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Abstract 

In the earlier companion paper [1], direct shear tests were performed on reconstituted 

tunneling rock spoils  for the development of equivalent tangential cohesion, c’t,p and friction 

angle, 𝜙’t,p. These equivalent rock strength parameters were used in assessing jacking forces, 

which were measured from three pipe-jacking drives negotiating the highly weathered 

lithologies from the Tuang Formation, Malaysia. The measured jacking forces were back-

analyzed, leading to the development of frictional coefficient, µavg and the vertical stress at 

the tunnel crown, σEV. In this paper, the reliability of using the parameters, c’t,p, 𝜙’t,p, µavg and 

σEV was assessed through the use of three-dimensional finite element modeling of the studied 

pipe-jacking drives. The peak tangential strength parameters, c’t,p and 𝜙’t,p were applied to 

the modeled rock mass and the strength parameters of the pipe-rock interface were developed 

from µavg. Arching ratios were developed from σEV, which were subsequently used for post-

analysis assessment of the results from numerical modeling. There was sound agreement 

between the resulting pipe-rock interface shear stresses, τ1 and reaction loads, ΣFy from the 

numerical analysis against the field measured jacking forces, thus demonstrating the 

reliability of the use of developed equivalent rock strength parameters, c’t,p, 𝜙’t,p, µavg and σEV 

in the assessment of pipe-jacking forces through highly weathered lithologies. 
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1. INTRODUCTION 

In the earlier companion paper [1], tunneling rock spoils were used for the backanalysis of 

jacking forces. This method has been used successfully for pipe-jacking drives traversing 

lithological units of sandstone, shale and phyllite origins [2]. From the earlier companion 

paper, direct shear tests were performed on reconstituted tunneling rock spoils of shale and 

interbedded lithological units of metagraywacke – siltstone and greywacke – phyllite origins. 

It was essential for the direct shear test results to be relevant in the understanding of jacking 

forces for pipe-jacking drives through the highly weathered and fractured Tuang Formation in 

Kuching City, Malaysia. This necessitated the development of tangential strength parameters, 

c’t,p and 𝜙’t,p  based on arching theory. Typically, arching theory is more applicable to soil. 

However, in highly fractured litohologies, it is possible for the highly weathered rock to 

demonstrate soil-like behavior, akin to a highly weathered ‘soft rock’ [2]. In the current study, 

the consideration of the traversed rock masses as ‘soft rock’ will be explained, hereinafter. 

From the backanalysis of the jacking forces, the developed average frictional coefficient, 

µavg were used to indicate the nature of pipe-rock friction, i.e. lubricated or unlubricated. The 

stresses acting normal to the outer periphery of the pipe crown, σEV was also developed from 

the tangential strength parameters. Values of σEV were used to indicate the degree of arching, 

as arching effect was found to be rather significant in the assessment of pipe-jacking forces. 

The work described in the current paper was motivated by the need to evaluate the 

reliability of the peak tangential strength parameters, c’t,p and 𝜙’t,p (developed from direct 

shear testing) and µavg and σEV (developed from backanalysis of field measured jacking 

forces), particularly for the assessment of pipe-jacking forces in highly weathered and 

fractured lithologies. Hence, the reliability of using these parameters was assessed through 
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three-dimensional (3D) finite element modeling of the pipe-jacking drives studied in this 

paper. The peak tangential strength properties, c’t,p and 𝜙’t,p were applied to the modeled rock 

mass, while the values of backanalyzed µavg were applied to the strength models of the pipe-

rock interface elements. Prescribed displacements were used to simulate the forward 

advancement of the rigid ‘wish-in-place’ concrete pipeline. This modeling technique was 

validated through the use of the lower bound theorem for assessing the incurred pipe-rock 

interface shear stresses, τ1 and the reaction loads, ΣFy. For the consideration of arching in the 

results from the numerical analysis of the pipe-jacking drives, arching ratios were developed 

from the backanalyzed σEV, and subsequently applied to jacking forces computed from τ1 and 

ΣFy as post numerical analysis. 

2. NUMERICAL MODELING OF TUNNELS 

Several studies have used continuum methods in the modelling of tunnels negotiating rock 

masses [3-11]. Basarir et. al [3] and Genis et. al [4] utilized continuum-based finite element 

analysis for the simulation of tunnels traversing fractured rock masses from Turkey for the 

purpose of designing tunnel support systems. These rock masses included moderately 

weathered limestone, highly weathered diabase (with average RQD of 28%), and moderately 

weathered sandstone (with average RQD of 34%) [3], as well as heavily broken phyllite and 

moderately weathered granodiorite [4]. Pusch and Börgesson [5] proposed functions for the 

computation of rock mass moduli and stiffnesses of discontinuities through the use of finite 

element methods. Zhu et. al [6] simulated tunnel excavation schemes (single- and multi-

benching) for various rock conditions (including soft to hard rocks as well as fault materials) 

in Taiwan in order to study tunnel stability through the use finite element method. The 

continuum-based models were able to simulate the development of plastic zones in the rock 

masses around the tunnel, thus allowing the study of the distribution of rock movements 

around the tunnel. These past studies show that continuum-based finite element methods can 
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be used for the modelling of tunnels traversing rock masses of assorted lithologies with 

varying weathering conditions. 

However, the numerical simulation of pipe-jacking drives is less common, particularly 

when modeling the advance of the pipeline through a rock mass. Li et. al [7] used continuum-

based finite element analysis software to study the interfacial contact area between rocks 

(with behavior simulated using the Mohr-Coulomb failure criterion) and pipes during pipe-

jacking. The continuum models comprised of contact conditions along the modelled pipeline. 

