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Abstract: A method of backanalysis was used for the assessment of pipe-jacking forces 24 

from three pipe-jacking drives in laminated shale and interbedded lithological units of 25 

metagraywacke, siltstone, greywacke and phyllite found in the highly weathered and fractured 26 

lithologies of the Tuang Formation (Malaysia). Direct shear tests were conducted on 27 

reconstituted tunneling rock spoils sampled from three pipe-jacking sites. The direct shear test 28 

results were initially assessed using the Mohr-Coulomb failure criterion, which demonstrated 29 

severe shortcomings in capturing the nonlinear shear strength behavior of the reconstituted 30 

tunneling rock spoils. Subsequently, a simple power law function was proposed together with 31 

the generalized tangential method to obtain useful equivalent tangential cohesion, c’t,p and 32 

friction angle, 𝜙’t,p for the assessment of pipe-jacking forces in fractured lithologies. The 33 

outcomes from this study show that the tangential Mohr-Coulomb strength parameters can be 34 

used to backanalyze the frictional coefficient, µavg and the vertical stress at the tunnel crown, 35 

σEV. These backanalyzed values were successfully related back to the measured jacking forces 36 

and jacking speeds for pipe-jacking drives in various geological conditions and lubrication 37 

efforts. The use of the backanalyzed parameters c’t,p, 𝜙’t,p, µavg and σEV in the assessment of 38 

pipe-jacking forces from highly weathered rocks comprising of laminated and interbedded 39 

lithological units could lead to the prediction of jacking forces using numerical models. A 40 

companion paper to this study has also been produced to evaluate the reliability and suitability 41 

of these backanalyzed parameters for assessing pipe-jacking forces using the finite element 42 

method. 43 
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1. INTRODUCTION 47 

Conventionally, buried pipelines were installed using open-cut methods, entailing the 48 

creation of a trench through the removal of soil, followed by pipe laying and subsequent 49 

backfilling. The conventional open-cut method has become increasingly prone to political-50 

ecological restrictions, particularly in densely populated urbanized areas, where limited land 51 

and space can result in traffic diversions, exhaust fumes with associated health risks, damage 52 

to existing buried infrastructure and buildings and reduction in the life time of road surfaces 53 

[1]. 54 

This has led to the use of trenchless methods for pipeline installation in underground space. 55 

The use of trenchless technologies continues to be the preferred delivery method due to the 56 

advantages it presents over conventional open-cut trenching methods. These advantages 57 

include reduced traffic disruptions, mitigated risks of ground surface deformations and reduced 58 

utilities diversions [2]. Additionally, trenchless methods reduce the material quantities 59 

removed from site, resulting in reduced transportation and thus alleviating traffic disruptions. 60 

These advantages mean that trenchless technology methods are more cost-effective than open-61 

cut methods [3]. 62 

For these reasons, trenchless technology in the form of microtunneling by pipe-jacking was 63 

the preferred delivery method for the installation of trunk sewers in Kuching City, Malaysia, 64 

totaling 7.7 km in length, at depths of up to 25 m from the existing ground level. The trunk 65 

sewer lines were to be buried within the relatively young and weathered Tuang Formation, 66 

which is characterized by highly fractured lithological units of phyllite, shale, metagraywacke 67 

and sandstone [4]. This was revealed during soil investigation (SI) works, where the majority 68 

of extracted rock cores produced Rock Quality Designation (RQD) values of zero.  The lack 69 

of suitable rock core lengths, coupled with the absence of in-situ pressuremeter tests, created 70 

challenges in determining the in-situ rock strength properties. Therefore, an alternative 71 
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assessment method making use of reconstituted tunneling rock spoils was necessary to develop 72 

equivalent rock strength of phyllite, metagraywacke and sandstone origins [5, 6]. 73 

By applying the generalized tangential technique [5-9], equivalent tangential rock strength 74 

parameters, c’t,p and 𝜙’t,p were then developed and subsequently applied to the Pellet-Beaucour 75 

and Kastner [10] jacking force model in the back-analyses of jacking forces measured from 76 

drives in geology comprising shale and interbedded lithological units of metagraywacke – 77 

siltstone and greywacke – phyllite origins. Backanalyzed values of frictional coefficient, μavg 78 

were then developed and compared against the suggested values of μ for various frictional 79 

states, as shown in Table 1 [1]. The applicability and reliability of the developed equivalent 80 

strength parameters of rocks, c’t,p and 𝜙’t,p from the Tuang Formation and the respective 81 

backanalyzed frictional coefficient, μavg values are then validated through numerical modeling, 82 

which is discussed in a separate companion paper. 83 

2. METHODS TO DETERMINE JACKING FORCES 84 

The study of frictional pipe-jacking forces has been conducted using various approaches, 85 

ranging from statistical approaches [11], to empirical observations [12] and field studies 86 

involving the use of full-scale instrumented pipes [13-16]. Experimental studies were also 87 

conducted in laboratory scale setups, which developed from interfacial direct shear tests 88 

conducted on soils against various construction materials [17, 18], leading to the use of direct 89 

shear testing modes in laboratory tests between soils and pipe materials [19-21]. 90 

Pellet-Beaucour and Kastner [10] developed a jacking force model based on a study of nine 91 

pipe-jacking drives traversing various soil conditions in France. Two approaches were 92 

considered in the assessment of jacking forces; the first considered arching in assessing the soil 93 

stresses acting on the outer periphery of the driven pipeline. The model incorporated the soil 94 

arching phenomenon, as observed by Terzaghi [22] in his classical trapdoor experiment. When 95 

an excavation is created in a soil mass, the in-situ soil stresses are disturbed, causing a 96 
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redistribution and relaxation of soil stresses around the excavation. The soil arching 97 

phenomenon can be significant in pipe-jacking, as the accrued frictional resistance along the 98 

outer periphery of the pipeline is dependent on the stresses exerted onto the pipe from the 99 

surrounding rock mass. The Pellet-Beaucour and Kastner [10] jacking force equation is given 100 

in Eq. (1), which is subsequently expressed in terms of σEV, which is defined as the relief in 101 

vertical soil stresses at the pipe crown due to soil arching, as shown in Eq. (2). 102 
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where F = total frictional jacking force; L = pipe span; De = outer pipe diameter; γ = soil unit 105 

weight; h = soil cover from the ground level to the pipe crown; K = lateral earth pressure 106 

coefficient; K2 = thrust coefficient of soil acting on the pipe, with a suggested value of 0.3 [23]; 107 

C = soil cohesion; and 𝜙 = soil internal friction angle. 108 

The second approach developed by Pellet-Beaucour and Kastner [10] assumed that the 109 

frictional resistance accrued along the pipe-soil interface was attributed to the pipe weight. This 110 

approach is given in Eq. (3) as 111 
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where, 
F

L
 = frictional force per metre run; μw = frictional coefficient due to pipe weight; 113 

