the flow field. 377 

Vu obtained for various cases of w/D and v/k are plotted in Fig. 7c (see markers) for weightless 378 

soils. Using the F obtained for each w/D, Nu is predicted for various embedment ratios using 379 

Eq. (4) (see lines in Fig. 7c).  380 

u NT seepage FTV V V V= + ≤      (4) 381 
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where VNT and VFT are the uplift capacities under NT and FT conditions respectively, and 382 

Vseepage is calculated using Eq. (3). Good agreement between the numerical and predicted 383 

factors is evident, comparing markers with lines. 384 

Maitra et al. (2016) proposed a prediction methodology for estimating VNT and VFT 385 

considering various shear strength profiles and extreme values of interface roughness. In the 386 

current study, VNT and VFT are estimated corresponding to v/k = 10-2 and 104 respectively. Soil 387 

non-homogeneity has not been considered in the present study, but Vseepage is independent of 388 

the su profile. The expression for Vseepage proposed here can be used in conjunction with the 389 

uplift resistance prediction methodology proposed by Maitra et al. (2016) to estimate Vu at 390 

various uplift rates in non-homogeneous soils as well. 391 

Comparing results for different embedments, it is evident that F is a function of w/D 392 

(Fig. 8). This is because larger negative excess pore pressures (and hence, higher Vseepage) are 393 

developed for a given v/k at deeper embedments as the seepage path becomes longer with the 394 

increase in depth. An equation that relates F to w/D is obtained using curve fitting (see Fig. 8) 395 

by method of least squares as follows: 396 

          
( )

1.45
1 exp 0.55 /

F
w D

=
− −  

                (5) 397 

3.3 Effects of strain rates on uplift capacity 398 

While considering a range of uplift rate, it becomes important to consider the strain rate 399 

dependency of su and its effect on the uplift capacity. The rate dependent soil model expressed 400 

in Eq. (1) has been used for this purpose and has been implemented using the LDFE framework 401 

(see section 2.2). The rate effect parameter, μ has been varied over a wide range while obtaining 402 

Vu for various cases of v/k, w/D and γ'D/su. Fig. 9 shows the obtained uplift capacity factors 403 

(Vu/su0D) at various uplift rates for w/D = 2, 4 and μ = 0, 0.05, 0.1 and 0.2 in weightless soil. 404 

Here, su0 is su measured at a reference strain rate given earlier. For μ > 0, Vu increases 405 
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significantly at higher uplift rates (even after FT conditions are attained) which can be 406 

attributed to the viscous effects of soil flow leading to increase in su with increasing v/k. 407 

The increase in su at high v/k can be captured using the approach of estimating su,eff (as 408 

suggested by Chatterjee et al., 2012; Ghorai and Chatterjee, 2017), where su,eff is the effective 409 

or equivalent shear strength considering rate effect. su,eff is expressed as: 410 

           r
u,eff u0

ref

1 log max 1, f vs s
D

µ
γ

    = +   
     

              (6)  411 

Here, fr indicates the average operative shear strain rate and is found to be 0.8 using curve 412 

fitting in the present study. On normalising Vu with respect to su,effD, the various sets of curves 413 

corresponding to various μ (see Fig. 9) reduces to a narrow band for each embedment ratio 414 

(compare markers with lines in Fig. 10). This approach helps in capturing the effects of strain 415 

rate on uplift resistance.  416 

4. Proposed design framework considering effects of interface tension and strain 417 

rates 418 

Maitra et al. (2016) proposed a prediction methodology for estimating uplift capacity 419 

of buried pipes under FT and NT conditions. A brief overview of this methodology is provided 420 

herein for better understanding. VFT and VNT can be predicted using Eqs. (7) and (8) 421 

respectively. 422 

( ) ( )( ){ }1

FT u0 u(limit) u0 u,eff s1 exp 0.4 / 'V N N N w D s D Aβ γ = + − − − −  
   (7) 423 

      ( )
2

2
NT u(limit) u,eff

1 11 '
2 8

1 0.2 0.5
V N s D w D D D

w
D

β

πγ

 
     = − + − + −       + −  

  