This model was used to simulate rock-pipe interfacial stresses from a case study of a pipe-

jacking drive traversing lithological units of sandstone.  Barla et. al [8] performed 2D 

analyses of pipe-jacking drives through fractured limestone, using continuum and 

discontinuum modeling techniques. The initial continuum modeling method was performed 

using FLAC [9]. Through the reduction of tensile strength of the rock mass, the modeled rock 

mass failed in a localized zone at the tunnel crown, with lower tensile strength resulting in 

larger failure zones. In order to study the influence of discontinuities in the rock mass on 

pipe-jacking forces, a discontinuum analysis was performed using UDEC [10]. The 

Geological Strength Index (GSI) of the modeled rock was varied. The numerical simulation 

found that the discontinuities in the rock mass resulted in high jacking forces, which led to a 

stoppage in pipe-jacking works. The work by Li et. al [7] and Barla et. al [8] demonstrated 

the possibility of modeling pipe-jacking drives in fractured lithologies. 

Shou et. al [11] modeled linear and curved pipe-jacking alignments in 3D space to assess 

the effect of lubrication in the overcut annulus. The simulated pipe-jacking drives were 

jacked through the model soil based on repeated sequence of deactivating soil elements at the 

tunnel face, followed by a forward displacement of the modeled pipeline. The effect of 

lubrication was simulated by varying the pipe-soil frictional coefficient, f. It was found that 

jacking forces were not only a consequence of lubrication, but that the contact area between 
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the outer surface of the pipeline and the surrounding soil mass was a significant factor in the 

understanding of jacking forces. In a subsequent study, Yen and Shou [12] utilized the 

displacement control approach to simulate the jacking of pipes. Other studies have also 

showed that the forward advancement of the pipeline could be simulated through the use of 

prescribed displacements on the pipeline elements [17-19]. 

The aforementioned studies on numerical modeling emphasize the use of continuum-based 

finite element analysis in the simulation of pipe-jacking drives through soils and fractured 

rocks. The use of prescribed displacements is also necessary in the modeling of a rigid 

concrete pipeline, traversing a model rock mass. The findings from the earlier studies will 

form the basis for the numerical analysis of pipe-jacking forces conducted, hereinafter. 

3. NUMERICAL ANALYSIS OF PIPE-JACKING FORCES 

3D finite element analysis was performed on the pipe-jacking drives in this paper through 

the use of PLAXIS 3D, a commercially available finite element software package for 

geotechnical engineering purposes. The results from the direct shear testing of reconstituted 

tunneling rock spoils and the subsequent backanalysis of jacking forces are shown in Table 1, 

along with properties related to the traversed geology. 

3.1. Finite Element Mesh 

The finite element models used in this study measured 30 m wide in the x-direction 

(transverse to pipeline), 20 m long in the y-direction (longitudinal to pipeline), and 30 m deep 

in the z-direction. Fig. 1 shows the typical finite element mesh used for the numerical 

analysis hereinafter. 10-node tetrahedral elements were used to simulate the rock and soil 

masses, while 6-node plate elements were used to model the concrete pipelines. For the 

modeling of interactions between the driven pipelines and the surrounding rock mass, 12-

node interface elements were placed along the outer periphery of the driven pipelines. A set 
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of general fixities were automatically generated and imposed along the boundaries of the 

model. The boundary conditions are as follows: 

 Rollers were applied to vertical boundary faces normal to the x- and y-directions, 

restricting horizontal movements in the x- and y-directions respectively, while 

allowing for vertical movements; 

 Full fixities were applied to the bottom boundary, restricting movements in all 

directions; 

 The ground surface (top boundary) was free to move in all directions. 

3.2. Rock and Soil Mass Properties 

Rock masses for the studied drives were modeled using the elastic-perfectly plastic Mohr-

Coulomb (MC) failure criterion, together with the peak tangential strength parameters, c’t,p 

and 𝜙’t,p developed in the earlier companion paper [1]. The MC failure criterion was used to 

simulate the constitutive behavior of the rock mass. These MC strength parameters are used 

in the Pellet-Beaucour and Kastner [16] jacking force model, which is given as 

 2
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The Pellet-Beaucour and Kastner jacking force model was developed for drives traversing 

sands and clays [16]. It considers soil arching phenomenon; therefore, it is dependent on MC 

soil strength parameters. This would be applicable to the ‘soft rock’ encountered in the 

current study, justifying the need to develop strength parameters c’t,p and 𝜙’t,p from the direct 

shear tests performed earlier [1]. This would allow for an assessment of the use of the 

tangential strength parameters in numerical modeling of the surrounding rock mass, as well 
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as in the backanalysis of jacking forces, which was performed earlier in Ong and Choo [1]. 

Peak strength properties were used for both backanalysis and numerical modeling due to the 

consideration of arching in the Pellet-Beaucour and Kastner [16] jacking force model. During 

the reduction in soil stresses due to tunneling, arching is initiated by a vertical slippage of the 

overburden rock or soil mass. The initial vertical slip of rock or soil into the excavated tunnel 

occurs at low displacements. Hence, the use of peak strength parameters, c’t,p and 𝜙’t,p for the 

rock mass was justified. The Pellet-Beaucour and Kastner [16] model assumed uniform 

isotropic conditions for the backanalysis of jacking forces, i.e. K0 = 1. Therefore, in order to 

further facilitate parity between the backanalysis of jacking forces and the numerical analysis 

hereinafter, isotropic conditions were assumed for the overburden soil and rock mass 

surrounding the tunnel [2]. 

The stiffnesses of the modelled rock masses were developed from the observations of 

RQD values being predominantly zero for typically highly weathered and fractured rock 

masses, such as the Tuang Formation. This allowed for the estimation of rock mass stiffness 

using the following equations by Bieniawski [17]. 

