
  

 

1. INTRODUCTION 

There has been a growing need for trenchless technology for 

the construction of various pipelines. This trend has been 

evidenced by its implementation in the installation of trunk 

sewers in Kuching, Sarawak. Sewer lines comprising of 

concrete pipes were installed using micro-tunnelling by 

pipe-jacking. This method was elected over conventional 

open trench methods due to the minimised socio-economic 

disruption and pollution. However, the technicalities of such 

tunnelling works required specialist expertise. During the 

jacking process, various components were necessary for the 

works to proceed. The capacity of the microtunnel boring 

machine (MTBM), the application of lubrication, the capacity 

of main jacks, the use of intermediate jacking stations, and the 

design of jacking pipes are constituents of the synchronous 

system for successful pipe-jacking. A key factor affecting the 

above components is the frictional jacking load. 

2. BACKGROUND 

Studies have been carried out to investigate the behaviour of 

jacking loads during the pipe-jacking process. Pioneering 

studies on pipe-jacking were carried out by researchers at 

Oxford University, U.K. Norris & Milligan [1] detailed drives 

entailing instrumented concrete jacked pipes were carried out. 

Instrumented pipes were outfitted with pore pressure probes, 

contact stress transducers, extensometers, and other 

monitoring equipment. Data on variations of normal stresses 

and pore pressures on the instrumented pipes provided 

valuable early insight into the effects of lubrication on jacking 

stresses [2, 3]. Pellet-Beaucour & Kastner [4] studied the 

influence of various parameters on the build-up of frictional 

forces for drives in varying soil conditions across France. The 

authors proposed two frictional force models in their analyses. 

Staheli [5] studied the behaviour of pipe-soil interface friction 

by conducting laboratory shear box tests. Sand specimens 

were applied normally on pipe crown segments of varying 

roughness. A similar test was carried out by Shou et al. [6], 

with the addition of lubrication. Interface frictional 

coefficients were derived from the shear box tests and 

verified using three-dimensional finite element modelling. 

The experiences and results reported by these researchers 

have been carefully reviewed and understood, so as to ensure 

that the methodologies reported in this paper are within 

acceptable conditions and practice. 

3. SHEAR BOX TESTING OF EXCAVATED SPOILS 

2.1 Direct shear test and geology 

Due to the weathered nature of the ‘young’ sedimentary and 

metamorphic rock of the Tuang Formation in the Kuching 

City area, intact and competent rock cores (≥100mm in 

length) are usually difficult to obtain during Soil 

Investigation works, thus making the strength parameters (c’ 

and ’) for these weathered rocks rather elusive. Rock Quality 

Designation (RQD) may not be the best indication of rock 

strength as the values are usually zero or close to zero due to 

its friableness. However, this observation does not 

necessarily represent the in-situ strength of the rock mass as a 

whole. Hence, performing direct shear tests where excavation 

spoils  are  reconstituted   with  appropriate   confining   stress  
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during testing may be a worthwhile and feasible method.  

Direct shear test was conducted using the GeoComp 

ShearTrac-II direct shear system (Figure 1). The ShearTrac II 

system enables full automation of shear box testing. 

Automation of the test ensures repeatability of testing regime. 

 

 
Figure 1 ShearTrac II direct shear system 

 

Control of the ShearTrac II system is achieved through the 

use of the SHEAR software. Users are given control over the 

shear box testing regime by inputting the desired 

consolidation stresses and shear strain rates. Results from 

tests are generated regularly in terms of horizontal and 

vertical displacements, as well as shear stresses along the 

shear band. The ability of the user to obtain results at a 

high-resolution allows for close scrutiny of tests. The 

ShearTrac II system is also able to maintain the consolidation 

and confining pressures throughout the test, from the 

consolidation stage through to the shearing stage.  

 
 

 

 

2.2 Collection of excavated spoils 

Excavated spoils were collected from the slurry separation 

plant (also known as desander). The excavated spoils were 

transported from the MTBM face through suspension in a 

pressurized slurry transport system and discharged in the 

desander. The desander recycles the slurry through filtration 

and segregates the spoils from the slurry. The slurry is then 

pumped back through the slurry supply line, back to the TBM 

face. Figure 2 shows approximate chainages at which 

excavated spoils were collected for testing. 