  (8) 424 

The first part of each of these equations quantifies the geotechnical resistance from soil due to 425 

its shear strength, whereas the later part captures the effect of soil weight on uplift capacity. 426 
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Nu0 is the normalised uplift factor in weightless soil under FT conditions for w/D → 0. β1 and 427 

β2 are empirical curve-fitting parameters. Please refer to Maitra et al. (2016) for the values of 428 

the parameters Nu0, Nu(limit), β1 and β2; and for more details on the procedure for estimating su,eff 429 

for a generalised su profile. 430 

The results from the present study can be used in tandem with this existing methodology 431 

for predicting capacity over the entire range of interface tension, spanning through the zone 432 

where seepage forces lead to intermediate levels of uplift resistance. A summary of the 433 

methodology is as follows: 434 

(a) The capacity under NT and FT conditions ignoring seepage can be estimated using Eqs. (7) 435 

and (8). The effects of soil shear strength heterogeneity can be incorporated using this 436 

approach. While calculating su,eff, the effects of strain rate may be integrated into the 437 

methodology using Eq. (6). 438 

(b) Hvorslev’s intake factor, F and the seepage component of uplift capacity, Vseepage can be 439 

obtained using Eqs. (5) and (3) respectively. 440 

(c) Finally, the uplift capacity for a particular v/k can be estimated using Eq. (4). 441 

If seepage occurs, due to an uplift resistance, Vu, greater than VNT being mobilised, then 442 

the embedment of the pipe will progressively reduce over time, under a constant applied Vu. 443 

This reduction in embedment causes a corresponding reduction in both VNT and VFT, and 444 

therefore an increase in the mobilised seepage force, Vseepage, and the seepage velocity, v. At a 445 

shallow embedment, VFT may fall below Vu and the failure mechanism will change to full 446 

tension, rather than seepage flow. During this progressive seepage process, the pipe uplift 447 

response can be represented by the mechanical analogue system shown in Fig. 11, which is in 448 

a format suitable for inclusion in structural models of pipeline upheaval buckling. The 449 

conventional uplift capacities VNT and VFT are represented as plastic sliders, while the seepage 450 

force is a damper, with resistance proportional to velocity. The slider and damper coefficients 451 
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are found via the expressions described above, which are dependent on embedment and 452 

therefore would need updating as a structural analysis progresses and the pipe moves upwards. 453 

5. Design example on prediction of buckling behaviour of a buried pipe 454 

To illustrate the resulting structural response of a pipe subjected to uplift force and 455 

seepage, we now introduce a simplified representation of the uplift loading imposed on the soil 456 

backfill by the pipeline within an upheaval buckle.  457 

Palmer et al. (1990) demonstrated a conceptual design method to analyse the stability 458 

of a buried pipe in operation. During laying of a pipe by trenching, imperfections are introduced 459 

into the pipe profile. The downward force (V) needed for equilibrium of a pipe under an axial 460 

compressive force (P) has been expressed by Palmer et al. (1990) using a maximum download 461 

parameter (Φw) and a dimensionless imperfection length, ΦL as follows: 462 

          2
w /V EI PδΦ = ×      (9) 463 

           ( )0.5
L /L P EIΦ =                 (10) 464 

Here, EI is the flexural rigidity of the pipe and δ is the height of imperfection over a length, L. 465 

A universal design curve has been proposed by Palmer et al. (1990) (see Fig. 12) for assessing 466 

pipe stability under operation. A point lying above the universal design curve indicates a pipe 467 

that is in a stable equilibrium position, whereas a point lying below this curve implies 468 

instability. This simplified analytical model can be used in an incremental form to predict the 469 

behaviour of a buried pipe carrying hydrocarbon at a certain operating temperature. A design 470 

example is demonstrated in this section that illustrates this. Since, uplift capacity is mobilised 471 

at very small pipe displacements, the analytical model presented here assumes that peak 472 

resistance is mobilised at the instance the pipe starts displacing. 473 

In this design example, a steel pipe having a diameter of 0.35 m, wall thickness of 0.02 474 