  RMR 10 40
10ME


  (3) 

 RMR 9ln 44Q   (4) 

 
RQD

SRF
wr

n a

JJ
Q

J J
    (5) 

where EM is the stiffness of the rock mass; RMR is the rock mass rating [18]; and Q is the 

rock mass quality. Q is a function of various rock joint properties including RQD [19], Jn 

which is the joint set number; Jr which is the joint roughness number; Ja which is the joint 

alteration number; Jw which is the joint water reduction number; and SRF which is the stress 

reduction factor [19]. 
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For estimating Q, the values for relevant parameters were difficult to determine due to the 

absence of any exposed rock outcrops, or rock faces during shaft construction. These exposed 

rock faces were quickly shotcreted in order to mitigate water ingress, which would have 

otherwise caused ground surface deformation [2]. This prevented joint directions from being 

thoroughly studied. With this limited information, assumptions had to be made in estimating 

the Q rating, and subsequently the stiffness of the rock mass, EM. These assumptions are 

shown in Table 2. The resulting rock modulus value of 7.1 GPa was applied to the numerical 

modeling of the highly fractured lithologies with homogenously and consistently very poor 

quality as described in the Q system [17]. The overburden rock mass and soil mass properties 

are shown in Tables 3, 4 and 5 for Drives A, B and C, respectively. 

3.3. Pipeline and Rock-pipe Interface Properties 

The concrete pipelines were modelled as 20 m long hollow cylinders, longitudinal in the y-

direction. The geometry of the modeled pipeline was created by initially generating a circular 

polycurve of a diameter appropriate to the respective pipe-jacking drives. The diameters of 

the modeled pipelines are shown in Tables 3, 4 and 5 for Drives A, B and C, respectively. 

The polycurve was positioned on a vertical boundary. The polycurve was subsequently 

extruded 20 m in the y-direction, creating a hollow cylinder which had both ends flushed with 

vertical model boundaries. No tunnel face was considered in this simulation since the earlier 

study [1] was focused on studying frictional jacking forces. This was reasonable since 

frictional jacking forces increase with drive span, and are usually the major component in 

jacking forces. 

The rock-pipe interface was modelled using 12-node interface elements. The interface 

elements are parings of nodes, thus ensuring compatibility with the 6-noded triangular faces 

of both soil and plate elements. The use of finite elements for simulating the behavior of 

highly weathered lithologies has been mentioned previously, and has been used successfully 
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when applied to tunnels in highly weathered rocks [3-7, 20]. To simulate the longitudinal 

displacement of the concrete pipeline in the bored tunnel, it was necessary to nullify the 

effects of the boundary fixities at the pipe ends. This was achieved through the use of user-

defined prescribed displacements at the ends of the pipelines. The application of user-defined 

prescribed displacements at any point along the boundaries prevail the effects of any 

automatically generated boundary fixities [21]. Prescribed displacements allowed for the 

measurement of reaction forces, ΣFy, the use of which will be explained, hereinafter. 

The modeled concrete pipelines were regarded as rigid bodies to allow for the segregation 

of compressive axial forces in the modeled pipelines from the pipe-rock shear stresses 

generated at the rock-pipe interfaces. The treatment of the modeled pipelines as rigid bodies 

was justifiable since the concrete pipelines were of a higher stiffness in relation to the less 

rigid pipe-rock interface surrounding the modeled pipelines [25-27]. 

The pipe-rock interface was simulated using the Mohr-Coulomb model, which allowed for 

direct prescription of rock-pipe interface strength properties from the earlier back-analyses of 

frictional jacking forces [1]. The interfacial strength properties are given as 

 ' tani n i    (6) 

 
1tan ( )i avg   (7) 

where, τi is the rock-pipe interface shear strength; σ’n is the effective normal stress acting on 

the rock-pipe interface; 𝜙i is the interface friction angle; and µavg is the back-analyzed 

average frictional coefficient, obtained from earlier back-analyses of jacking forces [1]. 

In addition to the treatment of concrete pipelines as rigid bodies and the use of user-

defined prescribed displacements, it was necessary to assign suitable values to the stiffness of 

the pipe-rock interface elements, to facilitate the segregation of the pipe and rock elements, 

thus allowing for longitudinal displacement of the concrete pipeline. This was achieved by 

prescribing a low value to interface modulus, Einter. The use of low interface moduli has been 
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applied to simulations of slippage between two materials. Yin et. al [25] and Wang and Wang 

[26] adopted low tangential interface modulus values to enable large interface deformations 

for studies on pull-out tests. For the current study on modeling the large deformation of pipe-

rock interfaces, an interface modulus of Einter of 1,000 kPa was used as it was still 

significantly small relative to the moduli of the concrete pipeline and surrounding rock mass. 

This method of modelling the rock-pipe interface was also used successfully by Ong and 

Choo [20]. 

3.4. Calculation Phases in Modeling of Pipe-jacking Process 

For simulating the propulsion of the concrete pipeline through the rock mass, modeling of 

the pipe-jacking process was performed in three consecutive phases. 

 Stage 1 – Application of initial stress conditions 

 Stage 2 – Wish-in-place pipeline and activation of rock-pipe interface elements 

 Stage 3 – Application of displacements at tail-end of pipeline 

In Stage 1, material properties for the soil and rock mases, groundwater levels and K0 

condition were assigned to the model for the generation of initial stresses under greenfield 

conditions. Model boundary conditions were also activated. Plate elements, interface 

elements, prescribed displacements and prescribed loads were deactivated in Stage 1. These 

elements and loads would only be activated in subsequent stages. 

Following the generation of initial stresses in Stage 1, the ‘wish-in-place’ 20 m long 

concrete pipeline was simulated in Stage 2 through the activation of plate elements. This was 

accompanied with the deactivation of soil elements and water conditions within the pipeline 

annulus. Rock-pipe interface elements were also activated concurrently with the plate 

elements. 

