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ABSTRACT 19 

Conventional laboratory triaxial tests apply axi-symmetric boundary conditions to a cylindrical 20 

sample which has an axi-symmetric geometry. For a homogeneous sample this implies that the 21 

deformed shape of the sample should maintain an axi-symmetric geometry during the test. 22 

Consequently, the sample should deform in a barrelling mode and if slip planes develop they 23 

should define a cup and cone like failure surface. However, in many triaxial tests such behaviour 24 

is not observed, especially as failure is approached when a planar slip surface develops. Such a 25 

deformation mode is not axi-symmetric. One reason for this behaviour is that a fissure pre-exists 26 

in the sample. Employing hydro-mechanically coupled 3D finite element analyses, this paper 27 

investigates the influence of a single fissure in a triaxial sample of stiff clay on its behaviour 28 

throughout the test, focusing on the fissure position, orientation, strength and stiffness, in 29 

conjunction with the sample’s end-restraints (rough or smooth). The effects are quantified in 30 

terms of the samples’ overall stiffness and strength, indicating that the presence of a fissure can 31 

affect the very small strain stiffness, and that it has a significant effect on the strength of the 32 

sample, demonstrating that the conventional methods used to interpret laboratory tests may give 33 

unconservative results. The results also show a significant effect of the conditions at the top and 34 

bottom surfaces of the sample, where in particular the lateral restraint and rough ends introduce 35 

“bending” in the sample.   36 

Key words: clays; laboratory tests; numerical modelling; shear strength; deformation  37 
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NOTATION  38 

𝑎, 𝑏, 𝑟, 𝑠 degradation parameters 

𝐵 non-linear permeability model parameter 

𝑐′ soil cohesion 

𝑐𝑓𝑖𝑠
′  fissure cohesion 

𝐺0,𝑟 maximum shear modulus at a reference mean effective stress 

𝐺𝑠𝑒𝑐 secant shear modulus 

𝐻 sample height 

𝐾0,𝑟 maximum bulk modulus at a reference mean effective stress 

𝐾0 coefficient of earth pressure at rest 

𝑘𝑠 shear stiffness of the fissure 

𝑘𝑛 normal stiffness of the fissure 

𝑘 soil permeability 

𝑘0 permeability at zero mean effective stress 

𝑚𝐺 , 𝑚𝐾 parameters defining the dependence of elastic stiffness on mean effective 
stress 

𝑝′ mean effective stress 

𝑝′
ref reference mean effective stress 

𝑝𝑓 pore water pressure 

𝑞    deviatoric stress 

𝑞𝑖 initial deviatoric stress 

𝑞peak peak deviatoric stress 

𝑅𝐺,min, 𝑅𝐾,min minimum normalised values of tangent shear modulus and tangent bulk 
modulus 

𝛼 fissure inclination 

𝜎 total stress 

𝜎𝑟 total horizontal stress 

𝜎𝑣 total vertical stress 

𝜎𝑟
′  effective horizontal stress 

𝜎𝑣
′  effective vertical stress 

𝜎𝑛
′  effective normal stress 

𝜏𝑠
′  shear stress parallel to the fissure inclination 

𝜏𝑡
′  shear stress perpendicular to the fissure inclination 

𝜀𝑎 axial strain 

𝜃 angle defining position in the circumferential direction  

𝜙′ angle of shear resistance of the soil 

𝜙𝑓𝑖𝑠
′  angle of shear resistance of the fissure 

𝜙𝑓𝑖𝑠
′ 𝑏𝑐

 back-calculated angle of shear resistance of the fissure   

𝜙𝑓𝑖𝑠
′ 𝑖𝑛𝑝

 input angle of shear resistance of the fissure 

  39 
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INTRODUCTION 40 

Fissures generally exist in overconsolidated stiff clays, as a consequence of geological processes 41 

such as stress release, tectonism, and weathering (Skempton et al., 1969; Chandler & Apted, 1988; 42 

Chandler et al., 1998). Since the first quantitative work of Terzaghi (1936), the influence of 43 

fissures on the behaviour of stiff clays has been extensively investigated both in the field and in 44 

the laboratory. The results of shear box tests on fissures in London clay samples reported by 45 

Skempton & Petley (1967) showed a weaker strength when the samples were sheared along the 46 

fissures compared to that of the intact clay. Similar behaviour was also observed in several 47 

undrained and drained triaxial tests performed on London clay where, besides a decrease of the 48 

overall shear strength, the samples tended to fail along the pre-existing fissures (Ward et al., 1965; 49 

Webb, 1966; Skempton et al., 1969; Marsland, 1971; Sandroni, 1977; Gasparre et al. 2007). A 50 

number of experimental investigations have also been carried out on the behaviour of other stiff 51 

fissured clays, such as those from southern Italy (Comegna & Picarelli, 2008; Vitone & Cotecchia, 52 

2011; Nardelli et al.; 2016). These clays are intensely fissured, with samples containing many 53 

closely spaced fissures. Consequently, the behaviour of laboratory triaxial tests is not dominated 54 

by the presence of a single fissure and therefore they differ from that considered in this paper.   55 

When triaxial testing is performed on London clay, fissures are generally not visible during the 56 

set-up process. To help identify the presence of fissures and analyse their influence on failure, 57 

Mohr’s circle analysis has been widely adopted in the literature (Skempton et al, 1969; Burland, 58 

1990; Gasparre et al. 2007). In this approach, when a triaxial specimen fails on a discrete shear 59 

plane, the stresses acting on that plane are estimated from the measured inclination of the shear 60 

plane by using a Mohr’s circle. If the inclination of the shear plane is much lower or higher than 61 

that of the planes of the maximum stress obliquity obtained for the intact sample or/and the 62 

calculated strength on the shear plane is much smaller compared to that of the intact sample, 63 

failure is thought to be dominated by a pre-existing fissure. However, the influence of fissure 64 

characteristics, e.g. fissure position and orientation, on soil behaviour has not been generalised 65 

in the literature, since, as noted by Nishimura (2006), it is practically impossible to obtain soil 66 

samples with representative fissures. 67 

Numerical tools have also been applied to help understand and reproduce the behaviour of 68 

fissured porous media. Most of the existing numerical models have been developed based on the 69 

concept of double porosity proposed by Barenblatt et al. (1960) for non-deformable rock 70 

formations and by Aifantis (1979) for deformable materials. Kahlili et al. (1999) further 71 

developed the theory and proposed a numerical model to simulate the consolidation of fissured 72 

clays, where the material is idealised as an assembly of porous blocks separated by a network of 73 

highly permeable and randomly distributed fissures. As the interaction between the clay blocks 74 
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and the fissures can only be implicitly accounted for inside one element, this type of numerical 75 

model cannot be directly adopted to model the influence of fissures in triaxial tests.  76 

Despite these attempts to include the influence of the fissure on the behaviour of the sample, most 77 

of the results from samples that fail on a slip surface are still analysed assuming an axi-symmetric 78 

system of stresses. This paper investigates the influence of the existence of a single fissure and of 79 

end-restraints, in an otherwise homogeneous triaxial soil sample, on its stress-strain behaviour 80 

during typical compression tests using coupled hydro-mechanical 3D finite element (FE) analyses. 81 

The influence of the fissure position and orientation and of the type of sample’s end-restraints on 82 

both stiffness and strength are interpreted and quantified through a set of numerical analyses. 83 

NUMERICAL MODEL 84 

The Imperial College Finite Element Program, ICFEP (Potts & Zdravkovic, 1999) was employed 85 

to perform all analyses presented in this paper. This employs a modified Newton- Raphson non-86 

linear solver with an error controlled sub-stepping stress point algorithm. The objective of the 87 

numerical approach was to closely simulate the experimental procedure and the interpretation 88 

of triaxial experiments as conducted in the laboratory.  89 

 90 
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                                92 

    (b) 93 

Fig. 1. Typical finite element mesh: (a) coarse and (b) fine 94 

The soil samples were 100 mm in diameter and 200 mm in height. As stated by Vaughan et al. 95 