m and embedded at w/D = 3 is considered. Young’s modulus and coefficient of thermal 475 
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expansion for the pipe material were taken as 210 GPa and 1.2 ×  10-5/°C respectively, which 476 

are representative values for steel. The submerged operational weight of the pipe was assumed 477 

as 1.2 kN/m. The length and height of imperfections, which are formed during pipe laying, 478 

were considered as 15 m and 0.25 m respectively. A normally consolidated clayey seabed is 479 

considered with typical values of su, γ' and k as follows: su = 1.5z (where, z is depth below 480 

mudline in metres), γ' = 4 kN/m3 and k = 10-8 m/s.  481 

Table 1 shows list of various input parameters and calculation steps for an operational 482 

temperature (ΔT) of 70°C (measured in excess of in-situ temperature). In this example, axial 483 

compressive stress has been calculated considering effects of thermal expansion only. In 484 

reality, axial stresses can also be generated due to other factors (e.g., internal pressure from 485 

hydrocarbons) and a designer should consider these aspects as well while estimating axial 486 

compressive force. After estimating the thermal compressive force developed on the pipe, the 487 

design method by Palmer et al. (1990) has been used to estimate the downward force, V 488 

required for the pipe to be in equilibrium. V is estimated as 3.63 kN/m (using Eqs. 10 and 9) 489 

and thus, the uplift resistance that needs to be mobilised for equilibrium is V – W' = 2.43 kN/m, 490 

where W' is submerged operational weight of pipe. For this particular case, the NT and FT 491 

uplift capacities are obtained as 2.034 kN/m and 4.442 kN/m respectively using the approach 492 

proposed by Maitra et al. (2016) and Maitra et al. (2017). Since V – W' exceeds VNT (see Fig. 493 

12), interface tension and seepage forces are mobilised (by an amount V – W' - VNT) which 494 

corresponds to an initial uplift velocity of 0.51 mm/day (obtained using Eq. 3). The solution 495 

presented here has been integrated over time (considering small time increments) to obtain the 496 

pipe displacements and velocities over a period of time. Calculations are repeated for other 497 

values of ΔT ranging from 65°C to 85°C and the results are presented in see Fig. 13. As the 498 

pipe displaces in the upward direction, VNT reduces due to the presence of weaker soil at 499 

shallow depth and the reduction in embedment ratio. As a consequence, there is an increase in 500 
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seepage forces leading to acceleration of the pipe. As is evident from the figure, upheaval 501 

occurs rapidly at higher operating temperatures, whereas the pipe may not displace at all at low 502 

operating temperatures (for e.g., ΔT = 65°C in Fig. 13). Thus, the design example presented 503 

here illustrates the prediction of buckling behaviour of an offshore pipe in operation and can 504 

be used to assess the allowable operational temperatures and time periods for a buried pipe. 505 

This solution is based only on the Palmer solution for the required uplift force, but the same 506 

approach could be integrated into a full structural model of an upheaval buckle via the 507 

mechanical analogue system shown in Fig. 11. 508 

The design example presented here showcases calculations for certain values of 509 

parameters. However, these parameters (e.g., su profile, k, γ', imperfection height and length) 510 

can vary widely along the length of a pipeline and thus, a designer should consider these aspects 511 

as well in a real offshore project. It should be noted that pipelines are usually buried inside 512 

trenches and the backfill soil may have cracks or openings within it, which in turn can influence 513 

the seepage flowpath. The readers should be aware that the design example presented here is 514 

based on an idealised soil profile and does not consider these aspects.  515 

6. Conclusions 516 

The uplift resistance of buried pipelines is affected by the potential for tension to be 517 

mobilised beneath the pipe, associated with seepage into a gap. In the present study, this 518 

breakaway phenomenon has been numerically simulated to quantify the role of seepage and 519 

interface tension on the uplift resistance for buried offshore pipelines. The large deformation 520 

finite element methodology has been used with a thin gap layer below the pipe to ensure volume 521 

conservation during flow. Several cases of pipe embedment ratio and normalised unit weight 522 

of soil have been considered to obtain the uplift capacity over wide ranges of normalised uplift 523 

velocity in soils with uniform undrained shear strength.  524 
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From the obtained results, the additional resistance from interface tension and seepage 525 

has been expressed analytically using Hvorslev’s intake factor, which is a geometric constant 526 

that depends solely on embedment ratio. Uplift capacity is then expressed simply as the 527 

summation of “No Tension” capacity and the additional component from interface tension and 528 

seepage, provided it does not exceed the “Full Tension” capacity which is the upper limit. The 529 

effects of strain rate on su at various uplift rates have also been studied and an approach for 530 

calculating the effective shear strength at high uplift rates has been incorporated.  531 