In Stage 3, the user-defined displacements were prescribed horizontally in the y-direction 

and applied along the periphery of the tail end of the modeled pipeline. This was coupled 
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with the application of zero-valued prescribed displacements at the front end of the pipe to 

mitigate the effect of boundary fixities. These prescribed displacements were free in the y-

direction (longitudinal to the modeled pipeline), thus allowing for the movement of the 

modeled pipeline beyond the model boundaries [21]. 

4. VALIDATION OF NUMERICAL ANALYSIS TECHNIQUE 

In order to assess the applicability of direct shear test results to the assessment of pipe-

jacking forces, it was necessary to validate the earlier described numerical analysis technique. 

The validation was also necessary due to the limited use of prescribed displacements in 

modeling the advance of a pipeline during pipe-jacking [12, 15, 16]. This validation was 

performed by applying the lower bound theorem to three baseline cases. 

The lower bound theorem is widely used to verify that static equilibrium has been 

achieved in a system. This leads to a safe solution for the simulated geotechnical problem. 

Some geotechnical problems which have used the lower bound theorem include ground 

anchors [15], underground excavations [31-34], and pile performance [35-37]. According to 

Randolph and Houlsby [32], a lower bound solution is achieved when the following criteria 

have been met: 

 The lower bound on the applied loads will cause collapse of perfectly plastic 

material with an associated flow rule; 

 The stress field is in equilibrium with the applied loads and 

 The stress field does not violate the yield criterion for the material. 

In addition to these criteria, Potts and Zdravković [34] stated that such a lower bound 

solution should be found in a stress field that is statically admissible, i.e. a system in 

equilibrium. Applying these criteria to the earlier described numerical analysis technique 

would necessitate that the applied jacking loads were in equilibrium with the resulting pipe-

rock interface shear stresses. This equilibrium needs to be fulfilled at all calculation stages.  
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For this validation, the lower bound theorem was applied to Drive A, under which three 

cases were assessed: 

 Case 1 (parent) - No displacement or loading was applied to the modelled pipe. 

 Case 2 (child) - Displacement was prescribed to the modelled pipe. 

 Case 3 (child) - Loading was applied to the modelled pipe. 

Case 1 was performed as a baseline for when displacements (Case 2) or loads (Case 3) 

were applied to the pipe. No interface shear stresses were expected to develop in Case 1. Case 

2 was performed to verify that the modelling technique (including the earlier described 

elements, parameters and values, and the use of prescribed displacements to displace the 

modelled pipeline) was suitable for mobilizing interfacial shear stresses, as described in the 

aforementioned literature [17-19]. Case 3 was performed as a compliance check of Case 2, to 

verify that the numerical model was valid for the application of applied loads to displace the 

modelled pipeline. The successful modelling of Cases 2 and 3 would show that both 

prescribed displacements and applied loads were suitable in simulating the driving of the 

modelled pipelines. Cases 2 and 3 also served to demonstrate that the model was a lower 

bound solution [32]. 

4.1. Case 1 – No Displacements or Loading Applied to Modeled Pipe 

In Case 1, displacements and loads were not applied to the modeled pipeline. This case 

was performed in order to establish a reference point for Cases 2 and 3, where displacements 

and loads would be applied. Inspection of the pipe-rock interface elements showed that the 

elements were all in an elastic state (see Fig. 2). This was verified by the distribution of 

constant interface shear stress, τ1 longitudinally along (see Fig. 3) and radially around the 

pipeline (see Fig. 4). The pipe-rock interface shear stresses were uniformly distributed at τ1 = 

0. Minimal shear stresses were observed at the ends of the modeled pipeline. This was due to 

end effects at the model boundaries. 
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With no displacements or loading applied, the pipe-rock interface elements exhibited the 

anticipated behavior. The results from Case 1 would form the baseline for subsequent 

validation of the modeling technique under prescribed displacements (Case 2) and applied 

loads (Case 3). 

4.2. Case 2 – Displacements Prescribed to Modeled Pipe 

Case 2 follows from the completion of Case 1. A uniform prescribed displacement of 100 

mm was applied along the pipe circumference at the tail end of the modeled pipeline (see Fig. 

5). The prescribed displacement was applied in the horizontal y-direction to allow for the 

modeled pipeline to displace as a rigid body longitudinally. The prescribed displacement of 

100 mm was sufficient for the rock-pipe interface elements to reach a state of elastic yield, as 

shown by the pipe-rock interface elements achieving plasticity (see Fig. 6). During the 

backanalysis of jacking forces using the Pellet-Beaucour and Kastner [16] jacking force 

model, the rate of increase in jacking forces remained uniform under homogenous geological 

conditions. Hence, a modeled pipeline of a uniform diameter would exhibit uniform 

distributions of longitudinal and radial pipe-rock interface shear stresses, τ1. 

After the application of prescribed displacements, the rock-pipe interface shear stresses, τ1 

were uniformly distributed radially (see Fig. 7) and longitudinally (see Fig. 8) at τ1 = 65 

kN/m
2
. From Eqs. 6 and 7, an assessment of τ1 was performed. Based on σ’n = 172 kN/m

2
 and 

µavg = 0.356, the resulting interface shear strength, τi was 61 kN/m
2
, which was 

approximately equal to the resulting interface shear stresses, τ1 = 65 kN/m
2
 from numerical 

analysis. This reconfirmed the earlier observations from Fig. 6 that the rock-pipe interface 

elements had yielded. 

The reaction force at yield in the y-direction, ΣFy,yield was 7,233 kN. By integrating τ1 

along the outer surface area of the pipe, the total jacking force due to pipe-rock interface 

shear stresses, Fτ,cal can be given as  
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 , 1cal eF D L  
 (8) 

where, L is the length of the modelled pipeline; and De is the external diameter of the pipe, 

which was 1.78 m for Drive A. This resulted in Fτ,cal = 7,270 kN, which was comparable to 

the yield reaction force, ΣFy,yield of 7,233 kN. The slight discrepancy was attributed to the end 

effects (see Fig. 8), since τ1 was measured at the mid-span of the modeled pipeline (see Fig. 