(1993), this sample size is more likely to contain a representative pre-existing fissure compared 96 

to other commonly used smaller sample sizes, and, therefore, has been widely adopted in triaxial 97 

tests on clay samples which might contain a pre-existing fissure (Gasparre et al., 2007; Hosseini 98 

Kamal et al., 2014; Brosse et al., 2017). It is also noted that it is easier to attach local instruments 99 

to large samples. A typical FE mesh used for the analyses presented in this paper is shown in Fig. 100 

1(a). It consists of 1280 20-noded hexahedral elements representing the intact clay and 64 16-101 

noded zero-thickness interface elements (Cui et al., 2019), placed along the plane AB, which 102 

represent the fissure. Variation of the orientation and vertical position of the plane AB enabled 103 

the simulation of a fissure with a different orientation and position. When analysing a sample 104 

with no fissure the interface elements were omitted and the mesh consisted of horizontal layers 105 

of hexahedral elements (i.e. no inclined boundaries). To investigate mesh dependency, additional 106 

analyses were performed using a mesh with inclined boundaries, as in Fig. 1(a), but without the 107 

interface elements, and also with a finer mesh, Fig. 1(b), which consisted of 8064 20-noded 108 

hexahedral elements and 224 16-noded interface elements. These different mesh options did not 109 

lead to any significant differences in the results, indicating that there was little mesh dependency. 110 

Both the solid and interface elements had displacement degrees of freedom at all element nodes 111 

and pore water pressure degrees of freedom only at their corner nodes. 112 

SOIL BEHAVIOUR 113 

As the objective of the analyses was to focus on the effect of a fissure and of end-restraints, and 114 

not on non-uniformities arising from clay’s brittle behaviour, the material behaviour of both the 115 

intact clay and the fissure were assumed ductile. This also avoided the problem of mesh 116 

dependency (i.e. objectivity) that arises when analysing brittle material behaviour (Summersgill 117 

x 
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z 

θ 
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et al., 2017). Both the intact clay and the fissure strength were characterised by the generalised 118 

3D Mohr-Coulomb failure criterion. Values of 𝑐′ = 8 kPa and 𝜙′ = 25o were adopted for the clay, 119 

based on the analysis of temporary slopes at Heathrow Terminal 5, by Kovacevic et al. (2007), 120 

while the angle of shear resistance, 𝜙′ , for the fissure was varied, maintaining 𝑐′ = 0 . Zero 121 

dilatancy was assumed for both materials so that a distinct peak shear stress occurs under 122 

undrained loading, preventing the stress path progressing along the Mohr-Coulomb failure 123 

envelope (Potts & Zdravkovic, 2001). 124 

The non-linear stiffness of the intact clay was modelled using the Imperial College Generalised 125 

Small-Strain Stiffness (IC.G3S) model (Taborda et al., 2016), which allows an independent 126 

calibration of both shear and effective bulk stiffness. This calibration was based on the data for 127 

London Clay adopted in Kovacevic et al. (2007). The parameters are presented in Table 1. For the 128 

fissure the shear and normal stiffness were set as 𝑘𝑠 = 𝑘𝑛 = 107  kN/m3 for the majority of the 129 

analyses. As it is difficult to experimentally obtain data from which these stiffness parameters can 130 

be determined, the values were selected to simulate stiff behaviour but are not too high as to 131 

cause numerical oscillations. While the above constitutive models are relatively simple, they 132 

enable the numerical results to be compared with those obtained from the equations used to 133 

interpret real triaxial tests shown later in the paper. To investigate the influence of the 134 

constitutive model on the predicted behaviour of the intact clay, additional analyses were 135 

performed using a more sophisticated modified two-surface kinematic-hardening model of 136 

Grammatikopoulou et al. (2006) and adopting model parameters for London clay calibrated by 137 

Avgerinos et al. (2016). Only essential results from these analyses are presented in the Appendix, 138 

but they demonstrate the same trends in the samples’ stress-strain behaviour with respect to 139 

different end-restraints and the existence of a fissure. It is therefore thought that the conclusions 140 

of this study are not dependent on the constitutive model.  141 

Table 1. Parameters used in the IC.G3S model for shear and bulk small strain behaviour of 142 
London clay 143 

Shear G0,r: kPa p ŕef: kPa mG RG,min a: m/m b 

61307.4 100 1.0 0.0544 7.98E-5 1.1051 

Bulk K0,r: kPa p ŕef: kPa mK RK,min r: m/m s 

30079.5 100 1.0 0.1337 1.23E-4 2.1990 

The hydraulic part of the intact clay behaviour is characterised by the non-linear relationship 144 

between the permeability k and the mean effective stress p’: 145 

 𝑘 = 𝑘0𝑒−𝐵𝑝′
 ( 1 ) 
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where 𝑘0  is the permeability at zero mean effective stress (m/s), and 𝐵 is a model parameter 146 

(m2/kN). In this study the values of 𝑘0 = 2.0 × 10−9  m/s and 𝐵 = 0.007 m2/kN, as derived in 147 

Kovacevic et al. (2007) from field measurements, were adopted. A permeability of 8.1 × 10−9 148 

m2/s was adopted for the fissure. Since the units of permeability differ to those of the intact clay, 149 

the value adopted was chosen to approximately match the average permeability of the intact clay 150 

over the effective stress range in the analyses. It should be noted that changing the fissure 151 

permeability by plus or minus an order of magnitude had a negligible effect on the results of the 152 

analyses. 153 

BOUNDARY CONDITIONS 154 

To reduce the number of potential variables in the analyses, the drains and platens at the end of 155 

the sample and the rubber membrane around the circumference of the sample, which exist in 156 

laboratory equipment, were not modelled explicitly in the analyses. Instead, appropriate 157 

boundary conditions were applied to the surface of the sample. 158 

To model the cell pressure acting on the sample a normal boundary stress was applied to the 159 

curved lateral surface of the specimen and, for the initial stages of a test, to the top of the sample. 160 

To model smooth (lubricated) ends at the top and bottom of the sample the displacements in the 161 

𝑥- and 𝑦- directions (see Fig. 1(a) for coordinate axes) of the node located at the centre of the top 162 

of the sample were restrained from moving. In addition, to prevent rotation of the sample the x 163 

displacement of the node at position C on the top of the sample, Fig. 1(a), was also restrained from 164 

moving. All the other nodes on the top surface and all the nodes on the bottom surface of the 165 

sample were free to move unrestrained in these lateral directions. To model rough ends at the 166 

top and bottom of the sample, all nodes on these surfaces were restrained from moving laterally 167 

(i.e. in both the x and y directions). For both smooth and rough ends the vertical displacements (z 168 

direction) of all nodes on the bottom surface of the sample were restrained from moving, while 169 

all the nodes on the top surface of the specimen were given the same prescribed displacement 170 

during the shearing stages. At the initial stages of the test, when a stress is applied to the top of 171 

the sample to represent the change in cell pressure, the degrees of freedom associated with the 172 

vertical displacements of all the nodes located on the top of the sample were tied so that they all 173 

deformed vertically by the same amount (see Potts & Zdravković (1999) for details of this 174 

boundary condition). This is necessary when simulating the presence of a “rigid” top cap and 175 

porous stone. 176 

As the analyses were hydro-mechanically coupled it was necessary to specify hydraulic boundary 177 

conditions. At all stages of the analyses the curved lateral surface of the specimen was assumed 178 

to be impermeable (i.e. no flow boundary). During application of a backpressure, changes in pore 179 

water pressure were applied to the nodes on the top and bottom surfaces of the sample. At all 180 
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other stages of the test the pore water pressure degrees of freedom on the top and bottom of the 181 

sample were tied, resulting in a uniform pore water pressure across the top and bottom of the 182 

sample, the magnitude of which resulted from the applied loading and undrained nature of the 183 

analysis. These boundary conditions simulated the presence of porous stones located at the 184 

extremities of the sample and, when applied along with the no flow boundary condition imposed 185 

on the curved surface of the sample, resulted in no pore water entering or leaving the sample. 186 