W = dead weight of the pipeline per meter run; γl = unit weight of either groundwater or 114 

bentonite slurry; and De = external diameter of the pipeline. 115 
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When the weight of the pipe is less than that of the groundwater or bentonite in the overcut, 116 

i.e. 
2

4

e
l

D
W     , the pipe is considered to be buoyant. In this state, the heavier groundwater 117 

or bentonite would induce uplift on the pipe, resulting in pipe-soil contact at the pipe crown, 118 

thereby incurring friction forces at the tunnel roof. Alternatively, when the weight of the pipe 119 

is greater than that of the groundwater or bentonite in the overcut, i.e. 
2

4

e
l

D
W     , the effect 120 

of buoyancy is compromised, causing the pipe to sink within the bored tunnel. This results in 121 

pipe-soil contact at the pipe invert, resulting in the accrual of frictional resistance at the base 122 

of the bored tunnel friction. 123 

The majority of such studies were applicable to pipe-jacking drives traversing soil. The 124 

applicability of findings resulting from these studies may be limited, particularly for drives 125 

through highly fractured and weathered geological formations, such as those found in Kuching 126 

City, Malaysia. During the implementation of a centralized wastewater management system, 127 

pipe-jacking was the selected method for the installation of 7.7 km of subsurface trunk sewer 128 

pipelines, beneath the congested central business district of Kuching City. The jacked pipelines 129 

negotiated the pre-Upper Carboniferous Tuang Formation [4], which characterizes the 130 

geological conditions covering approximately 27 km2 of the sub-surface terrain beneath 131 

Kuching City. The Tuang Formation features lithological units of sandstone, shale, phyllite and 132 

metagraywacke, in steeply-dipping and strongly folded sequences and interbedding is not 133 

uncommon. The lithological units are intensely fractured, irregular and poorly sorted. The 134 

highly fractured and weathered nature of the Tuang Formation was observed by Ong and Choo 135 

[24] and Choo and Ong [5] during the extraction of rock cores in soil investigation (SI) works, 136 

where majority of the recovered cores were found to have Rock Quality Designation (RQD) 137 

value of zero. Rock cores retrieved from the highly weathered Tuang Formation are shown in 138 

Fig. 1. 139 
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Due to the challenges in recovering rock cores of suitable lengths from the friable lithologies, 140 

it was not practically possible to assess the in-situ rock strength parameters and the anisotropy 141 

of the rock mass. Hence, it was necessary to develop an alternative method for the estimation 142 

of equivalent rock strength parameters from tunneling rock spoils sampled from on-site 143 

decantation chambers. Equivalent rock strength parameters (nonlinear and tangential) were 144 

derived through reconstituting the tunneling rock spoils (sand-sized particles) in a direct shear 145 

apparatus under appropriate confining pressures. The reconstitution of excavated spoils 146 

allowed for the recreation of the highly weathered, intensely fractured, poorly sorted ‘soft 147 

rocks’, which exhibited soil-like behavior [5]. Direct shear tests were then performed on the 148 

reconstituted tunneling rock spoils, from which equivalent rock strength parameters were 149 

developed and subsequently applied to the well-known Pellet-Beaucour and Kastner [10] 150 

jacking force model. 151 

3. DIRECT SHEAR TESTING OF RECONSTITUTED TUNNELING ROCK 152 

SPOILS 153 

In the current study, three pipe-jacking drives were studied. During the SI works, rock cores 154 

(less than 100 mm length) were extracted from the locations of pipe-jacking shafts. 155 

Petrographic analyses of thin sections were conducted on the rock cores. Fine-grained shale 156 

(see Fig. 2(a)) composed mainly of clay minerals, silt-sized quartz, tiny flakes of mica and 157 

carbonaceous materials. Metagraywacke (see Fig. 2(b)), also known as fine-grained sandstone, 158 

was made of poorly sorted angular to subangular quartz grains, feldspar grains and other rock 159 

fragments, in a matrix of fine-grained quartz, sericite, chlorite and clay minerals. Siltstone (see 160 

Fig. 2(c)) composed of silt-sized quartz grains, cemented by clay minerals and fine quartz. 161 

For these pipe-jacking drives, the pipelines negotiated the lithological units described in the 162 

petrographic analyses. The excavated spoils were conveyed from the tunnel face to decantation 163 

chambers at the ground surface through the use of a slurry transport system. This mixture of 164 
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slurry and tunneling excavated spoils was passed through screens. The segregation of slurry 165 

from excavated spoils allowed for the re-use of slurry for repeated transportation of spoils from 166 

the tunnel face. This also allowed for the sampling of excavated tunneling spoils. The sieve 167 

analyses of the sampled tunneling rock spoils were conducted according to ASTM D422-63 168 

[25] and the particle size distributions are presented in Fig. 3(a). The results from the sieve 169 

analyses are presented in Table 2. The achieved relative unit weights and applied normal 170 

stresses have also been reported.  171 

3.1. Preparation and Testing of Reconstituted Tunnelling Rock Spoils 172 

For the preparation of direct shear test samples, scalping was performed on the excavated 173 

tunneling rock spoils so that the scalped samples comprised of sand-sized grains. Scalping was 174 

also performed to meet the specifications stated by ASTM [26] and Standards Australia [27]. 175 

The scalped spoils from Drives A and C (Tests 1 and 3) can be classified as poorly graded 176 

sand-sized tunneling rock spoils, while the spoils from Drive B (Test 2) can be classified as 177 

well-graded sand-sized tunneling rock spoils [28, 29]. The particle size distributions of the 178 

scalped samples are presented in Fig. 3(b).  179 

Tests were conducted on tunneling rock spoils collected from three pipe-jacking drives 180 

using the Geocomp Shear-Trac II automated direct shear testing apparatus. The automated 181 

system allowed for full control and automation of input parameters, such as consolidation, 182 

normal stresses, strain rates for shearing and direction of shearing. Furthermore, this setup 183 

allowed for the monitoring of applied normal stresses and measurement of specimen 184 

deformation in the vertical direction, and measurement of shear stresses and monitoring of 185 

applied shear displacement in the horizontal direction. Measurements were made at close 186 

intervals of 0.002 mm. The applied strain rate was adopted at 0.0017 mm/sec. This was 187 

significantly lower than the recommended rate given by ASTM [26] for clean dense sands, 188 
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which was 5 mm for 600 sec, resulting in a shear strain rate of 0.0083 mm/sec. This would 189 

allow for the dissipation of excess pore pressures during testing, if any. 190 

As stated earlier, test specimens were subjected to normal stresses as reported in Table 2. 191 

The normal stresses were chosen to include the in-situ stress conditions along the drive, and 192 

over a range which would adequately show any potential stress-dependency in the behaviour 193 

of the tested specimens. These normal stresses were applied under constant normal load (CNL) 194 

conditions, so as to reflect the in-situ stress conditions along the pipe-jacking drives. The 195 

reconstitution of excavated tunnelling rock spoils under CNL conditions would simulate the 196 