7). Despite the minor discrepancy, it can be seen that the reaction forces due to the prescribed 

displacements were equivalent to the total jacking forces due to pipe-rock interface shear 

stresses, i.e. ΣFy ≈ Fτ,cal. This implied that all the loads generated due to the prescribed 

displacements were borne by the pipe-rock interface elements and that there was no end 

bearing resistance incurred at the pipe ends, which was similarly observed in other 

simulations of pipe-jacking drives through highly weathered and fractured lithologies [20]. 

This further confirmed the successful release of model boundary fixities at the pipe ends. The 

equivalence between ΣFy and Fτ,cal showed that equilibrium had been achieved between the 

prescribed displacements, the incurred reaction loads and the rock-pipe interface shear 

stresses, demonstrating compliance to the lower bound theorem. This meant that prescribed 

displacements could be used to obtain a safe and valid solution for the assessment of pipe-

jacking forces. 

4.3. Case 3 – Loading Applied to Modeled Pipe 

Case 3 followed from the completion of Case 1. In contrast with Case 2 where prescribed 

displacements were used, Case 3 involved the use of applied loads to propel the modeled 

pipeline forward. Case 3 was performed as a compliance model to show that static 

equilibrium of the system could also be achieved through the use of applied loads. Successful 

modeling of Case 3 would also justify the use of reaction force, ΣFy for the assessment of 

jacking forces. From the results in Case 2, the reaction force at yield was ΣFy,yield = 7,233 kN. 
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Hence, in order to ensure model convergence, the applied load, Fy,app in Case 3 could not 

exceed 7,233 kN, i.e. Fy,app < ΣFy,yield. A uniform line load of 100 kN/m was applied along the 

circumference at the tail end of the pipe, corresponding with a total applied load, Fy,app of 559 

kN (see Fig. 9). As the Pellet-Beaucour jacking force model is based on the strength of the 

pipe-rock interface, sufficient displacement was determined by the attainment of elastic yield. 

Therefore, it was necessary to show that under the prescribed displacement, a uniform 

distribution of interface shear stresses was attained. The distribution of interface shear 

stresses longitudinally (see Fig. 10) and circumferentially (see Fig. 11) were uniform at τ1 = 5 

kN/m
2
. Using Eqs. 6 and 7, integrating the pipe-rock interface shear stresses along the 

modeled pipeline resulted in a total jacking force, Fτ,cal of 559 kN, which was in equilibrium 

with Fy,app. The achievement of static equilibrium in Case 3 between the applied loads, the 

reaction loads and the pipe-rock interface shear stresses justified the use of ΣFy in assessing 

pipe-jacking forces. 

4.4. Post-analysis of Modeling Results with Consideration for Arching Effect 

The use of a displaced ‘wish-in-place’ pipe in the numerical analysis has been reliably 

demonstrated. The effects of arching on pipe-jacking forces remain to be addressed. From the 

earlier companion paper [1], it was found that the accrual of pipe-jacking forces through 

highly fractured rock masses was dependent on arching. The excavation of a tunnel would 

instigate the occurrence of arching in the upper soil or ‘soft rock’ mass, causing a 

redistribution of in-situ soil stresses and resulting in the reduction of stresses acting on the 

pipeline. The use of a ‘wish-in-place’ pipeline in the numerical model implied that there was 

no overcut region separating the rock mass from the pipeline. Therefore, it was proposed to 

apply an arching ratio manually for the consideration of arching effects on the results from 

numerical analysis. 
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Arching ratios have been well-used to quantify the effects of arching. Based on the 

classical trapdoor experiment by Terzaghi [35], McNulty [36] expressed arching ratio as the 

ratio of load on the yielded trapdoor to that when the trapdoor is undeflected. The use of such 

an arching ratio can be useful in quantifying states of arching, i.e. an arching ratio of less than 

1.0 would imply the occurrence of active arching, while an arching ratio of greater than 1.0 

would indicate the presence of passive arching. This fundamental understanding led to the 

development of arching ratios primarily for studies conducted on embankment fills [41-44]. 

For buried structures, Lee et. al [41] expressed arching ratio with the following equation

 100%v

vo

AR





   (7) 

where AR is the arching ratio; Δσv is the change in vertical stress due to tunneling; and σvo is 

the initial overburden pressure. From this, AR could be applied to pipe-jacking by considering 

the normal stresses acting on the pipeline. Thus, the arching ratio was proposed to be 

 2 100%

2
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EV

e

D

AR
D

h








 
 

 
 

 (8) 

This arching ratio, AR was based on an average point, at the depth of the springline, 

denoted by the component 
2

eD
. By applying the proposed arching ratio, AR (Eq. 8) to the 

rock-pipe interface shear stresses, the jacking force determined from τ1 is given as  

 , 1cal eJF AR D     (9) 

The jacking forces determined from τ1 can be further verified against the jacking forces 

determined from the reaction loads, ΣFy, which is given as 

 ,

y

Fy cal

F
JF AR

L
 


 (10) 
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In order to assess the accuracy of the numerical modeling technique, the calculated jacking 

forces, JFτ,cal and JFFy,cal were compared against the field measurements of jacking forces, 

JFmeas.  

5. RESULTS OF NUMERICAL ANALYSIS 

Table 6 shows the results of the numerical modeling of Drives A, B and C from the earlier 

companion paper [1], with the variations of these results against the measured jacking forces. 

In the modeling of the studied Drives A, B and C, prescribed displacements were used to 

drive the modelled pipelines. For Drive A, the back-analyzed σEV was 12.5 kN/m
2
. Using Eq. 

8, the resulting arching ratio, AR was 8.00%. This meant that the strength of the rock mass 

contributed to a 92% reduction in normal loads acting on the pipe from the surrounding soil. 