INITIAL STRESS CONDITIONS 187 

The triaxial testing procedure simulated in the analyses is based on the undrained triaxial tests 188 

presented in Gasparre et al (2007), who tested samples of London Clay. The initial stress state 189 

was chosen to be representative of the samples retrieved from Heathrow Terminal 5 at 20m 190 

depth. To account for the effect of gravity on both the pore water pressure and total vertical stress, 191 

bulk unit weights of 9.81 kN/m3 and 20.0 kN/m3 were taken for the water and saturated clay, 192 

respectively.  193 

 194 

(a) 195 
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 196 

(b) 197 

Fig. 2. Initial stress distribution in the sample: (a) effective stresses and (b) pore water pressure 198 

At the beginning of the analyses the finite elements representing the intact clay were assigned the 199 

pore water pressures (suctions), vertical and horizontal effective stresses as indicated in Fig. 2. 200 

These give a zero total horizontal stress throughout the sample and a total vertical stress of zero 201 

at the top of the sample increasing with depth with a gradient of 20. 0 kN/m3. For the fissure the 202 

pore water pressure and the effective stress distributions were specified to be consistent with 203 

those in the intact clay. This involved specifying the effective stress normal to the fissure plane, 204 

𝜎𝑛
′ , and two shear stress components parallel to the fissure plane - one parallel to the fissure 205 

inclination, 𝜏𝑠
′ , and the other perpendicular to the fissure inclination, 𝜏𝑡

′ . The expressions that 206 

ensure the compatibility between the intact clay and the fissure stresses depend on the 207 

inclination angle of the fissure, α, and are given as (da Silva, 2005): 208 

  
𝜎𝑛

′ =
𝜎𝑣

′ + 𝜎𝑟
′

2
+

𝜎𝑣
′ − 𝜎𝑟

′

2
cos(2𝛼)   

 
𝜏𝑠

′ =
𝜎𝑣

′ − 𝜎𝑟
′

2
sin(2𝛼)  

𝜏𝑡
′ = 0 

( 2 ) 
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MODELLING PROCEDURE 209 

                                                   210 
             (a)                                                                                   (b) 211 

                   212 

                             (c)                                                                                    (d) 213 
 214 
Fig. 3. Boundary conditions applied at different stages in the modelling of triaxial testing: (a) cell 215 
water filling; (b) sample saturation; (c) anisotropic consolidation to in-situ K0 and (d) undrained 216 

shearing 217 

First stage: Filling triaxial cell with water 218 

The first increment of the analysis simulated the filling of the triaxial cell with water. This 219 

involved applying a cell pressure (total stress) to the cylindrical surface of the sample as indicated 220 

in Fig. 3(a) and a zero change in the backpressure at the sample ends. The time increment adopted 221 

at this stage was large enough to ensure drained conditions. For the analyses with smooth ends 222 

this resulted in the radial effective stresses becoming equal to 200 kPa constant with depth. 223 

However, due to gravity and the difference between the bulk unit weights of the water and the 224 

soil, the vertical effective stress increases with depth from a value of 200 kPa at the top of the 225 

sample with a gradient of 10.19 kN/m3. For the analyses with rough ends the radial effective 226 

stresses were 200 kPa over most of the sample height except near to the base of the sample where 227 

they reduced to 198 kPa. Also, near to the base of the sample the distribution of the vertical stress 228 

departed slightly from a linear distribution. These deviations are not surprising and are a result 229 

of the larger increase in total radial stress applied at the base of the sample and of the rough end. 230 

Δpf = 0 kPa 

Δσ = 1.96kPa Δpf = 0 kPa 

Δσ = 398.04 kPa 

Δpf = 398.04 kPa 

Δσ = 398.04 kPa 

Δpf = 398.04 kPa 

Δpf = 0 kPa 

Δpf = 0 kPa 

Δσ = -50 kPa 

Δσ = 25 kPa 

Tied pore water pressure BC 

Tied pore water pressure BC 

Prescribed displacement BC 

Δσ = 0 kPa 
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Second stage: Restoring compressive pore water pressure 231 

In the laboratory tests this stage is carried out to ensure saturation of the sample and to restore 232 

the in-situ compressive pore water pressure. In the analyses the sample is assumed to be 233 

saturated, however, this stage of the test was also considered so that compressive pore water 234 

pressures were obtained. It was simulated by simultaneously increasing the cell pressure and 235 

back pressure by 398.04 kPa, see Fig. 3(b). This was performed over increments 2 to 60 with each 236 

having a time step large enough to ensure drained conditions (i.e. 2 hours). For both the analyses 237 

with smooth and rough ends the effective stresses did not change during this process. 238 

Third stage: Anisotropic consolidation 239 

 240 

Fig. 4. Stress path during anisotropic consolidation (third stage) 241 

In the laboratory this stage of the test involves reconsolidating the sample to its estimated in-situ 242 

stress state. Based on the results presented by Gasparre (2005), this stress state was p’=200 kPa 243 

and q=-75 kPa (equivalent to a 𝐾0 = 1.5) and was performed following the effective stress path 244 

labelled 1-2 in Fig. 4. In the FE analyses this was simulated by imposing a zero change in 245 

backpressure and changes in the total stresses on the top and on the cylindrical sides of the 246 

sample of -50 kPa and +25 kPa respectively (see Fig. 3(c)). These changes were applied 247 

proportionally over 60 increments (increments 61 to 120) each with a sufficiently large time step 248 

(2 hours) to ensure that no excess pore water pressures developed. At the end of this stage of the 249 

analyses the pore water pressures in the sample were 200 kPa at its top, increasing with depth 250 

with a gradient of 9.81 kPa. The lateral and vertical effective stresses at the centre of the sample 251 

for analyses with no fissure and either smooth or rough ends are shown in Fig. 5. Similar results 252 

were obtained for samples with fissures. For the analyses with smooth ends the radial effective 253 

stress is 225 kPa and constant with depth, while the vertical effective stress is 150 kPa at the top 254 

of the sample, increasing with depth with a gradient of 10.19 kPa. As the sample compresses 255 

during this drained recompression, the presence of rough ends modifies the effective stress 256 
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distributions near the extremities of the sample, as shown in Fig. 5. The effect of rough ends is 257 

also visible in Fig. 6, which shows the distribution of the mean effective stress, p’, at the end of 258 

this stage.  259 

 260 

Fig. 5. Distribution of effective stresses along the central line of the sample at the end of 261 
anisotropic consolidation (third stage) 262 
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                 265 

(b)  266 

Fig. 6. Contours of mean effective stress in the central y-z plane of the intact sample at the end of 267 
anisotropic consolidation (third stage): (a) smooth and (b) rough ends  268 

Fourth stage: Undrained shearing 269 

This stage of the analyses involved undrained shearing. The pore water pressure degrees of 270 

freedom on the top and bottom surfaces of the sample were tied as described earlier, no change 271 

in cell pressure was imposed and vertical displacements were prescribed at all nodes on the top 272 

surface of the sample (see Fig. 3(d)). The uniform displacement change on the top of the sample 273 

and the associated time were prescribed incrementally and imposed an overall axial strain rate 274 

of 5% per day. A total axial strain of approximately 30% was reached at the end of this stage. The 275 

small strain stiffness was reset at the start of this stage of the analyses, to account for the effect of 276 

the change in the subsequent stress path direction. 277 

POST-PROCESSING 278 

The results of the shearing stages of the analyses are presented with a selection of plots, 279 

quantified by the interpretation of analysis results in a similar manner to that of a real laboratory 280 

test. The deviatoric stress, 𝑞 = (𝜎𝑣 − 𝜎𝑟), is obtained by adding the change in deviatoric stress 281 

resulting from the undrained shearing stage to the initial deviatoric stress 𝑞𝑖 (i.e. -75 kPa). The 282 

change in deviatoric stress is obtained by dividing the sum of the vertical reaction forces at all 283 

nodes on the top surface of the sample (resulting from the imposed displacements during 284 

undrained shearing) by the original cross-sectional area of the sample (i.e. 0.00785 m2). The use 285 

of the original cross-sectional area is consistent with the conventional “small” displacement 286 

nature of the FE analyses in which all geometric integrations are with respect to the original mesh 287 
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dimensions. Additional analyses employing a “large” displacement FE formulation were also 288 

performed, in which the change in mesh geometry is accounted for, and the results were 289 

interpreted based on the area correction adopted in the laboratory tests (La Rochelle et al., 1988). 290 