2.3 Shearbox testing and results 

Test samples were prepared according to AS1289.6.2.2-1998 

[7]. Scalping of samples was carried out according to the 

allowances stated in the above-mentioned standard. The test 

samples consisted of grains passing the 2.36mm sieve, and 

retained by the 75μm sieve. Such scalping method has already 

been carried out by Bagherzadeh-Khalkhali & Mirghasemi 

[8]. Scalping was deemed necessary as preliminary shear box 

testing showed large fluctuations, particularly beyond the 

peak stress threshold. The consolidated drained shear box 

tests were conducted with samples placed in the reservoir 

filled with distilled water. Shearing was initially carried out at 

three confining pressures σ1, i.e. 170kPa, 180kPa, and 

190kPa. These were approximate in-situ stresses acting on the 

pipe. Two further sets of tests were conducted at confining 

pressures of 100kPa and 250kPa, for better data distribution 

when measuring the respective strength characteristics. 

 

Table 1 Results from shearbox testing on excavated spoils 

Sample 
number 

σ1 
(kPa) 

Peak strength 
characteristics 

Residual strength 
characteristics 

τpeak 

(kPa) 

ϕpeak 

(°) 

cpeak 

(kPa) 

τres 

(kPa) 

ϕres 

(°) 

cres 

(kPa) 

Sample 1 

100 117 

36 49 

96 

28 37 

170 179 128 

180 171 128 

190 186 134 

250 227 178 

Sample 2 

100 183 

49 78 

112 

47 4 

170 282 201 

180 282 203 

190 282 204 

250 360 275 

 

Table 1 above tabulates the results from shear box tests on the 

spoils. Generally, higher confining pressures, σ1 resulted in 

larger shear strengths, τpeak and τres. Strength characteristics 

were interpreted according to the Mohr-Coulomb failure 

criterion. Sample 2 showed higher strength characteristics 

than Sample 1 at both peak and residual strains. This is 

attributed to the particle shapes of the respective samples, 

with Sample 2 exhibiting generally angular particles as 

compared to the rounded particles of Sample 1 (Figure 3). As 

expected, peak strength parameters were generally higher 

than the residual counterparts for both samples. This is 

particularly evident for Sample 1. For Sample 2, the decrease 

in strength from peak to residual states was significantly due 

to a loss of cohesion. There was minimal observed decrease in 

friction angle of Sample 2. The residual strength of the 
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Figure 2 Estimated locations where Sample 1 (sandstone) 

and Sample 2 (metagraywacke) were collected as 

excavation spoils from slurry 



  

samples is thought to mimic the excavation process better as 

the in-situ rock mass is expected to be crushed till failure by 

the roller cutter bits found at the face of the MTBM. Besides, 

the continuous jacking process involved in the installation of 

pipes is also analogous of a shearing process in large–strain 

condition. The test results obtained were subsequently 

utilized for the prediction of frictional jacking forces. 

 

  
Figure 3 (left) Sample 1 (spoils of sandstone); 

(right) Sample 2 (spoils of metagraywacke) used for 

direct shear tests 

3. ANALYSIS OF FRICTIONAL JACKING FORCES 

In the pipe-jacking process, jacking forces comprise of soil 

pressures acting on the face of the MTBM and normal 

stresses accumulating along the outer peripheral surface of 

the pipeline. The frictional component nominally forms the 

major portion of the jacking loads as the pipe-soil contact area 

increases with jacking progress. 

3.1 Frictional jacking force equation 

Frictional forces have been the subject of much research. The 

work carried out by Pellet-Beaucour & Kastner [4] employed 

the model shown in Eq.(1), which is expressed as a function 

of vertical soil stress on the pipe crown, σEV as in Eq. (2). 
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L is the length of the pipe string, De is the outer diameter of 

pipe, γ is the soil unit weight of ground cover, h is the height 

of cover at the pipe crown, K is the coefficient of lateral soil 

pressure, δ is the angle of wall friction in the shear plane, b is 

the influencing width of soil above the pipe. μ is the 

coefficient of soil-pipe friction, expressed as 

 tan  (3) 

Pellet-Beaucour & Kastner [4] suggested upper limit values δ 

= ϕ, and lower limit values of δ = ϕ⁄2 or ϕ⁄3 for soil-structure 

interaction calculations. They also reported values for b, δ 

and K by various organizations (Table 2). 

Staheli [5] and Pellet-Beaucour & Kastner [4] further 

reported the use of some values of friction coefficient, μ. 

These values were obtained from Stein et al. [9]. 