‘soft rock’ behaviour of the traversed lithologies. 197 

3.2. Results of Direct Shear Testing 198 

The results of the direct shear tests are shown in Figs. 3, 4 and 5 for Tests 1, 2 and 3, 199 

respectively. All tested materials exhibited an increase in shear stresses with increasing applied 200 

normal stresses. This was apparent for both peak and residual shear stresses. At relatively lower 201 

applied normal stresses, the difference between peak and residual shear stresses was not 202 

apparent. This was particularly evident in Test 2 (see Fig. 5) on scalped tunneling spoils of 203 

metagraywacke interbedded with siltstone, where tests were conducted at relatively low 204 

applied normal stresses of 25 kPa, 50 kPa and 75 kPa. Peak stresses became progressively 205 

distinct with increasing applied normal stresses, particularly for Test 1 (see Fig. 4) and Test 3 206 

(see Fig. 6). Tests at larger normal stresses required larger applied horizontal displacements to 207 

reach peak shear stress levels. Further horizontal displacements resulted in post-peak strain 208 

softening, causing a reduction in shear strength from peak to residual states. Upon realization 209 

of the residual state, no significant changes in the residual shear strengths were observed, 210 

despite additional horizontal displacements. 211 

The description hereinafter is based on the four-stage shearing model [30]. In the initial 212 

stages of the tests, contractions of the test specimens were observed, followed by dilation (at 213 
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relatively high applied normal stresses) or reduced contraction (at relatively low applied normal 214 

stresses). This change in the initial vertical deformation of the test specimens marked a 215 

transition from ‘end zone deformation (Stage 1)’ into ‘particle interlocking (Stage 2)’, as 216 

described by Li and Aydin [30]. In Stage 1, initial volumetric contractions were observed 217 

together with the increase in shear strengths. Densification of the specimen led to Stage 2, 218 

where the contraction in the volume of the specimen restricted the movements of particles, 219 

known as particle interlocking. This was evidenced by dilation of the tested specimen for tests 220 

at low applied normal stresses, or a reduction in contractions for tests at high applied normal 221 

stresses. The greatest rate of change (or point of inflexion) in vertical deformation 222 

corresponded with peak shear stresses. In Figs. 3, 4 and 5, the dependency of peak shear 223 

stresses on applied horizontal displacements was shown as a rightwards shift of the peak 224 

stresses with increasing normal stresses. This was corroborated by the rightwards shift of the 225 

point of inflexion in the vertical deformations. 226 

Further horizontal displacements culminated in post-peak strain softening, where shear 227 

strength reduced from peak values to residual values. This was due to shear zone formation 228 

(Stage 3). With the deceleration in vertical deformation, particles along the potential shear zone 229 

were restructured, undergoing rotation and rolling. This forms a steady loose band of particles, 230 

known as the shear zone. This post-peak strain softening phenomenon was most evident in Test 231 

1 (see Fig. 4) and Test 3 (see Fig. 6). The final stage (Stage 4) was marked by the occurrence 232 

of steady shear. According to Li and Aydin [30], no further changes in shear stress or specimen 233 

volume are observed in Stage 4. This may have been applicable for tests on spherical particles, 234 

from which the four-stage shearing model was developed. From the current study of direct 235 

shear tests on excavated tunneling rock spoils, there were no further changes in shear stresses. 236 

However, specimen volumes in the residual stage continued to change, as exhibited in Test 1 237 

on shale spoils (see Fig. 4), where the test specimens continued to contract. High inter-particle 238 
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contact stresses resulted from the angular and flaky shale particles, due to the presence of mica 239 

flakes. This resulted in the occurrence of particle breakages, even in the residual stage of the 240 

test. For Test 2 on spoils of metagraywacke interbedded with siltstone (see Fig. 5), the final 241 

stages of the tests showed dilation at relatively low applied normal stresses and contraction at 242 

relatively high applied normal stresses. The quartz grains observed through petrographic 243 

analyses of metagraywacke and siltstone were described as angular to subangular. This implied 244 

that the geometry of the quartz grains allowed the metagraywacke and siltstone spoils to be 245 

less susceptible to inter-particle stress concentrations, as compared to the highly angular and 246 

flaky shale. 247 

4. DEVELOPMENT OF EQUIVALENT ROCK STRENGTH PARAMETERS 248 

4.1. Mohr-Coulomb Failure Criterion 249 

From direct shear testing, the strength properties of the reconstituted tunneling rock were 250 

assessed. Initially, the shear strengths of the tested materials were developed in terms of Mohr-251 

Coulomb (MC) parameters, i.e. apparent cohesion, c and friction angle, 𝜙. The use of the 252 

simple linear MC failure criterion was a convenient approach as most established jacking force 253 

models make use of MC strength parameters [12, 20, 31]. By using regression lines of best fit 254 

through the results obtained from direct shear testing, elastoplastic MC failure criterion was 255 

developed for each material. The interpreted regressive MC parameters are shown in Table 4. 256 

From Figs. 3, 4 and 5, it is clear that the reconstituted tunneling rock spoils exhibited 257 

nonlinearity and stress-dependency in the respective shear strengths. This nonlinearity was 258 

particularly evident for Test 2 (see Fig. 5(c)), where tests were conducted at relatively low 259 

effective stresses of 25 kPa, 50, kPa and 75 kPa. These tests at low effective stresses were 260 

conducted to assess the presence of an ‘apparent cohesion’. Tests at these low effective stresses 261 

indicated that the shear strength of the reconstituted tunneling rock spoils tended towards the 262 
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origin, indicating an absence of any apparent cohesion. This highlighted inadequacies in using 263 

the simple, linear MC model for strength characterization of the tested materials, especially 264 

when the reconstituted tunneling rock spoils exhibited nonlinear strength characteristics. Using 265 

a regression line to represent the shear strength of the tested materials resulted in shear strengths 266 

at low or high stresses being over-estimated and shear strengths at intermediary stress levels 267 

being under-estimated [5]. 268 

The shortcomings of the regressive MC failure criterion and misinterpretation of the 269 

apparent cohesion can be highlighted by evaluating the variation of normalized secant friction 270 

angle, tan(𝜙’sec) / tan(𝜙’) with effective normal stress, σ’, as shown in Figs. 6 and 7 for peak 271 

values and residual values, respectively. For the current study, secant friction angles were 272 

normalized to allow for comparisons between the tested materials. Secant friction angles have 273 

been used to show the nonlinearity in the shear strengths of stiff clays and clay shales [32, 33], 274 

claystones [34] and crushable sands [35]. These materials exhibited decreasing secant friction 275 

angles with increasing applied normal stresses. Similar observations were made for the 276 

reconstituted tunneling rock spoils tested herewith. 277 

For both peak and residual states, the use of apparent cohesion, c’ results in the gradual 278 

reduction of secant friction angle, 𝜙’sec with increasing effective normal stresses, σ’. This was 279 

particularly evident for Tests 2 and 3 (see Figs. 4 and 5), which demonstrated significant values 280 

of apparent cohesion, c’p and c’r. When cohesion approached zero, as shown in the residual 281 

results for Test 1 (see Fig. 4), the curves of tan(𝜙’sec) / tan(𝜙’) with σ’ approached a horizontal 282 

line, intersecting the vertical axis at tan(𝜙’sec) / tan(𝜙’) = 1. 283 

The studied pipe-jacking drives negotiated subsurface depths corresponding with a range of 284 

effective overburden pressures, σ’v of 172 kPa to 256 kPa. For Test 2 in the peak state (see Fig. 285 