The pore water pressure is that of the node located at position D in Fig. 1(a). This node is located 291 

on the cylindrical surface at the mid height of the sample at θ=90˚ (see Fig. 1(a) for the definition 292 

of θ) and represents the pore water pressure measured by a probe usually employed in a 293 

laboratory test. The axial strain, εa, is determined as the average of three local strains, 294 

representing those measured by the LVDT local strain transducers. Each of the local strains was 295 

determined by taking the difference in vertical displacements, which occurred during undrained 296 

shearing, between two nodes on the cylindrical surface of the sample located at the same θ, with 297 

one node being at a third of the sample height below the top of the sample and the other at a third 298 

of the sample height above the bottom of the sample, divided by a third of the sample height 299 

(which represents the initial gauge length). The three local strains were located around the 300 

sample at θ=0˚, 120˚ and 240˚. The secant shear modulus was determined using 𝐺sec = (𝑞 −301 

𝑞𝑖)/(3𝜀𝑎). 302 

EFFECT OF A PRE-EXISTING FISSURE 303 

To demonstrate the influence of a fissure, analyses of the shearing stage of an undrained triaxial 304 

compression test on a sample containing a fissure, located at the mid-height of the sample with 305 

an inclination of 𝛼 = 30o , are compared with similar analyses on a sample without a fissure. 306 

Strength parameters of 𝑐𝑓𝑖𝑠
′ = 0 and 𝜙𝑓𝑖𝑠

′ = 14o were adopted for the fissure so that failure could 307 

occur along it. Analyses with both smooth and rough ends were performed, providing a total of 308 

four reference cases. 309 

Shear stiffness 310 

The variation of the secant shear modulus, 𝐺sec, with axial strain, 𝜀𝑎, during shearing is shown in 311 

Fig. 7. Also shown on this figure is the “ideal” curve which is obtained by integrating the 312 

constitutive equations for the intact soil over the strain path associated with undrained shearing. 313 

The results from the analyses without a fissure produce similar stiffness degradation curves that 314 

agree well with the “ideal” curve, indicating that the analyses are accurate and that the different 315 

end-restraints have little influence (see Group 1 in Fig. 7). The results from the analyses 316 

performed with a fissure where a 𝑘𝑠 = 𝑘𝑛 = 107  kN/m3 also produce nearly identical 317 

degradation curves (see Group 2 in Fig. 7), however, at small strains, the predicted secant shear 318 

modulus is considerably smaller than the “ideal”. Also shown on this figure are results from two 319 

analyses using fine meshes, one with a fissure and one without, both with rough ends. They show 320 
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negligible differences to the results from the equivalent analyses using coarser meshes, 321 

confirming that these analyses are accurate and no refinement of the meshes is required. 322 

 323 

Fig. 7. Variation of secant shear modulus with axial strain 324 

Results from additional analyses in which the shear and normal stiffness components of the 325 

fissure were both increased, first to 𝑘𝑠 = 𝑘𝑛 = 1010 kN/m3 and then to 𝑘𝑠 = 𝑘𝑛 = 1012 kN/m3, 326 

are also presented in Fig. 7 (i.e. Group 3). Apart from the minor differences between the analyses 327 

using the fine mesh with 𝑘𝑠 = 𝑘𝑛 = 1010 kN/m3 and the other analysis in this group at very small 328 

strains, the results of this group are indistinguishable from each other, indicating that any further 329 

increase in fissure stiffness is unlikely to produce significant changes. While intuitively one might 330 

expect that for infinite values of 𝑘𝑠 and 𝑘𝑛   an analysis should give identical results to that of the 331 

“ideal” curve, this is not indicated by the trend of the present results. It is unclear whether this is 332 

due to not being able to significantly increase the values of 𝑘𝑠 and 𝑘𝑛 above 1012 kN/m3 in the 333 

present analysis without invoking numerical oscillations (Day & Potts, 1994), or due to some 334 

other unknown numerical issue with zero thickness interface elements.  335 

As it is difficult to measure the stiffness of a fissure in practice it is difficult to determine a realistic 336 

value. Some experimental results are given in Nardelli et al. (2016), in which an inter-particle 337 

loading apparatus was employed to study the contact behaviour of clay scales. Interpreting these 338 

results gives a fissure stiffness of 𝑘𝑠 = 𝑘𝑛 = 2 × 105 kN/m3. The result from an analysis with this 339 

value for 𝑘𝑠 and 𝑘𝑛 is shown in Fig.7 (see Group 4) and it indicates a significantly smaller sample’s 340 

shear modulus compared to that of the intact sample. This result does not agree with other 341 
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experimental data which does not indicate such significant differences in shear modulus between 342 

intact and fissured samples (Gasparre, 2005). 343 

Overall, the results presented here indicate that, at small strains, the fissure could have a 344 

significant influence on the small strain stiffness determined from a laboratory triaxial test. Since 345 

the main focus of the paper is to evaluate the stress-strain behaviour of the samples, the reference 346 

values for the stiffness of 𝑘𝑠 = 𝑘𝑛 = 107  kN/m3 were maintained for all analyses.  347 

Stress-strain behaviour 348 

Fig. 8(a) shows the stress-strain curves for the four reference analyses and the “ideal” curve. They 349 

are all similar until failure is approached. Comparing the two analyses without a fissure, that with 350 

smooth ends gives a maximum shear stress qpeak=212 kPa (the same as the “ideal” curve), which 351 

is approximately 7% higher than that with rough ends (qpeak=197 kPa). The presence of the fissure 352 

results in a smaller peak shear stress, with a reduction of approximately 40% and 8% for the 353 

analyses with smooth and rough ends, respectively. In contrast to the no fissure cases, the 354 

analysis with rough ends produces a higher strength than the analysis with smooth ends. The 355 

same behaviour can be observed (see Fig.A-1 in the Appendix) when a more sophisticated 356 

modified two-surface kinematic hardening model (Grammatikopoulou et al., 2006), with 357 

parameters calibrated by Avgerinos et al. (2016), was adopted, indicating that the predicted 358 

influence of a pre-existing fissure is independent of the selected constitutive model. The stress-359 

strain curve of the intact sample with rough ends obtained employing a “large” displacement 360 

formulation is also plotted in Fig. 8(a), in which the area correction assuming a “bulging” 361 

deformed shape, as presented by La Rochelle et al. (1988), was applied. Similar results were 362 

obtained using a “right cylinder” assumption. No significant difference was observed in the 363 

predicted peak deviatoric stress for the analyses with the “small” and “large” displacement 364 

formulation. However, a post peak strain-softening behaviour was interpreted in the latter 365 

analysis, due to the approximation introduced by the area correction. 366 
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 367 

(a) 368 

 369 
(b) 370 

Fig. 8. Comparison in predicted behaviour of fissured and intact clay samples with smooth and 371 
rough ends: (a) stress-strain curve and (b) pore pressure variation 372 