Table 2 Summary of various parameters for use with 

frictional model by Pellet-Beaucour & Kastner [4] 
b δ K 
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Table 3 Friction coefficient values for various friction 

states from Stein (as summarized in Ref. [4]) 

 
Static 

friction 

Sliding 

friction 

Fluid friction 

(lubrication) 

Concrete on gravel 

or sand 
0.5 – 0.6 0.3 – 0.4 

0.1 – 0.3 

Concrete on clay 0.3 – 0.4 0.2 – 0.3 

Asbestos or 

centrifuged 

concrete on gravel 

or sand 

0.3 – 0.4 0.2 – 0.3 

Asbestos or 

centrifuged 

concrete on clay 

0.2 – 0.3 0.1 – 0.2 

3.2 Case study for back-analysis 

A case study was considered for a drive negotiating through 

the geology of the Kuching inner city area. The pipeline lies 

embedded in rock, with the crown at a level 9.5m below 

ground surface. The 103m alignment of 1.2m diameter 

concrete pipes traversed sandstone and metagraywacke 

(metamorphic) synonymous with the Tuang formation. As 

reported by Tan [10], the metagraywacke encountered in the 

Tuang formation is characterised as weathered, with 

occurrences of quartz veins. This was consistent with findings 

from soil investigation works. Metagraywacke in the Tuang 

formation is often found interbedded with moderately 

weathered phyllite. 

The tunnel was excavated using an Iseki Unclemole Super 

TCS 1200. The closed-face MTBM had an outer diameter of 

1.472m, creating a theoretical overcut annulus of 19mm 

around jacking pipes of outer diameter 1.434m. As mentioned 

earlier, the MBTM used the slurry transport system for 

maintaining a stable tunnel face, as well as for the 

transportation of excavated spoils. A shield embodied the 

machinery in the MTBM, with a succeeding sleeve attached. 

The cutter face was outfitted with four roller cutters arranged 

on the face, and three roller cutters at the peripheral for 

formation of the overcut. 

Site data of measured jacking loads (Figure 4) from the earlier 

described site was used for benchmarking against predicted 

frictional forces. Site data could be generalised under two 

drive sections. The jacking forces within the initial drive 

portion (Section 1 – 0 to 60m) accumulated within a lower 

bound of 7kN/m and an upper bound of 12kN/m. The latter 

drive portion (Section 2 – 60m to 108m) exhibited gains in 

frictional loads of between 71kN/m (upper bound) and 

41kN/m (lower bound). The positions where the samples 

were collected from are entailed in Figure 4 below, including 

the respective shear box test results. 



  

  
Figure 4 Back-analysed upper and lower bound jacking 

forces with respect to measured values including effect of 

stoppages in jacking in Section 2 only 

 

Using Eqs. (1), (2) & (3) together with the residual strength 

properties of the excavated spoils, the required frictional 

coefficients for back-analysis were determined and presented 

in Figure 4. 

The results were based on the Terzaghi set of parameters from 

Table 2. For the initial portion of the drive, the back-analysed 

frictional coefficients were 0.19 (lower-bound) and 0.21 

(upper-bound), while those for the latter portion of the drive 

were 0.30 (lower-bound) and 0.42 (upper-bound). With 

reference to Table 3, the lower-bound coefficients of friction 

lie within the range of values reported for lubricated drives. 

The upper-bound frictional coefficient lies beyond the range 

of acceptable values for lubricated drives. 

3.3 Effect of stoppage on jacking forces 

In Section 2 of the drive, the disparity between upper and 

lower bounds for the coefficients could be explained by the 

stoppages in jacking works. Jacking forces in this latter 

section have been segregated as shown in Figure 5, thus 

Figure 5 shows jacking forces associated with only on-going 

jacking works. Frictional coefficients for the lubricated 

Section 2 are seen to have reduced to 0.32 (lower-bound) and 

0.34 (upper-bound). These coefficient values were slightly 

above the upper limit of the corresponding values reported in 

Table 3 (under lubrication component). Figure 6 shows 

jacking forces, with forces attributed to stoppages presented 

for Section 2 of the drive. Frictional coefficients for Section 2 

are 0.36 (lower-bound) and 0.42 (upper-bound), which are 

generally higher as re-start of jacking works after periods of 

stoppages  are  known  to   induce   greater   static   frictional 

 
Figure 5 Back-analysed upper and lower bound jacking 

forces with respect to measured values, but with effect of 

stoppages excluded from Section 2 only 

 

resistance and effects of lubrication are usually mitigated at 

this initial stage of work. This is confirmed by the 

back-analysed coefficients, which are comparable to those for 

unlubricated sliding friction for concrete on gravel or sand as 

per Table 3. 