6), this corresponded with a decrease in normalized secant friction angle, tan(𝜙’sec) / tan(𝜙’) 286 
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from 1.20 radians to 1.14 radians, implying that the use of apparent cohesion, c’ can vary the 287 

normalized secant friction angle. 288 

The inadequacies of using the linear MC failure criterion in assessing the strength behavior 289 

of the reconstituted tunneling rock spoils have been highlighted. These shortcomings could 290 

result in an inappropriate assessment of jacking forces for the studied drives. The use of the 291 

Hoek-Brown failure criterion would have possibly addressed the demonstrated stress-292 

dependency of the tested rocks. However, the Hoek-Brown criterion requires the uniaxial 293 

compressive strength (UCS), σci, which can only be measured from sufficiently intact lengths 294 

of rock cores. Due to the difficulties in extracting intact and continuous core lengths for UCS 295 

testing in the presented ‘soft rock’ lithologies (see Fig. 1), the use of power law functions based 296 

on the earlier direct shear test results was considered.  297 

4.2. Power Law Function 298 

Power law functions have been used to characterize the nonlinearity of particulate 299 

geomaterials for various geotechnical applications [36], including the assessment of slope 300 

failures [8, 37, 38] and passive thrust on retaining walls [9]. The use of power law functions 301 

for characterizing the shear strength of rockfills has been extensive [5, 39-41]. A simple power 302 

law function was introduced by De Mello [42], given as 303 

  B
A '   (4) 304 

where A and B are dimensionless experimental constants. The magnitude of the power function 305 

is controlled by the coefficient A, whereas the curvature of the power function is controlled by 306 

the exponential B. For the pipe-jacking drives studied herewith, the developed A and B values 307 

for peak and residual states are presented in Table 4. Generally, peak values of the A parameter, 308 

Ap were higher than those for the residual state, Ar. This reduction in the magnitude of shear 309 

strengths from peak to residual states is well understood and is depicted in the performed direct 310 
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shear tests by post-peak strain softening (see Figs. 3, 4 and 5). The decrease in the A parameter 311 

corresponded with the increase in the B exponents, Bp and Br from peak to residual states. This 312 

was indicated by the reduction in the curvature of the nonlinear shear strength envelopes from 313 

peak to residual states. From these observations, an increase in A corresponded with a decrease 314 

in B. 315 

Table 3 shows the values of A and B developed from this study, compared against values 316 

reported by Charles and Watts [39], Choo and Ong [5] and De Mello [42]. From these studies, 317 

a plot of A vs B was developed, as illustrated in Fig. 9. There appears to be a coupling between 318 

A and B, as observed earlier, which is given as 319 

 18.4 19.1A B   (5) 320 

The simplified power law (see Eq. 4) is able to overcome the inadequacies of the MC failure 321 

criterion in addressing nonlinearity in the shear strength behavior of the reconstituted tunneling 322 

rock spoils. Despite this, the Pellet-Beaucour and Kastner [10] jacking force model is still 323 

reliant on the MC strength parameters, c’ and 𝜙’. Therefore, an additional step is required in 324 

order to develop useful values of c’ and 𝜙’ from the power law function. 325 

4.3. Generalized Tangential Approach 326 

As stated earlier, many well-known jacking force models are dependent on the use of MC 327 

strength parameters, i.e. apparent cohesion, c’ and friction angle, 𝜙’. However, the use of a 328 

regressive interpretation of the MC failure criterion has been shown to be inadequate in 329 

capturing the nonlinear stress-dependency of the shear strength of reconstituted tunneling rock 330 

spoils. The power law function was introduced to address this inherent nonlinearity, as 331 

demonstrated in Figs. 3, 4 and 5. For the power law function to be useful in well-established 332 

jacking force equations, which typically require Mohr-Coulomb strength parameters c and 𝜙, 333 
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the generalized tangential technique was used. This method has been thoroughly used to derive 334 

required MC parameters from nonlinear shear strength envelopes [5-9, 43]. 335 

As opposed to drawing a best fit line through available data points, tangential profiles were 336 

applied to the respective nonlinear power law envelopes at appropriate effective stresses. This 337 

was necessary due to the stress-dependency of the shear strength of the reconstituted tunneling 338 

rock spoils. For the assessment of jacking forces, the effective overburden pressures at the 339 

tunnel crown of the respective driven pipelines were chosen, i.e. the measurements used for 340 

determining σ’v as shown in Table 4. 341 

This allowed for the development of tangential MC strength parameters, c’t,p and 𝜙’t,p for 342 

peak states and c’t,r and 𝜙’t,r for residual states. The use of the generalized tangential approach 343 

is shown in Figs. 3, 4 and 5 for Tests 1, 2 and 3, respectively, with the developed tangential 344 

MC parameters tabulated in Table 4. In most cases, the development of tangential MC strength 345 

parameters and direct shear test would be used for interpreting and measuring the shear strength 346 

of soils. For these tangential MC strength parameters to be developed from direct shear tests 347 

on reconstituted tunneling rock spoils suggests that the highly weathered rocks demonstrated 348 

soil-like behaviour, are typically used for interpreting soil strength behaviour, the evidence has 349 

shown that the highly weathered rocks could be regarded as ‘soft rocks’, in that they 350 

demonstrated soil-like behaviour. 351 

5. CASE STUDIES 352 

The developed tangential MC strength parameters allowed for the assessment of the studied 353 

pipe-jacking drives. This was performed with the use of the Pellet-Beaucour and Kastner [10] 354 

jacking force model in the backanalysis of measured pipe-jacking forces traversing the highly 355 

weathered, highly fractured Tuang Formation. From Choo and Ong [5, 6], the application of 356 

peak tangential MC strength parameters to the MC parameters from the jacking force model 357 

(see Eqs. (2) and (3)) was proposed to be 358 
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 C = c’t,p (6) 359 

 𝜙 = 𝜙’t,p (7) 360 

where, C = apparent soil cohesion [10]; c’t,p = tangential peak effective cohesion; 𝜙 = soil 361 

internal friction angle [10]; and 𝜙’t,p = tangential peak effective friction angle. The use of peak 362 

tangential parameters was due to the arching phenomenon used in the Pellet-Beaucour and 363 

Kastner [10] pipe-jacking force model. Additionally, the unit weight of the soil/rock mass 364 

surrounding the driven pipelines is recommended to be represented by using an average soil 365 

unit weight, γavg, as shown in Fig. 10. This is given as 366 

 soil soil rock rock
avg

soil rock

h h

h h

 