Fig. 8(b) shows the evolution of pore water pressure with axial strain. The shapes of the predicted 373 

curves are very similar to the corresponding stress strain curves shown in Fig. 8(a). However, 374 

both the analyses with rough ends produce higher pore water pressures than their equivalent 375 

analyses with smooth ends. 376 

From the shapes of the curves presented in Fig. 8 it is interesting to note that the analysis with a 377 

fissure and rough ends indicates significant strain hardening behaviour, which starts just before 378 
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reaching the peak shear stress predicted for the fissured sample with smooth ends and only 379 

reaches its peak after an additional axial strain of approximately 2.5%. For all other analyses an 380 

abrupt perfectly plastic type behaviour occurs. 381 

 382 

Fig. 9.  Deformed sample shape at the end of undrained shearing for:  (a) intact sample with 383 
smooth ends; (b) intact sample with rough ends; (c) fissured sample with smooth ends; (d) 384 

fissured sample with rough ends and (e) fissured sample with rough ends but with tied 385 
displacements at the bottom end 386 

To understand this difference in behaviour it is instructive to examine the deformed shapes of 387 

the samples at failure, which are shown in Fig. 9(a)–9(d). For the analysis with no fissure and 388 

smooth ends an approximate uniform lateral expansion accompanies the vertical compression 389 

(Fig. 9(a)). For the equivalent analysis with rough ends a “bulging” type of deformation occurs, 390 

with non-uniform lateral displacements occurring along the sample height and the largest 391 

displacements concentrated in the bottom half of the sample (Fig. 9(b)). The reason for this 392 

concentration is thought to be due to the combined effect of the rough bottom boundary, the 393 

gravity forces and the fact that the mean effective stress in the sample just before shearing is 394 

lower in this vicinity (Fig. 6). This deformed shape is similar to the typical “barrel” shape that is 395 

often observed in real triaxial tests that do not fail on a shear plane (Alshibli & Akbas, 2007). For 396 

both analyses with no fissure the deformed shape is axi-symmetric. 397 

Fig. 9(c) shows the deformed shape for the sample with a fissure and with smooth ends. This 398 

clearly shows the sample failing along the fissure. For the case with a fissure and rough ends the 399 

sample also shows failure along the fissure, but it additionally exhibits a considerable amount of 400 

“bulging” and “bending” which can be seen in the solid elements in the vicinity of the fissure (see 401 

Fig. 9(d)). This “bending” arises due to the absolute horizontal restraint imposed on both the top 402 

and bottom surfaces of the sample. It is interesting to note that the same behaviour (i.e. “bending”) 403 

was also shown by the traixial test data from Webb (1966) who investigated the behaviour of 404 

London clay from Ashford Common. A peak shear stress was observed by Webb (1966) at an axial 405 

strain of around 6-7% for a sample which failed on a pre-existing fissure with an inclination of 406 

38°, while a higher peak shear stress was reached at a much lower axial strain of approximately 407 

4% for an intact sample without a fissure. Therefore, while the present result is realistic and 408 

simulates the laboratory test, it differs from the case of smooth ends where the top and bottom of 409 
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the sample can move laterally relative to each other. In practice, perfectly smooth (lubricated) 410 

ends would be difficult to achieve and, in addition, the membrane would resist this relative 411 

movement to some degree. To quantify the effect of this horizontal restraint in the analysis with 412 

rough ends, the analysis was repeated with the lateral displacement boundary condition on the 413 

bottom surface of the sample changed from full fixity of the displacements in both the x- and y-414 

directions to tying of all the displacements in these directions together. This resulted in a rough 415 

bottom end restraint, but with the ability to move relative to the top surface of the sample. In 416 

essence, this modelled a rough bottom platen that is on rollers so that it has no resistance to 417 

lateral movement. The deformed shape of the sample at failure predicted by this analysis is shown 418 

in Fig. 9(e), demonstrating that the “bulging” and “bending” of the sample has been considerably 419 

reduced. The stress-strain relationship from this analysis is added to Fig. 8(a) and while the peak 420 

strength is only slightly greater than that of the equivalent analysis which had the lateral 421 

movement of the bottom of the sample fixed, the strain hardening behaviour observed in the 422 

latter has now disappeared. The above aspects of behaviour are also reflected in the pore water 423 

pressure-axial strain plot (see Fig. 8(b)). 424 

INFLUENCE OF THE FISSURE CHARACTERISTICS 425 

Fissure strength 426 

 427 

(a) 428 
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 429 

(b) 430 

Fig. 10. Stress-strain curves for a fissured sample with various fissure strength for: (a) smooth 431 
and (b) rough ends  432 

To investigate the influence of the fissure strength further analyses have been conducted while 433 

keeping the same position (i.e. mid-height) and inclination (i.e. α=30˚) of the fissure as in the 434 

previous section. In these analyses the angle of shearing resistance on the fissure was varied from 435 

𝜙𝑓𝑖𝑠
′ =10˚ to 25˚, with the upper limit being equal to that of the intact clay. For each fissure strength, 436 

analyses with smooth and rough ends were performed. 437 

The stress-strain curves interpreted from these analyses are shown in Fig. 10(a) and Fig. 10(b), 438 

for smooth and rough ends, respectively. Also shown are the curves for a sample with no fissure 439 

(labelled “intact clay”). For fissure strengths of 𝜙𝑓𝑖𝑠
′ = 19o and greater, the shear stress-strain 440 

curves and peak shear stress matched those obtained from the equivalent analyses with no 441 

fissure, indicating that the presence of the fissure had no effect on the samples’ behaviour for 442 

those values of the fissure’s strength. When 𝜙𝑓𝑖𝑠
′ < 19o  a decrease in the peak shear stress is 443 

observed, indicating that failure is triggered by the fissure and a shear plane is formed. For 444 

analyses with a fissure strength 𝜙𝑓𝑖𝑠
′ < 11o  the samples failed along the fissure during the 445 

anisotropic consolidation stage (third stage) of the test, before undrained shearing could be 446 

applied. 447 

It should be noted that for the analyses with smooth ends, the same pre-peak behaviour is 448 

observed (see Fig. 10(a)) for the different fissure strengths, but the curves depart before reaching 449 

the peak if the sample fails along the fissure. For the analyses with rough ends (Fig. 10(b)), the 450 
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decrease in the peak shear stress, from that obtained with a sample without a fissure, is smaller 451 

than the equivalent analysis with smooth ends. For example, for a fissure strength 𝜙𝑓𝑖𝑠
′ = 14o the 452 

reduction in peak shear stress is 8% and 38% for the analyses with rough and smooth ends, 453 

respectively. Fig. 10(b) also shows that the effect of “bending” on the shear stress – strain curve 454 

becomes more pronounced as the fissure strength reduces. 455 

 456 

Fig. 11. Variation of peak shear strength with fissure strength 457 

The peak shear stress values shown in Fig. 10 are plotted against the fissure strength in Fig. 11. 458 

When the fissure strength is low the analyses with rough ends produce higher peak shear stresses 459 

than the equivalent analyses with smooth ends. The difference between the peak shear stresses 460 

for rough and smooth ends reduces as the fissure strength increases and for high fissure strengths 461 

the trend reverses and a higher peak shear stress is predicted by the analyses with smooth ends.  462 

Fissure position 463 
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 464 
 (a)  465 

 466 

(b) 467 

Fig. 12.   Stress-strain curves for a fissured sample with various fissure positions for: (a) smooth 468 
and (b) rough ends  469 

To assess the influence of the fissure position on the shear stress-strain behaviour, further 470 

analyses were performed with the fissure centre located at distances of H/5, H/4, 3H/4 and 4H/5 471 

above the bottom of the sample, H being the sample height. The fissure inclination (α = 30˚) and 472 

its reference strength parameters (𝑐𝑓𝑖𝑠
′ =0 kPa and 𝜙𝑓𝑖𝑠

′ =14˚) remained unchanged. In all cases 473 

considered the fissure passed completely through the sample and did not intersect its extremities. 474 

Analyses with both smooth and rough ends were conducted.  475 

A 

C B 
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The results from these analyses are presented in Fig. 12. Nearly identical stress-strain curves are 476 

obtained for all the analyses with smooth ends. However, differences exist in cases with rough 477 

ends. As the fissure position moves away from the sample mid height towards either its top or 478 

bottom, 4H/5 and H/5, the stress-strain curves exhibit less strain hardening, indicating less 479 