The proposed model from the present study may be used in accompaniment with the 532 

prediction framework proposed by Maitra et al. (2016) to estimate uplift capacity in non-533 

homogeneous soils as well. A design example is presented at the end which illustrates the 534 

application of the present study towards analysing the buckling behaviour of a buried pipe 535 

during its lifetime. The time to upheaval failure for different operational temperatures can be 536 

assessed. The analysis shows that in low permeability soils, or if only small levels of seepage 537 

force are mobilised, the pipe can remain embedded for many weeks despite the no-tension 538 

uplift capacity being exceeded and ongoing seepage. In more onerous conditions, the analysis 539 

shows the rate at which the pipeline movement will accelerate as failure is approached.  540 

The present work does not incorporate the potential for soil strength enhancement due 541 

to consolidation, which may be significant at slow uplift rates. This is a limitation of the 542 

proposed model which therefore provides conservative low estimates of uplift capacity in 543 

situations where consolidation would be significant. Also, Hvorslev’s intake factor is estimated 544 

for w/D ranging from 1.5 to 5, and thus, extrapolating F beyond this range of w/D needs to be 545 

done with caution. 546 

Overall, the outcome of the current study is to bridge the gap between the conventional 547 

no-tension and full-tension uplift capacities that are wide apart for pipes buried at shallow 548 
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depths. The results allow estimates to be made of the uplift rate when intermediate levels of 549 

uplift resistance are mobilised, which is a significant contribution to current design practices.  550 
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Notation 557 

As Cross-sectional area of the pipe 558 

cv Coefficient of consolidation 559 

D Pipe diameter  560 

E Young’s modulus of pipe material 561 

F Hvorslev’s intake factor 562 

fr Operative rate of shear strain 563 

I Moment of inertia 564 

k Permeability of soil 565 

L Length of the pipe 566 

Nu Uplift capacity factor 567 

Nu(limit) Limiting value of Nu under “Full Tension” conditions 568 

Nu0 Nu under “Full Tension” conditions for w/D → 0 569 

P Axial compressive force acting on the pipe cross-section 570 

su Undrained shear strength of soil 571 

su0 su measured at reference shear strain rate 572 

su,eff Effective or equivalent undrained shear strength of soil 573 
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T Interface tension 574 

tg Initial thickness of gap layer 575 

upipe Displacement applied to pipe 576 

usoil Displacement of soil 577 

V Downward force needed for pipe equilibrium 578 

Vu Uplift capacity 579 

v Uplift velocity 580 

VFT Uplift capacity under “Full Tension” conditions 581 

VNT Uplift capacity under “No Tension” conditions 582 

Vseepage Seepage component of uplift capacity 583 

w Embedment depth of pipe invert 584 

α Interface roughness coefficient 585 

β1, β2 Empirical curve-fitting parameters for obtaining VFT and VNT 586 

Δε1 Major principal strain 587 

Δε3 Minor principal strain 588 

δ Height of imperfection 589 

δp Small incremental displacement applied to pipe 590 

γw Unit weight of water 591 

γ' Submerged unit weight of soil 592 

maxγ  Maximum rate of shear strain 593 

refγ  Reference shear strain rate 594 

μ Rate effect parameter defined as rate of increase in su per decade 595 

ΦL  Dimensionless imperfection length 596 

Φw  Maximum download parameter  597 
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Table 1 Design example on buckling behaviour of buried pipe for ΔT = 70°C 682 

Parameters Values 

Pipe properties:  