 (8) 367 

where, hsoil = depth of soil from ground surface to top of rock layer; γsoil = unit weight of soil; 368 

hrock = depth of rock from top of rock layer to pipe crown; and γrock = unit weight of rock. This 369 

was necessary as the Pellet-Beaucour and Kastner [10] assumed homogeneity for the soil mass 370 

surrounding the tunnel. The applicability of soil arching theory from this jacking force model 371 

to the ‘soft rock’ pipe-jacking drives would reinforce the evidence from earlier direct shear 372 

testing that the traversed highly weathered rocks demonstrated soil-like behaviour. 373 

The subsequent case studies will demonstrate the application of the tangential MC strength 374 

parameters developed from direct shear tests on reconstituted tunneling rock spoils. This would 375 

lead to the development of backanalyzed frictional coefficients, µavg and vertical stress at the 376 

tunnel crown, σEV. These backanalyzed parameters could be used reliably to explain the accrual 377 

of pipe-jacking forces in terms of lubrication, the effects of geology, arching and construction 378 

activities [5]. A companion paper to this one [44] will evaluate the applicability of c’t,p, 𝜙’t,p, 379 

µavg and σEV through 3D finite element modeling of the studied pipe-jacking drives. The results 380 

from the backanalyses of jacking forces and measurements of pipe-jacking activities are shown 381 

in Table 5. 382 
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5.1. Drive A (Shale) 383 

Fig. 11 shows the jacking forces, jacking speeds and lubrication patterns for Drive A, which 384 

negotiated shale. The results of backanalysis of the jacking forces are illustrated in Fig. 12, 385 

showing the backanalyzed µavg in comparison to upper and lower bound values of µ for 386 

lubricated drives [1]. From Table 5, it was observed that 6.0 m of rock cores of shale were 387 

extracted, with an average RQD of 14.0%. Excavation of the rock at the tunnel face was 388 

performed using an Iseki Unclemole Super TCS 1500 microtunnel boring machine (MTBM). 389 

The driven concrete pipeline spanned a total length of 153 m at a depth of 21 m. The pipe-390 

jacking drive traversed an initial 73 m section of sand, followed by a subsequent 79 m section 391 

of shale. The current study focuses on the assessment of jacking forces through highly 392 

weathered and fractured rock, hence, only the latter shale section was studied. The jacking 393 

forces were segregated by a sand-shale interface. This interface was further indicated through 394 

measurements of lubrication and jacking speeds. Upon traversing the sand-shale interface, the 395 

average volume of injected lubricant for the shale section increased to 1,851 L/m, which was 396 

very much in excess of the theoretical overcut volume of only 113 L/m. This suggested that 397 

there were major losses of injected lubricant. Upon traversing into the shale section, the average 398 

jacking speeds reduced to an average of 12 mm/min, from approximately 50 – 100 mm/min in 399 

the sand section. 400 

Direct shear tests on shale spoils extracted from the receiving shaft of Drive A were 401 

conducted (Test 1, see Fig. 4). The interpreted tangential peak MC parameters were c’t,p = 21.7 402 

kPa and 𝜙’t,p = 38.7° at σ’v = 172 kPa (see Table 4). The result of σEV = 12.5 kPa indicates the 403 

presence of some arching effect, as compared to the effective overburden pressure of 172 kPa. 404 

From the backanalysis of JFmeas = 37.2 kN/m (R2 = 0.86), the corresponding backanalyzed µavg 405 

was 0.356. According to Stein [1], the back-analyzed µavg had exceeded the upper bound µ for 406 

lubricated drives, i.e. µ = 0.3 (see Fig. 12). This was attributed to the high consumption of 407 
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lubrication as mentioned earlier, due to losses from the overcut, thus resulting in the subsequent 408 

absence of buoyancy effects that reduces frictional resistance in pipe-jacking works. Therefore, 409 

excessive lubrication was necessary to compensate the excessive loss of lubricant, in order to 410 

advance the drive through shale, albeit at reduced jacking speeds. 411 

5.2. Drive B (metagraywacke – siltstone) and Drive C (greywacke – phyllite) 412 

Fig. 13 shows the changes in measured jacking forces, jacking speeds and volume of 413 

injected lubricant for Drives B and C, while Fig. 14 shows the results of backanalysis of the 414 

jacking forces. Drives B and C were constructed consecutively, with two distinct geological 415 

conditions. The spans were constructed consecutively using the Herrenknecht AVN 1200TC 416 

MTBM. Drive B spanned 39 m through metagraywacke interbedded with siltstone, while Drive 417 

C traversed 59 m of greywacke interbedded with phyllite. 418 

The average measured jacking forces, JFmeas for Drives B & C are 20.7 kN/m (R2 = 0.70) 419 

and 23.6 kN/m (R2 = 0.77), respectively. The jacking forces between Drives B and C initially 420 

appear to be comparable, despite the difference in traversed lithologies. Lubrication patterns 421 

between the two drive sections reveal the effect of rock types; no lubricant was injected for 422 

Drive B, while 483 L/m of lubricant was injected into the overcut annulus for Drive C. The 423 

injected lubricant was in excess of up to 5.6 times of the theoretical overcut volume of 87 L/m. 424 

The excessive lubrication usage in Drive C was most likely due to the highly fractured 425 

geological condition. The highly fractured condition was evidenced by the low average RQD 426 

of only 2%. During the SI works, 11 m of the extracted 13 m exhibited RQD value of zero. 427 

For Drive B, direct shear tests on the reconstituted tunneling spoils were conducted (Test 2, 428 

see Fig. 5), producing tangential peak MC parameters of c’t,p = 44.6 kPa and 𝜙’t,p = 39.9° at σ’ 429 

= 204 kPa (see Table 4). This produced σEV = -19.9 kPa, indicating a high degree of arching. 430 

Negative values of σEV implied that tensile soil stresses were acting on the pipe [5]. Hence, 431 
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when 


C
b

2
 , vertical stresses at the tunnel roof, σEV were considered to be equal to zero [45]. 432 

The backanalyzed µavg of 0.491 was in excess of the µ values recommended for lubricated 433 

drives, i.e. µ = 0.3. This was expected since no lubrication was injected for Drive B. 434 

Direct shear tests on spoils obtained from Drive C produced tangential peak MC parameters 435 

of c’t,p = 60.8 kPa and 𝜙’t,p = 41.8° at σ’ = 256 kPa (Test 3, see Fig. 6). The resulting σEV value 436 

was -38.5 kPa, indicating a high degree of arching. Despite this, the backanalyzed µavg was 437 

0.581, which was in excess of the upper bound µ = 0.3 suggested for lubricated drives [1]. 438 

As stated earlier, the measured jacking forces for Drives B and C were comparable, with the 439 

differences arising from the geological conditions in the tunnel surround and the lubrication 440 

patterns for the respective drive sections. The backanalyzed µavg for Drive C was larger than 441 

that of Drive B, despite lubrication efforts in Drive C being more intense than in Drive B. 442 