“bending” in the sample. However, all analyses give the same peak shear stress, although reach it 480 

at different values of axial strain. 481 

                                              482 

                             (a)                           (b)                             (c) 483 

Fig. 13.  Fissure positions with respect to local strain ‘measurement’: (a) H/2; (b) H/4 and 3H/4; 484 
and (c) H/5 and 4H/5 485 

Fig. 13 shows the relative positions of the fissure with respect to the position of the local strain 486 

measurements (1: θ=0˚, 2: θ=120˚ and 3: θ=240˚). Looking in more detail at the local strain results 487 

and considering the analyses performed with smooth ends, all the local strain positions gave 488 

identical results throughout the analysis with the fissure positioned at H/2. For the analyses with 489 

the fissure positioned at H/4 or 3H/4, two local strain positions (i.e. 1 and 3 for H/4 and 1 and 2 490 

3H/4) stopped straining when the peak shear stress was reached (i.e. point A in Fig. 12(a)), while 491 

the other position (i.e. 2 for H/4 and 3 for 3H/4) continued straining and gave identical results, 492 

resulting in a lower average strain compared to that with the fissure positioned at H/2. For the 493 

analyses with the fissure positioned at either H/5 or 4H/5 all three local strain positions stopped 494 

recording strains when the peak shear stress was reached. Consequently, as the average of the 495 

strains was taken to produce the curves in Fig. 12(a) then, strictly speaking, the results are only 496 

near identical up to peak shear stress after which they differ, but as the peak shear stress is 497 

constant this is not evident in the figure. 498 

2 1 3 
1 2 3 2 1 3 
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 499 
(a) 500 

 501 

(b) 502 

Fig. 14.  Variation of local axial strains with increment number for a fissured sample with rough 503 
ends and positions at: (a) 𝐻/2 and (b) 4𝐻/5 504 

For the analyses performed with rough ends the behaviour is more complex. For a better 505 

understanding, the local strain measurements from the analyses with the fissure positioned at 506 

H/2 and 4H/5 are shown in Fig. 14(a) and Fig. 14(b), respectively, against the increment number. 507 

Up until increment 200 (labelled as positions B and C on Fig. 14(a) and Fig. 14(b), respectively) 508 

all three strain positions for each analysis give similar results. However, after this increment the 509 

measurements begin to diverge. The equivalent positions B (for H/2) and C (for 4H/5) are also 510 

B 

C 
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marked on Fig. 12(b) and it is possible to observe that in both analyses the divergence in local 511 

strain measurements only occurs once the peak shear stress is reached. This was also the case for 512 

other fissure positions. These results imply that pre-peak results from the conventional local 513 

strain measurements are unlikely to be significantly affected by their absolute position in the θ 514 

direction. 515 

Fissure inclination 516 

To quantify the effect of fissure inclination analyses were performed with the fissure centre 517 

positioned at mid height of the sample, but with the inclination varied from α=0˚ (i.e. horizontal 518 

fissure) to 52.5˚. Fissure inclinations greater than 52.5˚ were not considered as they would have 519 

resulted in extremely distorted finite elements adjacent to the top and bottom surfaces of the 520 

sample. None of the inclinations considered resulted in fissures intersecting the top or bottom 521 

surfaces of the sample. The fissure strength parameters (i.e. 𝑐𝑓𝑖𝑠
′ = 0  kPa and 𝜙𝑓𝑖𝑠

′ = 14o ) 522 

remained unchanged in all analyses.  523 

 524 

(a) 525 
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 526 

(b) 527 

Fig. 15. Stress-strain curves for a fissured sample with various fissure inclinations for: (a) 528 
smooth and (b) rough ends  529 

 530 

Fig. 16. Variation of peak shear stress with fissure inclination 531 

The stress–strain curves derived from these analyses are presented in Fig. 15(a) and Fig. 15(b) 532 

for analyses with smooth and rough ends, respectively. All analyses with fissure inclinations 533 

smaller than α=22.5˚, with either smooth or rough ends, produced curves that were 534 

indistinguishable from those derived from the equivalent (in terms of end restraint) analyses 535 
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without a fissure, indicating that failure was occurring in the intact soil rather than along the 536 

fissure. As the fissure inclination increased above α=22.5˚ the peak shear stress reduced and 537 

failure occurred along the fissure. The change in peak shear stress with fissure inclination is 538 

shown in Fig. 16. The reduction in peak shear stress is greater for the analyses with smooth ends. 539 

For example, the analyses with a fissure inclination of α=52.5˚ had peak shear stresses 50% and 540 

28% smaller than the equivalent analyses with no fissure, for analyses with smooth and rough 541 

ends respectively. These findings agree with the experimental data presented by Sandroni (1977), 542 

who claimed that the specimens with a fissure inclined at an angle of 40-60° exhibited a much 543 

lower strength compared to those that failed along a flatter fissure (e.g. the one with an inclination 544 

angle of 25°). The “bending” effect that occurs when rough ends exist also becomes more 545 

significant as the fissure inclination increases (see Fig. 15(b)). As observed in the previous section, 546 

when considering the fissure position the results of the three local strains were similar until peak 547 

shear stress was reached, after which they diverged. 548 

DISCUSSION 549 

Intact samples 550 

When interpreting triaxial test results it is usually assumed that the vertical and radial effective 551 

stresses are the principal effective stresses and are uniform within the sample, with their 552 

magnitudes derived from the total stresses applied to the boundaries of the sample and the pore 553 

pressure measured by a transducer. Consequently, for the analyses presented in this paper, at the 554 

beginning of the undrained shear stage it would be appropriate to take 𝜎𝑟
′=225 kPa, 𝜎𝑣

′=151.02 555 

kPa and 𝑝𝑓 =199.02 kPa (giving p’=200.34 kPa), which are the values at the mid-height of the 556 

sample in the triaxial test with smooth ends (see Fig. 6). If these values are used as the initial 557 

stresses and the constitutive model used in the FE analyses is integrated over the strain path 558 

imposed during the undrained shearing stage of the triaxial test, the “ideal” triaxial test behaviour 559 

can be obtained. The results of such an analysis are shown in Fig. 8(a) and Fig. 8(b) in the form of 560 

stress–strain and pore water pressure–strain plots. They are indistinguishable from those 561 

obtained from the analysis performed without a fissure and with smooth sample ends. However, 562 

the match is not so good for the analysis with rough ends, as this analysis shows a lower peak 563 

shear stress and a spurious strain hardening behaviour. As shown previously, the latter effect can 564 

be eliminated by enabling the relative lateral movement between the top and bottom of the 565 

sample, but the lower peak stress remains. These results suggest that laboratory tests in which 566 

the top and bottom of the sample can move laterally relative to each other are preferable. In this 567 

respect it is interesting to note that Sandroni (1977) achieved a similar behaviour in his 568 

laboratory tests at Imperial College by having a top platen that contained ball bearings onto which 569 

the internal load cell rested. 570 
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 571 

(a) 572 

 573 

(b) 574 

Fig. 17. Contours of mean effective stress, p’, at the end of undrained shearing for the intact 575 
sample with rough ends: (a) 5%/day and (b) 20%/day 576 

As the constitutive behaviour assumed in the present analysis is isotropic non-linear elastic 577 

perfectly plastic, with a zero dilation, there will be no change in mean effective stress prior to or 578 

at failure during the undrained shearing. For the samples without a fissure the peak shear stress 579 

(at failure) is therefore given by (see Potts & Zdravković (1999)): 580 
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𝑞peak = (

𝑐′

tan 𝜙′
+ 𝑝′)

6 sin 𝜙′

3 − sin 𝜙′
 ( 3 ) 

The peak shear stress given by the analysis without a fissure and with smooth ends was around 581 