Diameter, D 350 mm 
Wall thickness 20 mm 

Submerged operational weight, W' 1.2 kN/m 
Young’s modulus, E 210 GPa 
Initial embedment ratio of pipe, w/D 3 

Height of imperfection, δ 0.25 m 
Length of imperfection, L 15 m 

Interface roughness coefficient 0.5 
  
Soil properties:  

Shear strength of soil (where, z is depth in metres) 1.5z kPa 
Submerged unit weight, γ' 4 kN/m3 

Permeability, k 10-8 m/s 
  

Expansion effect:  
Thermal expansion coefficient 51.2 10 / °C−×  
Operational temperature (in excess of in-situ temperature), ΔT 70° C 

  
Derived parameters:  

Flexural rigidity of pipe, EI 59.49 MNm2 
Thermal strain 48.4 10 / °C−×  
Thermal stress 176.4 MPa 

Thermal compressive force, P 3.658 MN 
  

Check against upheaval buckling:  
Dimensionless imperfection length, ϕL (from Eq. 8) 3.72 

Maximum download parameter, ϕw obtained from universal 

design curve by Palmer et al. (1990) (see Fig. 12) 

0.0646 

Required uplift resistance to prevent buckling, V (using Eq. 7) 3.63 kN/m 

  683 
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Figure Captions 684 

Fig. 1 Problem geometry and notation 685 

Fig. 2 Typical finite element mesh showing the FE model with gap elements for buried pipes 686 

(w/D = 2) 687 

Fig. 3 Comparison of obtained uplift factors (Nu) at v/k = 0.01 and 104 with NT and FT uplift 688 

factors respectively in weightless soil 689 

Fig. 4 Uplift response for D = 1 m: (a) Mobilisation of uplift resistance with pipe displacement 690 

for w/D = 2, γ'D/su = 0; (b) Mobilisation of uplift resistance with pipe displacement for w/D = 691 

4, γ'D/su = 0; (c) Nu versus v/k for w/D = 2, γ'D/su = 0, 1, 2; and (d) Nu versus v/k for w/D = 4, 692 

γ'D/su = 0, 1, 2 (letter markers indicate the corresponding sub-figure in Figs. 5 and 6) 693 

Fig. 5 Uplift mechanisms of buried pipes for w/D = 2, 4; γ'D/su = 0, 2; and v/k = 10, 100 (su = 694 

10 kPa, D = 1 m) 695 

Fig. 6 Excess pore pressure contours for w/D = 2, 4; v/k = 10, 100; and γ'D/su = 0, 2 (su = 10 696 

kPa, D = 1 m) 697 

Fig. 7 Estimation of interface tension using Hvorslev's intake factor, F for (a) w/D = 2, D = 1 698 

m, su = 10, 20 and 40 kPa; (b) w/D = 2, D = 0.5 m, su = 10, 20 and 40 kPa; (c) w/D = 1.5, 2, 3, 699 

4, 5; su = 10 kPa, γ' = 0 700 

Fig. 8 Variation of intake factor, F with w/D 701 

Fig. 9 Normalised uplift capacity (Vu/su0D) at various uplift rates for μ = 0, 0.05, 0.1 and 0.2: 702 

(a) w/D = 2, (b) w/D = 4 (su0 = 10 kPa, D = 1 m, γ' = 0, k = 10-7 m/s, refγ  = 3 × 10-6 s-1) 703 

Fig. 10 Normalisation of obtained uplift capacities with su,effD for w/D = 1.5, 2, 3, 4, 5 and μ = 704 

0, 0.05, 0.1, 0.2 (su0 = 10 kPa, D = 1 m, γ' = 0, k = 10-7 m/s, refγ  = 3 × 10-6 s-1) 705 

Fig. 11 Mechanical analogue system to represent uplift with seepage 706 

Fig. 12 Application of universal design curve proposed by Palmer et al. (1990) to predict 707 

upheaval buckling behaviour (ΔT = 70° C) 708 
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Fig. 13 Prediction of buckling behaviour for a pipe in operation: (a) Variation in embedment 709 

ratio over time, (b) Variation in uplift velocity over time 710 
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