 
Figure 6 Back-analysed upper and lower bound jacking 

forces with respect to measured values, with only effect of 

stoppages in Section 2 only 

Sample 1 

ϕpeak = 36° 

cpeak = 49kPa 

 

ϕres = 28° 

cres = 37kPa Sample 2 

ϕpeak = 49° 

cpeak = 78kPa 

 

ϕres = 47° 

cres = 4kPa 



  

 
 

 

 

 
Figure 8 Development of jacking force and elapsed time 

in relation to stoppages and volume of lubricant injected 

into tunnel overcut 

 

Figure 7 shows the ‘dynamic’ propagation of friction 

coefficients during different stages of work in the 

pipe-jacking process as had been described in detail earlier 

and interpreted from Figures 4, 5 and 6. 

Figure 8 illustrates the occurrences of extended stoppages, 

where sudden increments in jacking forces have been 

previously presented. These were not weekend stoppages as 

jacking was on-going through the weekends. Such stoppages 

in work could have been due to major maintenance works, 

possibly from the replacement of roller cutters. During such 

stoppages, lubricant injected into the overcut around the pipe 

peripheral could be lost through fissures in the surrounding 

geology as shown schematically in Figure 9.  

 

 
 

 

 

The pressure for lubricant injection would also be relieved, 

mitigating any buoyancy effect that may have reduced the 

frictional forces. The effect of loss of buoyancy supporting 

the weight of the pipe could result in higher pipe-soil contact 

area. There was an observed change of the lubricating regime 

in Section 2 of the drive, particularly upon the advent of the 

third major stoppage. This increase in the volume of lubricant 

(from 170 litres to 800 litres per metre run) was in reaction to 

the increased rate of frictional loads upon transition from 

Section 1 to Section 2 of the drive. However, this intensified 

effort had only been initiated after several spikes in the 

jacking load had been accrued. 

4. CONCLUSIONS 

This paper has highlighted the potential of using direct shear 

testing of excavation spoils to obtain residual strength values 

of geologically ‘young’ weathered rock to predict jacking 

forces. The main advantage of using reconstituted excavation 

spoils as specimens is the ability to obtain rock strength 

parameters which otherwise would be elusive as intact and 

competent rock cores (≥100mm in length) are usually 

difficult to obtain in such weathered and friable conditions. 

One of the main factors affecting the accuracy of the 

back-analysis of the lower and upper bound jacking forces is 

the ‘dynamic’ or fluctuation nature of the coefficients of 

friction as the pipes penetrate into differing geology within a 

similar drive and also due to its construction activity (whether 

jacking is on-going or stopped for maintenance). The 

back-analysed coefficient of friction seems to be also affected 

by the fact that whether the drive is fully or partially 

Jacking 

pipe 

Loss of lubricant 

into fissures 

Partial lubrication 

in overcut due to 
fissures 

Full lubrication in 

overcut  

0 0.2 0.3 0.4 0.5 0.6 0.1 

Fluid friction 

(lubrication) 

Concrete-clay 

(sliding) 

Concrete-clay 

(static) 

Concrete on 

gravel or sand 

(static) 

Concrete on 

gravel or sand 

(sliding) 

Section 1 (on-going) 

μ = 0.19 (lower) 

Section 1 (on-going) 

μ = 0.21 (upper) 

Section 2 (during jacking) 

μ = 0.32 (lower) 

Section 2 (during jacking) 

μ = 0.34 (upper) 

Section 2 (stoppages) 

μ = 0.36 (lower) 

Section 2 (stoppages) 

μ = 0.42 (upper) 

μ 

Figure 7 'Dynamic' behaviour of coefficient of friction 

during various stages of the pipe jacking process 

Figure 9 Schematic idealisation showing loss of 

lubrication through fissures in a rock mass 



  

lubricated. Hence, soil-structure interaction is indeed an 

important consideration in any pipe-jacking work. 

Jacking forces have been observed to have increased during 

the re-start of jacking activities after periods of stoppages as 

more thrust is required to overcome static frictional resistance 

prior to the realisation of the positive benefits of lubrication. 

However, it is the intention of the Authors to carry out more 

tests to further verify the reliability of this method for a wider 

variety of local rock types, especially in geologically ‘young’ 

weathered rock. 
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