212 kPa, which is very close to the theoretical value of 𝑞peak = 214 kPa for p’=200.34 kPa, 𝑐′ = 8 582 

kPa and 𝜙′ = 25o. However, the value obtained from the similar analysis with rough ends was 583 

only 197 kPa. One of the reasons for this lower value is because at the start of the undrained 584 

loading the effective stresses were not uniform in the sample (see Fig. 5) and this resulted in p’ 585 

values lower than the ideal value of 200.34 kPa in the bottom part of the sample where failure 586 

occurred (see Fig. 6). Substituting the value of qpeak =197 kPa into Eq. (3) gives p’=183 kPa which 587 

is very comparable to Fig. 17(a), where the distribution of p’ at failure in this analysis is shown. 588 

This reduction in p’ is possible as it is only the boundaries of the sample that prevent water to 589 

enter or leave the sample. Within the sample there can be flow of water which will depend on the 590 

hydraulic gradients established by the non-uniform deformation of the sample and its 591 

permeability. This could then result in volume changes within the sample. Fig. 18(a) shows the 592 

changes in volumetric strains which occurred in the analysis with rough ends during undrained 593 

shearing. It is interesting to note that both positive and negative volumetric strains occur and that 594 

if they are integrated over the sample there is no overall volume change. 595 
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 598 

(b) 599 

Fig. 18. Volumetric strains occurring during undrained shearing of the intact sample with rough 600 
ends: (a) 5%/day and (b) 20%/day  601 

 602 

Fig. 19. Distribution of pore water pressure down the centre-line of the intact sample at failure 603 

The distributions at failure of pore water pressure down the centre-line of the sample are shown 604 

in Fig. 19 for the analyses without a fissure. Both the analyses with smooth and rough ends have 605 

distributions which vary hydrostatically with depth, indicating that they are in hydraulic 606 

equilibrium albeit with a higher magnitude in the case of rough ends. In laboratory triaxial tests 607 

the difference between the pore water pressure at the mid height of the sample and at either the 608 
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top or bottom of the sample is often used to confirm that an acceptable rate of shearing is being 609 

applied to minimise non-uniformities in the effective stress distribution in the sample. The 610 

present analyses indicate that, while such an approach confirms hydraulic equilibrium, rough 611 

ends result in a non-uniform distribution of total, and therefore effective, stresses within the 612 

sample (see Fig. 17). 613 

Results from further analyses in which the rate of undrained shearing was changed to 1% and 20% 614 

per day are also shown. For the analyses with smooth ends the pore water pressure distributions 615 

plot on top of each other in Fig. 19 and other results from these analyse are independent of the 616 

rate of undrained shearing (not shown here for brevity). This is not surprising as the samples 617 

behave in a near uniform manner. In the analyses with rough ends the sample does not behave 618 

uniformly and a different distribution of pore water pressure is generated which could violate 619 

hydraulic equilibrium if the soil is not sufficiently permeable and/or the shearing rate is too high. 620 

The lack of hydraulic equilibrium is evident in Fig. 19 in the analysis with the fastest shearing rate, 621 

which, as a result, increases the non-uniformity in the distribution of both stress and strain at 622 

failure (see Fig. 17(b) and Fig. 18(b)). However, at failure all three analyses predict maximum 623 

shear stress and mean effective stress values within 1% of each other, indicating that it is the 624 

rough ends that have the major influence on the behaviour and not any lack of hydraulic 625 

equilibrium. 626 

 627 

Fig. 20. Effective stress status at failure for intact samples with different initial mean effective 628 
stresses 629 

As the intact soil has both a cohesion and angle of shearing resistance, it is not possible to back-630 

calculate these values from a single analysis. Consequently, further analyses without a fissure 631 
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were performed, following the same procedure as outlined before, but changing the initial and 632 

boundary conditions such that samples had “ideal” mean effective stress values of 100.34 kPa and 633 

400.34 kPa at the mid height of the sample prior to undrained shearing. The shear stress prior to 634 

undrained loading was also changed so that all samples had the same q/p’ ratio equivalent to 635 

𝐾0 = 1.5. Analyses with both smooth and rough ends were performed and the resulting stress 636 

states at failure, along with those from the original analyses, are plotted in Fig. 20. Also shown on 637 

this figure is the Mohr-Coulomb failure line corresponding to the input strength parameters for 638 

clay 𝑐′ = 8 kPa and 𝜙′ = 25o . All analyses produce failure stress states that are close to this 639 

failure line, implying that, despite the difference in end restrains, they produce the correct 640 

drained strength parameters. However, as noted above, undrained strengths are under-predicted 641 

for all analyses with rough ends. 642 

Samples containing fissures 643 

In the analyses of a homogeneous sample with smooth ends the radial effective stress 𝜎𝑟
′  is 644 

constant with depth and the vertical effective stress 𝜎𝑣
′  has only a slight increase with depth due 645 

to the sample’s effective weight at any stage of the undrained shearing. If this slight variation in 646 

𝜎𝑣
′  is ignored then Eq. (2) indicates uniform stresses over any inclined plane within the sample. 647 

For a soil sample containing a fissure, this implies that the stresses acting on it, normal (𝜎𝑛
′ ) and 648 

tangential (𝜎𝑡
′), would be uniform over its surface. Consequently, if the failure criterion, 𝜎𝑡

′ =649 

𝜎𝑛
′ tan 𝜙′, is satisfied at any point of the plane, it would imply an abrupt failure along the fissure 650 

surface. This was observed in all the analyses with smooth ends that failed on the fissure. With 651 

rough ends the stress conditions in the sample are not uniform, especially due to the sample’s 652 

bending discussed previously. 653 

Rearranging Eq. (2) and introducing the pore water pressure and total radial and vertical stresses 654 

corresponding to the end of the undrained shearing stage of the analyses, i.e. 𝑝𝑓,𝑢𝑙𝑡 , 𝜎𝑟,𝑢𝑙𝑡  and 655 

𝜎𝑣,𝑢𝑙𝑡  (these quantities are essentially what are measured in a triaxial test), and noting that a 656 

fissure is assumed to have no cohesion in this study, the following expression for back-calculating 657 

the angle of shearing resistance on a fissure, if it were present, is obtained: 658 

 
𝜙𝑓𝑖𝑠

′ 𝑏𝑐
= arctan [

(𝜎𝑣,𝑢𝑙𝑡  − 𝜎𝑟,𝑢𝑙𝑡)sin (2𝛼)

(𝜎𝑣,𝑢𝑙𝑡 + 𝜎𝑟,𝑢𝑙𝑡 − 2𝑝𝑓,𝑢𝑙𝑡) + (𝜎𝑣,𝑢𝑙𝑡  − 𝜎𝑟,𝑢𝑙𝑡)cos (2𝛼)
] ( 4 ) 

This is the equation that would be applied in practice to obtain the fissure strength on a sample 659 

that clearly failed on a planar surface. 660 
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 661 

Fig. 21. Comparison of back-calculated and input fissure strengths for samples with a fissure 662 
inclination of α=30˚ and which failed along the fissure 663 

 664 

Fig. 22. Back-calculated fissure strength from analyses performed with different fissure 665 

inclinations but the same input strength of 𝜙𝑓𝑖𝑠
′ 𝑖𝑛𝑝

= 14o  and which failed along the fissure 666 

Substituting into Eq. (4) the total stresses and pore water pressure determined at the end of the 667 

analyses performed on samples with a fissure located at mid height, with an inclination α=30˚ and 668 

with different values of input fissure strength, 𝜙𝑓𝑖𝑠
′ 𝑖𝑛𝑝

, which caused failure on the fissure, it is 669 
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possible to obtain the back-calculated values of fissure strength, 𝜙𝑓𝑖𝑠
′ 𝑏𝑐