From numerical analysis, the interface shear stress, τ1 was 65 kN/m
2
. Using Eq. 9, the jacking 

forces computed from τ1, JFτ,cal was 29.0 kN/m. Comparing this to the measured jacking 

force, JFmeas of 37.2 kN/m, the calculated JFτ,cal underestimated JFmeas by 22.2%. The 

reaction force, ΣFy measured from numerical analysis was 7,233 kN. Using Eq.10, the 

jacking forces calculated from ΣFy, JFFy,cal was 28.9 kN/m, which underestimated the 

measured jacking forces by 22.3%. Thus, the results from numerical analysis of Drive A 

agreed reasonably well with the measured jacking forces. 

For Drives B and C, the back-analyzed σEV values were negative. For the determination of 

arching ratios, AR, the negative σEV were adjusted to be equal to zero [2, 42]. The AR values 

for Drives B and C were 3.75% and 2.90%, respectively. In comparison with the arching ratio 

for Drive A, the AR values for Drives B and C were smaller, indicating that arching was more 

significant in the latter drives. The heightened arching contributed to the measured jacking 

forces, which were smaller in Drives B and C as compared to those measured from Drive A 

(see Table 6). 
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From the numerical modelling of Drive B, the pipe-rock interface shear stresses, τ1 were 

104 kN/m
2
, resulting in a calculated jacking force, JFτ,cal of 17.5 kN/m. This was a 15.4% 

underestimation of the measured jacking forces of 20.7 kN/m. The reaction load, ΣFy was 

8,753 kN. The resulting calculated jacking force, JFFy,cal was 16.4 kN/m, which was an 

underestimation of field measured jacking forces of 20.8%. For Drive C, the pipe-rock 

interface shear stresses, τ1 were 159 kN/m
2
. The jacking forces, JFτ,cal calculated from these 

interface shear stresses was 20.8 kN/m, which was a 12.2% underestimation of the measured 

jacking forces. From the reaction force, ΣFy of 12,850 kN, the calculated jacking force, 

JFFy,cal was 18.7 kN/m, which underestimated the measured jacking forces by 21.1%. 

It was useful to compare the results obtained from interface shear stresses, τ1 and those 

obtained from reaction loads, JFFy,cal. The results from τ1 were obtained from the mid-span of 

the modeled pipes, while JFFy,cal was a measure of all the pipe-rock interface shear loads 

accrued along the pipeline, including end effects. Therefore, difference between the results 

obtained from interface shear stresses, τ1 and those obtained from reaction loads, JFFy,cal 

could be used to assess the influence of end effects. This difference is given by 

 Difference in variations = 
, ,

100%
cal Fy cal

meas

JF JF

JF

 
  (11) 

The differences in variations were generally small, with the highest difference exhibited in 

Drive C at 8.9%. This implied that end effects had minimal influence on the accuracy of the 

numerical analysis. 

Generally, the resulting τ1 and ΣFy from numerical analysis underestimated field 

measurements of jacking forces within a range of 15% to 22%. This was attributed to the use 

of the lower bound approach adopted in the current study for the numerical modeling of the 

studied pipe-jacking drives. Furthermore, the peak tangential strength parameters, c’t,p and 

𝜙’t,p were developed from direct shear testing of reconstituted tunneling rock spoils in order 
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to simulate the highly fractured and highly weathered nature of the in-situ ‘soft rock’, as 

described in the earlier companion paper [1]. These rock spoils were crushed from the 

traversed lithologies during pipe-jacking, thus diminishing the natural cementation of the 

rock mass and resulting in lower bound solutions [20]. Additionally, the assessment of pipe-

jacking forces depended on the use of the Pellet-Beaucour and Kastner [16] jacking force 

model, which required the assumption of average uniform conditions along the modeled 

pipelines. This assumption was applied to the strength and stiffness properties of the modeled 

rock mass, the pipeline and the pipe-rock interface elements. This idealization consequently 

required the use of the ‘wish-in-place’ technique for introducing the pipeline into the model, 

which contributed to the underestimation of jacking forces. Despite these underestimations, 

the jacking forces computed from the numerical analysis and the measured jacking forces 

correlated reasonably well, thus demonstrating the reliability of the interpreted strength 

parameters, c’t,p and 𝜙’t,p through numerical modelling, as well that of the back-analyzed 

parameters, µavg and σEV, through the consideration of arching effect. 

6. CONCLUSIONS 

From the earlier companion paper [1], three pipe-jacking drives traversing highly fractured 

lithologies were studied. The drives negotiated lithological units of shale (Drive A) and 

interbedded lithological units of metagraywacke – siltstone (Drive B) and greywacke – 

phyllite (Drive C) origins. From each of the studied pipe-jacking drives, tunneling rock spoils 

were collected, reconstituted and subjected to direct shear testing. Peak tangential strength 

parameters c’t,p and 𝜙’t,p were derived from the direct shear test results and used for the 

backanalysis of the measured jacking forces, from which µavg and σEV were developed. 

Numerical modeling of the pipe-jacking drives was performed to ascertain the 

applicability of the parameters, c’t,p, 𝜙’t,p, µavg and σEV resulting from the earlier backanalysis 

of jacking forces. The developed strength parameters, c’t,p and 𝜙’t,p were applied to the 
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modelled rock mass surrounding the modeled pipelines. The concrete pipelines were modeled 

as ‘wish-in-place’, with an increased material modulus. It was necessary to model the 

pipelines as rigid bodies in order to segregate the influence of axial loads from the pipe-rock 

interface shear stresses. The pipe-rock interface elements were modeled as cohensionless 

frictional Mohr-Coulomb materials, with the strength parameters derived from the 

backanalyzed µavg in Ong and Choo [1]. A low material stiffness was used for the pipe-rock 

interface elements to facilitate the longitudinal displacement of the rigid pipeline. For the 

consideration of arching effects in subsequent post-analysis, an arching ratio was developed 

from σEV. 