Furthermore, Drive C presented a higher degree of arching than Drive B. However, the jacking 443 

forces between the two drive sections were still comparable. This showed that the injection of 444 

excessive amounts of lubricant did not necessarily create a lubricated drive. Further 445 

explanations of this are provided hereinafter. 446 

5.3. Summary of drives 447 

Equivalent MC parameters were developed from direct shear tests on reconstituted 448 

tunneling rock spoils. Nonlinear failure envelopes were used to characterize the shear strength 449 

behavior of the spoils, from which the generalized tangential technique was used to develop 450 

tangential peak MC parameters, c’t,p and 𝜙’t,p. By applying the Choo and Ong [5] backanalysis 451 

method, values of σEV and μavg were developed and assessed; σEV was used to indicate the degree 452 

of arching, while μavg was benchmarked against values of μ for lubricated drives, as 453 

recommended by Stein [1]. Drive A exhibited lower arching, in comparison with Drives B and 454 

C. While all drives in the current study demonstrated μavg values exceeding the upper bound μ 455 
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= 0.3 for lubricated drives, Drives B and C were significantly higher. This was the case despite 456 

the excessive amount of lubrication in Drive C. For Drive B, the high μavg of 0.491 was 457 

expected due to the absence of lubrication. For Drive C, the injection of lubricant had been 458 

ineffective, as evidenced by the excessive volumes injected and also by the erratic patterns in 459 

injected volumes. The excessive volumes were a response by the construction crew towards 460 

slow jacking speeds coupled with high jacking forces (see Fig. 13). This may have created 461 

unfavorable conditions for the formation of a watertight tunnel bore, which would have 462 

otherwise maintained a discrete lubricating layer between the pipe and the surrounding rock 463 

mass. The effects of arching, lithologies and lubrication shall be discussed hereinafter. 464 

6. DISCUSSION 465 

In Drive A (shale), the calculated σEV of 12.5 kPa was larger than those estimated for Drive 466 

B (metagraywacke – siltstone; σEV = -19.9 kPa) and Drive C (graywacke – phyllite; σEV = -38.5 467 

kPa). This implied that the rock mass surrounding Drive A exhibited reduced arching during 468 

tunneling, resulting in higher JFmeas = 37.2 kN/m (see Table 4), as compared to Drives B (20.7 469 

kN/m) and C (23.6 kN/m). The reduced arching in Drive A can be attributed to the lower values 470 

of peak tangential cohesion, c’t,p as compared to those of Drives B and C (see Table 4). 471 

For the two lubricated drives (Drives A and C), the average jacking speeds were comparable 472 

at 12 mm/min and 11 mm/min, respectively. The average measured jacking forces in Drive A 473 

(JFmeas = 37.2 kN/m) were higher than those measured from Drive C (JFmeas = 23.6 kN/m), 474 

despite a significant larger amount of lubricant injected for Drive A as compared to Drive C. 475 

This observation was attributed to the significantly pronounced arching in Drive C, 476 

contributing to lower jacking forces. The excessive amounts of lubricant injected in Drive A is 477 

characteristic of pipe-jacking drives in shale of the Tuang Formation [5]. This was due to the 478 

presence of fissures (or thief zones) in the shale. Thief zones can compromise the stability of a 479 

bored tunnel, by facilitating the seepage of lubricant from the overcut into the surrounding rock 480 
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mass. The loss of lubrication could result in increased pipe-rock contact due to the reduction 481 

of buoyancy effects to suspend the concrete pipeline while being jacked. 482 

For Drive A, the backanalyzed μavg of 0.356 indicated that despite excessive injection of 483 

lubrication, only minor lubricating effects had resulted,  since the value had slightly exceeded 484 

the upper bound of μ = 0.3 for lubricated drives [1]. For Drive C, despite the high degree of 485 

arching (indicated by σEV = -38.5 kPa), the back-analyzed μavg of 0.581 indicated that the 486 

injected lubricant had been ineffective, even when compared to the ‘dry’ Drive B. As stated 487 

earlier, this may have been to erratic lubrication patterns for Drive C (see Fig. 13), which 488 

showed that the volume of lubricant injected fluctuated between 100 L/m and 1,500 L/m. This 489 

could have compromised the formation of a ‘filter cake’ of low permeability, in order to 490 

maintain the formation of a watertight overcut [46]. 491 

Table 6 shows a summarized assessment based on results from the current study, as well as 492 

results from Choo and Ong [5]. The various fractured lithologies from the Tuang Formation 493 

are listed, along with the respective effects on pipe-jacking parameters (i.e. arching and μavg) 494 

and pipe-jacking activities (i.e. lubricant injected and jacking speed). The parameters were 495 

ranked according to conditions favorable for pipe-jacking, including low lubrication use, high 496 

arching, high jacking speed, low jacking forces and low μavg. Generally, high jacking forces 497 

correspond with high values of μavg. This is expected, since frictional pipe-rock resistance 498 

increases with pipe-jacking length, hence forming the majority of the jacking loads. It is clear 499 

that arching has a significant effect on the jacking forces; when arching effects are pronounced, 500 

the corresponding jacking forces are low. This in turn instigates a response in jacking speeds, 501 

whereby low jacking forces result in high jacking speeds and vice versa. The applicability of 502 

soil arching theory reinforces the theory that the traversed highly weathered lithologies 503 

behaved as ‘soft rocks’, thus demonstrating the anticipated soil-like behaviour. 504 
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The volume of lubricant injected is a response to jacking forces, jacking speeds and rock 505 

types. For the drives in sandstone and phyllite [5], the lubricant injected was in low to moderate 506 

quantities, ranging from 54% to 160% of the respective theoretical overcut volumes. This was 507 

because jacking forces were low (ranging from 4.8 kN/m to 14.4 kN/m) and jacking speeds 508 

were considered manageable (16 mm/min to 44 mm/min). As a response, there was very little 509 

lubricant injected. 510 

In the case of drives in shale, jacking speeds were very low, at approximately 10 mm/min. 511 

Jacking forces were also the highest, as indicated by the low degrees of arching in shale. The 512 

measurable quantities of low jacking speed and high jacking forces instigated a response from 513 

the construction team, through the injection of lubricant of up to 16 times the volume of the 514 

theoretical overcut (as seen in Drive A from this study). The lubrication had likely been lost 515 

through fissures (or thief zones) in the surrounding shale. 516 

The current study finds that the use of the developed tangential strength parameters 517 

developed from earlier direct shear tests on reconstituted tunneling rock spoils can be used to 518 

assess pipe-jacking forces, specifically for pipe-jacking drives traversing such highly fractured 519 

and weathered lithologies. 520 

7. CONCLUSIONS 521 

The current paper looks into three case studies of pipe-jacking drives in Kuching City, 522 

Malaysia. Tunneling rock spoils were sampled from pipe-jacking sites and prepared for 523 

strength testing. The spoils were scalped into specimens of sand-sized particles, before being 524 

reconstituted and subsequently sheared in direct shear tests. 525 

The direct shear test results were assessed to determine an appropriate model to capture the 526 

nonlinear behavior of the shear strengths of the reconstituted tunneling rock spoils. This 527 

nonlinearity was particularly evident during tests at low effective stress ranges. The use of lines 528 

of best fit with the simple linear MC failure criterion has been shown to be inadequate in 529 
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characterizing the stress-dependency that prevails in the shear strengths of the tested spoils. A 530 

power law function,  '
B

A    was used to model the shear strength behavior of the 531 

reconstituted tunneling rock spoils, that consisted of shale, interbedded lithological units of 532 

metagraywacke – siltstone and greywacke – phyllite. As existing jacking force models are 533 

dependent on MC strength parameters, it was necessary to apply the generalized tangential 534 

technique to the power law strength envelopes to develop equivalent tangential MC strength 535 

parameters, i.e. c’ t,p and 𝜙’t,p at appropriate confining stress levels. 536 

These parameters were used for the assessment of jacking forces measured from three pipe-537 

jacking drives, from which the tunneling rock spoils were sampled. The assessment was based 538 

on backanalyzed values of μavg and σEV. The results from the current study and from Choo and 539 

Ong [5] showed that lithologies had a significant effect on the accrual of jacking forces. 540 

Particularly significant were the effects of rock types on arching effect, which subsequently 541 

influenced the measured jacking forces and jacking speeds, all of which finally affected the 542 

intensity of lubrication efforts. The successful assessment of these pipe-jacking drives in highly 543 

weathered lithologies was only possible due to the recognition of the soil-like behavior of ‘soft 544 

rocks’, particularly when such rocks were subjected pipe-jacking. 545 

Despite the limitations in existing jacking force models in assessing jacking forces through 546 

‘soft rocks’, the current study and that of Choo and Ong [5] have successfully demonstrated 547 

continued and consistent reliability in using the results obtained from direct shear testing of 548 

reconstituted tunneling rock spoils for the assessment of pipe-jacking forces for drives in highly 549 

fractured lithologies. The use of tangential MC strength parameters, c’ t,p and 𝜙’t,p., as well as 550 

the backanalyzed values of μavg and σEV in the assessment of pipe-jacking forces will be further 551 

investigated in a companion paper, through 3D finite element modeling of the studied pipe-552 

jacking drives. 553 
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Table 1. Recommended values of µ for pipe-jacking with various construction materials, 683 

frictional states and lubrication conditions [1] 684 

Interface material 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 

 685 

  686 
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Table 2. Physical properties of scalped tunneling rock spoils. 687 

Test no. / Drive Test 1 / Drive A Test 2 / Drive B Test 3 / Drive C 

Geology Shale 
Metagraywacke – 

siltstone 

Graywacke – 

phyllite 

D60 (mm) 0.82 0.88 1.60 

D30 (mm) 0.62 0.45 1.10 

D10 (mm) 0.40 0.10 0.70 

D50 (mm) 0.75 0.70 1.40 

Weighted average 

particle size, Dav 

(mm) 

0.88 0.90 0.93 

Coefficient of 

uniformity, Cu 
2.05 8.80 2.29 

Coefficient of 

curvature, Cc 
1.17 2.30 1.08 

Material 

classification 

Poorly graded sand-

sized spoils (SP) 

Well graded sand-

sized spoils (SW) 

Poorly graded sand-

sized spoils (SP) 

Applied effective 

normal stresses for 

direct shear tests 

(kPa) 

100, 370, 380, 390, 

600 

25, 50, 75, 100, 380, 

455, 530, 750 
100, 455, 530, 750 

Maximum dry unit 

weight (kN/m3) 
15.0 20.1 20.2 

Minimum dry unit 

weight (kN/m3) 
11.0 14.7 14.9 

Relative densities 

achieved (%) 
78 – 92 68 – 88 76 – 93 

 688 

  689 
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Table 3. Shear strength of tunneling rock spoils and rockfill materials using power law 690 

functions, where  '
B

A     691 

Material 

type 

Geology A B Source 

Tunneling 

rock spoils 

Shale (Test 1 – peak) 1.87 0.86 This study 

Shale (Test 1 – residual) 0.97 0.95 

Metagraywacke – siltstone 

(Test 2 – peak) 
3.17 0.79 

Metagraywacke – siltstone 

(Test 2 – residual) 
2.44 0.82 

Graywacke – phyllite 

(Test 3 – peak) 
3.63 0.79 

Graywacke – phyllite 

(Test 3 – residual) 
1.13 0.95 

Sandstone (peak) 4.68 0.76 Choo and 

Ong [5] Sandstone (residual) 2.24 0.84 

Phyllite (peak) 1.92 0.87 

Phyllite (residual) 1.07 0.96 

Shale (peak) 3.86 0.79 

Shale (residual) 3.37 0.78 

Rockfill Sandstone 6.8 0.67 Charles and 

Watts [39] Slate 5.3 0.75 

Slate 3.0 0.77 

Basalt 4.4 0.81 

Basalt 1.54 0.821 De Mello 

[42] Diorite 1.10 0.870 

Conglomerate 1.27 0.846 

Conglomerate 1.19 0.881 

Conglomerate 1.59 0.808 

692 
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Table 4. Parameters used in pipe-jacking force model for back-analyses of µavg 

Drive (Test no.) 
 Drive A 

(Test 1) 

Drive B 

(Test 2) 

Drive C 

(Test 3) 

Geology 
 

Shale 
Metagraywacke 

– siltstone 

Graywacke – 

phyllite 

De (m)  1.78 1.43 1.78 

hsoil (m)  20 9 17 

γsoil (kN/m3)  18 18 18 

hrock (m)  1 11 10 

γrock (kN/m3)  22 22 22 

γavg (kN/m3)  18.19 20.20 19.48 

σ’v (kPa)  172 204 256 

(1) Regressive MC 

parameters1 

c’p (kPa) 19.8 40.5 53 

𝜙’p (°) 37.4 37.8 40.4 

c’r (kPa) 0.6 24.3 15.8 

𝜙’r (°) 35.2 37.8 38.8 

(2) Power function,

 B
A '   applied 

to data points1 

Ap 1.87 3.17 3.63 

Bp 0.86 0.79 0.79 

Ar 0.97 2.44 1.13 

Br 0.95 0.82 0.95 

(3) Equivalent tangential 

MC parameters1 

c’t,p (kPa) 21.7 44.6 60.8 

𝜙’t,p (°) 38.7 39.9 41.8 

c’t,r (kPa) 6.6 30.9 10.5 

𝜙’t,r (°) 35.2 38.2 39.6 

Average measured 

jacking forces (kN/m) 

 
37.2 20.7 23.6 

Back-analyzed µavg, 

using Eq. (1) 

 
0.356 0.491 0.581 

R2  0.86 0.70 0.77 

Note: 1. Subscript p denotes peak values; subscript r denotes residual values 
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Table 5. Comparison of pipe-jacking performance for various drives 

Test no. 1 2 3 

Drive Drive A Drive B Drive C 

Geology Shale 
Metagraywacke – 

siltstone 

Graywacke – 

phyllite 

Length of nearby rock 

cores extracted (m) 
6.0 12.0 13.0 

Average RQD (%) 14.0 5.8 2.0 

Length of rock cores with 

RQD = 0 (m) 
0.7 8.9 11.0 

Average volume of 

lubricant injected 

including losses (L/m) 

1851 0 483 

Average theoretical 

overcut volume (L/m) 
113 87 87 

Effective overburden 

pressure (without 

arching) (kPa) 

172 204 256 

Average jacking speed 

(mm/min) 
12 17 11 

Average measured face 

support pressure (kPa) 
-(3) 30 42 

Cutter face diameter (m) 1.82 1.47 1.47 

TBM weight (tonnes) 20 15 15 

Pipe weight (kN/m) 17.3 11.6 11.6 

Calculated σEV (kPa) (Eq. 