The modeling technique was validated in accordance with the lower bound theorem. When 

applying either prescribed displacements or loads for the propulsion of the modeled pipeline, 

the forces derived from the integration of interface shear stresses, τ1 were in static equilibrium 

with the reaction loads, ΣFy. Thus, the stress field in the model was considered to be statically 

admissible, allowing for the modeling technique to be used for subsequent simulation of the 

studied pipe-jacking drives. 

The jacking forces derived from numerical analysis underestimated the measured jacking 

forces within a range of 15% to 22%. This was due to the use of the lower bound theorem for 

the assessment of the numerical modeling technique. Furthermore, the cementation of the 

tunneling rock spoils was reduced through crushing of the rock mass. The idealization of an 

average pipeline traversing homogeneous geological conditions contributed to the 

underestimation of jacking forces. However, the jacking forces obtained from τ1 and ΣFy in 

the numerical analysis were considered to be in reasonable agreement with the measured 

jacking forces. 

The findings showed that reliable strength parameters can be developed from the direct 

shear testing of reconstituted tunneling rock spoils to be subsequently used for the assessment 
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of jacking forces for pipe-jacking drives negotiating highly weathered and fractured ‘soft 

rock’ such as those encountered in the Tuang Formation in Kuching, Malaysia. This 

reliability has been demonstrated through numerical modeling of the pipe-jacking drives 

using results obtained from direct shear tests from the earlier companion paper [1]. This 

method of back-analysis could allow for the prediction of jacking forces in highly weathered, 

highly fractured lithologies for future pipe-jacking drives, through the use of direct shear tests 

on reconstituted crushed rock. 
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Fig. 1. Typical model used for numerical analysis of interface shear stresses 

 

Fig. 2. Validation of numerical analysis: Case 1 – All rock-pipe interface elements exhibiting 

elasticity (indicated by octahedron symbols) 

Soil layers 

Rock layer 

Position of 

concrete pipeline 

30 m 

20 m 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



28 

 

 

Fig. 3. Validation of numerical analysis: Case 1 – Distribution of rock-pipe interface shear 

stresses, τ1 along longitudinal cross-section of modeled pipeline. 

 

 

Fig. 4. Validation of numerical analysis: Case 1 – Radial distribution of rock-pipe interface 

shear stresses, τ1 at mid-span of modeled pipeline. 
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Fig. 5. Validation of numerical analysis: Case 2 – Displacements (indicated by arrows) 

prescribed to tail end of modeled pipeline. 

 

 

Fig. 6. Validation of numerical analysis: Case 2 – All rock-pipe interface elements exhibiting 

plasticity (indicated by cube symbols). 
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Fig. 7. Validation of numerical analysis: Case 2 – Uniform radial distribution of rock-pipe 

interface shear stresses, τ1 (65 kN/m
2
) at mid-span of modeled pipeline. 

 

 

Fig. 8. Validation of numerical analysis: Case 2 – Uniform distribution of rock-pipe interface 

shear stresses, τ1 (65 kN/m
2
) along longitudinal cross-section of modeled pipeline. 
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Fig. 9. Validation of numerical analysis: Case 3 – Loads applied to tail end of modeled 

pipeline. 

 

 

Fig. 10. Validation of numerical analysis: Case 3 – Uniform distribution of rock-pipe 

interface shear stresses, τ1 (5 kN/m
2
) along longitudinal cross-section of modeled pipeline. 
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Fig. 11. Validation of numerical analysis: Case 3 – Radial distribution of rock-pipe interface 

shear stresses, τ1 (5 kN/m
2
) at mid-span of modeled pipeline. 
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Table 1. Parameters used in pipe-jacking force model for backanalyses of µavg [1] 

Drive Drive A Drive B Drive C 

Geology Shale 
Metagraywacke 

– siltstone 

Graywacke 

– phyllite 

Length of rock cores extracted from 

shaft locations (m) 
6.0 12.0 13.0 

 Maximum 23 20 20 

RQD (%) Minimum 0 0 0 

 Average 14.0 5.8 2.0 

Length of rock cores with RQD = 0 

(m) 
0.7 8.9 11.0 

External pipe diameter, De (m) 1.78 1.43 1.78 

Soil unit weight, γsoil (kN/m
3
) 18 18 18 

Depth to rock level, hsoil (m) 20 9 17 

Rock unit weight, γrock (kN/m
3
) 22 22 22 

Height of rock cover, hrock (m) 1 11 10 

Tangential MC 

parameters obtained 

from direct shear testing 

c’t,p (kN/m
2
) 50.8 57.8 29.0 

𝜙’t,p (°) 47.8 44.3 38.7 

Average measured jacking forces, 

JFmeas (kN/m) 
37.2 20.7 23.6 

Vertical stress acting on pipe crown, 

σEV (kN/m
2
) 

(see Eq. 3) 

12.5 -19.9 -38.5 

Back-analyzed µavg, using Eq. (1) 0.356 0.491 0.581 

R
2
  0.86 0.70 0.77 
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Table 2. Parameters used for estimating Q rating [17] 

Parameter Description Value 

Rock quality 

designation, RQD 
Very poor 0 – 25 

Joint set number, Jn Random, heavily jointed 15 

Joint roughness 

number, Jr 
Rough 1.5 

Joint alteration 

number, Ja 
Unaltered joint walls 1.0 

Joint water reduction 

factor, Jw 

Medium inflow or pressure 

occasional outwash of joint fillings 
1.0 

Stress reduction 

factor, SRF 
Medium stress 1.0 
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Table 3. Material properties for finite element modeling of Drive A 