(2)) 
12.5a -19.9 -38.5 

Average measured jacking 

forces, JFmeas (kN/m) 
37.2 20.7 23.6 

Back-analyzed µavg 0.356 0.491 0.581 

Note: 1. Quantities were averaged from measurements made at 1 m intervals. 

 2. Measured injected volume was inclusive of losses. 

 3. Face support pressure was not measured. 

 4. Negative values of σEV (Eq. (2)) indicate possible presence of significant arching. 

For back-analysis of µavg, these negative values of σEV were adjusted to be equal to 

zero [45]. 
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Table 6. Summarized qualitative assessment of the effects of various fractured geology on 

pipe-jacking parameters 

Geology Parameters 

H
ig

h
es

t 

H
ig

h
 

M
o

d
er

at
e 

L
o

w
 

L
o

w
es

t 

S
co

re
 Remarks Source 

Sandstone 

Lubricant injected     2 

5 
Moderately 

favorable 

 

Drive A from Choo 

and Ong (2015) 
Arching   1   

Jacking speed    0  

Jacking force   1   

μavg   1   

          

Phyllite 

Lubricant injected   1   

9 
Most 

favorable 

 

Drive C from Choo 

and Ong (2015) 
Arching  2    

Jacking speed 2     

Jacking force     2 

μavg     2 

          

Shale 

Lubricant injected 0     

1 
Least 

favorable 

Drive A from this 

study 

 

Drives B and D from 

Choo and Ong (2015) 

Arching     0 

Jacking speed     0 

Jacking force 0     

μavg   1   

          

Graywacke 

interbedded 

with phyllite 

Lubricant injected  0    

2 
Marginally 

unfavorable 

 

Drive C from this 

study 
Arching 2     

Jacking speed    0  

Jacking force  0    

μavg 0     

 

Note: 1. Drive B (metagraywacke – siltstone) was omitted as the absence of lubricant was not 

an intrinsic consequence of the geology. 

 2. Points are given based on the following ratings: 

   0 point = not favorable; 

   1 point = moderate; 

   2 points = favorable. 
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Fig. 1. Rock cores demonstrating very low RQD upon retrieval from highly weathered Tuang 

Formation for lithological units of (a) phyllite; (b) sandstone; (c) shale. 
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shear stress vs horizontal displacement; (b) vertical deformation vs horizontal 

deformation; (c) interpretation of Mohr-Coulomb parameters. 

Fig. 5. Test 2: Results from direct shear testing of scalped tunneling rock spoils of 

metagraywacke interbedded with siltstone; (a) shear stress vs horizontal displacement; 

(b) vertical deformation vs horizontal deformation; (c) interpretation of Mohr-Coulomb 

parameters. 

Fig. 6. Test 3: Results from direct shear testing of scalped tunneling rock spoils of greywacke 

interbedded with phyllite; (a) shear stress vs horizontal displacement; (b) vertical 

deformation vs horizontal deformation; (c) interpretation of Mohr-Coulomb parameters. 

Fig. 7. Variation of normalized peak secant friction angle with effective normal stress for 

Mohr-Coulomb strength envelopes developed from direct shear testing on reconstituted 

tunneling rock spoils 

Fig. 8. Variation of normalized residual secant friction angle with effective normal stress for 

Mohr-Coulomb strength envelopes developed from direct shear testing on reconstituted 

tunneling rock spoils 

Fig. 9. Summary of power law parameters, A and B developed from tests on reconstituted 

tunneling rock spoils and from past research 

Fig. 10. Idealization of γavg for stratified soil conditions 
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Fig. 11. Drive A: Variations in measured jacking forces, jacking speed and volume of injected 

lubricant for the studied drives 

Fig. 12. Drive A (sandstone): Outcome of back-analyzed μavg in comparison to recommended 

upper & lower bounds 

Fig. 13. Drives B and C: Variations in measured jacking forces, jacking speed and volume of 

injected lubricant for the studied drives 

Fig. 14. Drives B and C: Outcome of back-analyzed μavg in comparison to recommended upper 

& lower bounds 
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Fig. 1. Rock cores demonstrating very low RQD upon retrieval from highly weathered Tuang 

Formation for lithological units of (a) phyllite; (b) sandstone; (c) shale. 

 

  

(a) 

(b) 

(c) 
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Fig. 2. Petrographic micrographs of (a) shale; (b) metagraywacke; (c) siltstone 

  

(a) 

(b) 

(c) 
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Fig. 3. Particle size distribution of tunneling rock spoils; (a) before scalping; (b) after 

scalping to create a direct shear specimen 
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Fig. 4. Test 1: Results from direct shear testing of scalped tunneling rock spoils of shale; (a) 

shear stress vs horizontal displacement; (b) vertical deformation vs horizontal deformation; 

(c) interpretation of Mohr-Coulomb parameters. 
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Fig. 5. Test 2: Results from direct shear testing of scalped tunneling rock spoils of 

metagraywacke interbedded with siltstone; (a) shear stress vs horizontal displacement; (b) 

vertical deformation vs horizontal deformation; (c) interpretation of Mohr-Coulomb 

parameters. 
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Fig. 6. Test 3: Results from direct shear testing of scalped tunneling rock spoils of greywacke 

interbedded with phyllite; (a) shear stress vs horizontal displacement; (b) vertical deformation 

vs horizontal deformation; (c) interpretation of Mohr-Coulomb parameters. 
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Fig. 7. Variation of normalized peak secant friction angle with effective normal stress for 

Mohr-Coulomb strength envelopes developed from direct shear testing on reconstituted 

tunneling rock spoils 
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Fig. 8. Variation of normalized residual secant friction angle with effective normal stress for 

Mohr-Coulomb strength envelopes developed from direct shear testing on reconstituted 

tunneling rock spoils 
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Fig. 9. Summary of power law parameters, A and B developed from tests on reconstituted 

tunneling rock spoils and from past research 
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Fig. 10. Idealization of γavg for stratified soil conditions 
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Fig. 11. Drive A: Variations in measured jacking forces, jacking speed and volume of 

injected lubricant for the studied drives 
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Fig. 12. Drive A (sandstone): Outcome of back-analyzed μavg in comparison to recommended 

upper & lower bounds 
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Fig. 13. Drives B and C: Variations in measured jacking forces, jacking speed and volume of 

injected lubricant for the studied drives 
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Fig. 14. Drives B and C: Outcome of back-analyzed μavg in comparison to recommended 

upper & lower bounds 