Material 
Loose 

sand 

Very soft 

clay 

Loose 

sand 

Dense 

sand 

Medium 

dense 

sand 

Very soft 

clay 

Very 

hard silt 
Shale 

Rock-

pipe 

interface 

Pipe 

Elements used Soil Soil Soil Soil Soil Soil Soil Soil Interface Plate 

Material model MC MC MC MC MC MC MC MC MC 
Linear 

elastic 

Depth (m) 0 to 6 6 to 10.5 
10.5 to 

11.5 

11.5 to 

13.5 

13.5 to 

14.9 

14.9 to 

19.3 

19.3 to 

20 
20 to 30 - - 

Unit weight, γ 

(kN/m
3
) 

18 18 18 18 18 18 18 22 - 24 

SPT ‘N’ 6 2 6 34 19 2 107 - - - 

Cohesion, c’ (kPa) 5 5 5 15 10 5 15 21.7
(1)

 0 - 

Friction angle, 𝜙’ (°) 28 28 28 30 28 28 33 38.7
(1)

 19.60
(2)

 - 

Elastic modulus, E’ 

(kN/m
2
) 

10,430 2,200 10,430 59,130 33,040 2,200 117,700 7.1 × 10
6
 1,000 27 × 10

9
 

Poisson’s ratio, ν 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.15 

External pipe 

diameter, De (m) 
- - - - - - - - - 1.78 

Note: 1. From generalized tangential interpretation of earlier direct shear tests. 

 2. Interface friction angle, 
1

tan ( )
i avg
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Table 4. Material properties for finite element modeling of Drive B 

Material Soft clay Soft silt 
Very 

stiff silt 
Hard silt 

Meta-

graywacke 

– siltstone 

Rock-

pipe 

interface 

Pipe 

Elements used Soil Soil Soil Soil Soil Interface Plate 

Material model MC MC MC MC MC MC 
Linear 

elastic 

Depth (m) 0 to 2.7 2.7 to 5.5 5.5 to 7 7 to 9 9 to 25 - - 

Unit weight, γ 

(kN/m
3
) 

18 18 18 18 22 - 24 

SPT ‘N’ 3 3 29 54 - - - 

Cohesion, c’ (kPa) 5 5 10 15 44.6
a
 0 - 

Friction angle, 𝜙’ (°) 28 28 28 33 39.9
a
 26.15

b
 - 

Elastic modulus, E’ 

(kN/m
2
) 

3,300 3,300 31,900 58,960 7.1 × 10
6
 1,000 27 × 10

9
 

Poisson’s ratio, ν 0.35 0.35 0.35 0.35 0.35 0.35 0.15 

External pipe 

diameter, De (m) 
- - - - - - 1.43 

Note: a. From generalized tangential interpretation of earlier direct shear tests. 

 b. Interface friction angle, 
1

tan ( )
i avg
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Table 5. Material properties for finite element modeling of Drive C 

Material 
Loose 

sand 
Stiff silt Hard silt Hard silt 

Graywacke 

– phyllite 

Rock-

pipe 

interface 

Pipe 

Elements used Soil Soil Soil Soil Soil Interface Plate 

Material model MC MC MC MC MC MC 
Linear 

elastic 

Depth (m) 0 to 5 5 to 8 8 to 12.5 
12.5 to 

17 
17 to 35 - - 

Unit weight, γ 

(kN/m
3
) 

18 18 18 18 22 - 24 

SPT ‘N’ 3 9 35 66 - - - 

Cohesion, c’ (kPa) 5 5 15 15 60.8
a
 0 - 

Friction angle, 𝜙’ (°) 28 28 30 33 41.8
a
 30.16

b
 - 

Elastic modulus, E’ 

(kN/m
2
) 

5,217 9,900 38,500 72,600 7.1 × 10
6
 1,000 27 × 10

9
 

Poisson’s ratio, ν 0.35 0.35 0.35 0.35 0.35 0.35 0.15 

External pipe 

diameter, De (m) 
- - -  - - 1.43 

Note: a. From generalized tangential interpretation of earlier direct shear tests. 

 b. Interface friction angle, 
1

tan ( )
i avg
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Table 6. Analysis of finite element modeling results 

Drive A B C 

Geology Shale 
Metagraywacke 

– siltstone 

Graywacke 

– phyllite 

Prescribed displacement (mm) 100 100 100 

Vertical stress acting on pipe 

crown, σEV (kN/m
2
) 

12.5 -19.9
a
 -38.5

a
 

Arching ratio, AR (%)
b
 8.00 3.75 2.90 

Measured jacking forces, JFmeas 

(kN/m) 
37.2 20.7 23.6 

Interface shear stress, τ1 (kN/m
2
) 65 104 159 

Jacking forces calculated from 

interface shear stresses, JFτ,cal 

(kN/m)
c
 

29.0 17.5 20.8 

Variation, 
,

100
cal meas

meas

JF JF

JF

 
  (%) -22.2 -15.4 -12.2 

Reaction force, ΣFy (kN) 7,233 8,759 12,850 

Jacking forces calculated from 

reaction force, JFFy,cal (kN/m)
d
 

28.9 16.4 18.7 

Variation, 
,

100
Fy cal meas

meas

JF JF

JF


  (%) -22.3 -20.8 -21.1 

Difference in variations, 

, ,
100

cal Fy cal

meas

JF JF

JF

 
  (%) 

0.1 5.4 8.9 

Note: a. Negative value of σEV was readjusted to zero. 

 b. From Eq. 8. 

 c. From Eq. 9. 

 d. From Eq. 10. 
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Engineering Geology 

Highlights 

 Jacking forces were backanalyzed using tangential parameters, c’t,p and 𝜙’t,p. 

 The reliability of c’t,p and 𝜙’t,p was assessed using finite element modeling. 

 Backanalyzed µavg was used to model the strength of pipe-rock interface elements. 

 Arching ratios were developed from σEV for post-analysis of modeling results. 

 The simulated results were in reasonable agreement with measured jacking forces. 
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