, presented in Fig. 21. For 670 

the analyses with smooth ends the 𝜙𝑓𝑖𝑠
′ 𝑏𝑐

 values agree well with the strength values input in the 671 

analyses, 𝜙𝑓𝑖𝑠
′ 𝑖𝑛𝑝

. However, for the analyses with rough ends the back-calculated strength is 672 

higher than the input strength. 673 

Performing a similar exercise for the analyses on samples containing a mid-height fissure with 674 

different inclinations and with a constant input strength of  𝜙𝑓𝑖𝑠
′ 𝑖𝑛𝑝

= 14o, results in the 𝜙𝑓𝑖𝑠
′ 𝑏𝑐

 675 

values presented in Fig. 22. For the analyses with smooth ends the back-calculated strengths for 676 

all fissure inclinations considered are in agreement with the input strength value. However, for 677 

the analyses with rough ends the back-calculated strength is again much higher than the input 678 

strength. Also shown in Fig. 21. and Fig.22 are the results from the analysis with rough ends, in 679 

which the bottom and top of the sample could move relative to each other, showing that the back-680 

calculated fissure strength also exceeds the strength input into the analysis. 681 

The above results imply that using Eq. (4) to calculate the fissure strength from the results of a 682 

real triaxial test with rough ends is likely to lead to an overestimation of the shear strength. The 683 

discrepancies increase as the fissure strength decreases with respect to the strength of the intact 684 

clay and/or with an increase in the fissure inclination. 685 

 686 

Fig. 23. Summary plot showing the influence of the fissure characteristics 687 

Additional analyses were performed varying the input strength and inclination of a fissure 688 

located at mid height of the sample. This has enabled the summary plot given in Fig. 23 to be 689 
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constructed, which defines three zones. If the combination of input fissure strength and 690 

inclination falls into: 691 

Zone 1 - the sample behaviour is unaffected by the presence of the fissure and represents that of 692 

an intact sample. 693 

Zone 2 - the sample behaviour is affected by the presence of the fissure and failure occurs along 694 

the fissure. 695 

Zone 3 - the sample fails along the fissure during the anisotropic consolidation stage of the test 696 

before it can be subjected to undrained shearing. 697 

The derived delineation of the effect of the fissure characteristics in Figure 23 is verified with 698 

available experimental data from triaxial tests on London clay. The first set of data (Gasparre, 699 

2005), marked with cross symbols and with identification codes 16.6iUC, 26.3UC, 27UC, and 700 

23.7UC, represents samples that failed on a pre-existing fissure, for which the fissure strength 701 

was interpreted as 𝑐𝑓𝑖𝑠
′ = 0 kPa and 𝜙𝑓𝑖𝑠

′ = 17o, together with their measured fissure inclinations. 702 

The second set of data, shown as a shaded box in Fig.23, represents the range of fissure strengths 703 

and inclinations reported by Sandroni (1977), also for samples that failed on a pre-existing fissure. 704 

Both sets of experimental data plot within Zone 2, which defines failure along a pre-existing 705 

fissure. Gasparre (2005) further reports on samples which prematurely failed along a pre-706 

existing fissure during the anisotropic consolidation stage (e.g. sample 11.9DE), which confirms 707 

the existence of Zone 3 in Fig.23. 708 

CONCLUSIONS 709 

One reason why axi-symmetric triaxial samples subjected to axi-symmetric boundary conditions 710 

fail on a planar slip surface, which does not maintain an axi-symmetric geometry, is that a fissure 711 

exists in the sample. This paper has investigated the influence of a single fissure in an otherwise 712 

homogeneous triaxial sample of London clay, through the comprehensive simulation of typical 713 

undrained compression tests using coupled hydro-mechanical 3D FE analyses. In addition to the 714 

influence of the fissure position, inclination and strength, the effect of the sample’s end-restraints 715 

on both the interpreted stiffness and strength of the soil are quantified. Analyses without a fissure 716 

(intact sample) have also been performed for comparison. The analyses results were interpreted 717 

as if they were real triaxial tests, in the sense that stresses were evaluated from the applied loads 718 

(cell pressure and vertical load) and from the pore water pressure at a point on the lateral 719 

boundary at mid-height of the sample, while the axial stains were interpreted from vertical 720 

displacements between the two nodes representing the transducer’s gauge length on the sample’s 721 

vertical boundary. The following main conclusions arise from these analyses: 722 
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1. For intact samples the small and medium strain stiffness behaviour and the drained 723 

strength parameters back-calculated from the analysis are unaffected by the end restraint 724 

and agree well with those input in the analyses. However, while the undrained strength 725 

back-calculated from the analysis with smooth ends agrees with the ideal behaviour 726 

arising from the constitutive model, the undrained strength from the analysis with rough 727 

ends is some 7% lower. This was shown to be a direct consequence of the rough ends. 728 

2. For samples containing a fissure, the analyses with smooth ends showed that the 729 

behaviour of the sample was similar to that of the intact sample until the fissure strength 730 

was mobilised, followed then by an abrupt failure. For the analyses with rough ends the 731 

effect of the fissure was evident before failure occurred, with the stress-strain and pore 732 

pressure response being similar to that of the intact sample up until approximately two 733 

thirds of the peak shear stress, at which point the behaviour became more ductile until 734 

ultimate failure occurred on the fissure. This behaviour was shown to be a consequence 735 

of the inability of the bottom and top of the sample to move laterally with respect to each 736 

other, causing bending in the sample. 737 

3. For the samples which failed on the fissure, it is possible to back calculate the fissure 738 

strength using a simple equation based on the assumption of a uniform stress state, as 739 

typically used to interpret real triaxial test results. For the analyses with smooth ends the 740 

back-calculated strengths agreed well with the input fissure strength. However, for the 741 

analyses with rough ends the back-calculated strengths exceed those input into the 742 

analyses by as much as 37%. 743 

4. A practical interaction chart was developed from the numerical results, for assessing 744 

whether a sample will be unaffected by the fissure, fail along the fissure in shearing, or 745 

fail prior to shearing. This assessment is based on the fissure’s drained strength and 746 

inclination.   747 

5. Good agreement was found between the numerical predictions and existing experimental 748 

data, thus validating the developed numerical model and its ability to realistically 749 

simulate and interpret laboratory experiments  750 

While this study makes a distinct contribution to the interpretation of triaxial tests on stiff clays, 751 

further investigations are needed to evaluate the effect of a pre-existing fissure and end-restraints 752 

on the strain-softening aspect of the stiff clay behaviour, in terms of both the softening rate and 753 

the ultimate strength post-softening. 754 
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APPENDIX A 832 

To verify that the stress-strain behaviour observed in the four reference cases of a triaxial test 833 

investigated in this study was not the consequence of applying a relatively simple non-liner 834 

elastic-perfectly plastic Mohr-Coulomb model, these analyses were repeated with an advanced 835 

modified two-surface kinematic-hardening model of Grammatikopoulou et al. (2006). This is a 836 

critical state model which enables both the non-linearity and plasticity of the real soil behaviour 837 

to be reproduced inside the state bounding surface. The adopted model parameters for London 838 

clay were calibrated by Avgerinos et al. (2016) for ICFEP analyses of Crossrail tunnelling in Hyde 839 

Park, London. The behaviour of the fissure, located in the middle of the sample and inclined at 840 

𝛼 = 30o to the horizontal, was modelled in the same manner as that in the main study, adopting 841 
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the Mohr-Coulomb model with strength parameters 𝑐𝑓𝑖𝑠
′ = 0 and 𝜙𝑓𝑖𝑠

′ = 14o , and normal and 842 

shear stiffness 𝑘𝑛 = 𝑘𝑠 = 107 kN/m3. 843 

The stress-strain behaviour predicted by this model for the four reference cases is shown in Fig. 844 

A-1. The results indicate the same trend in the effect of end restraints and the presence of a fissure 845 

on the mobilised shear stress, as that shown in Fig. 8(a) for the non-linear Mohr-Coulomb results.  846 

It is therefore thought that the general conclusions of the study presented in this paper are not 847 

dependent on the choice of the soil constitutive model.  848 

 849 

Fig.A-1. Comparison in predicted stress-strain curve of fissured and intact clay samples with a 850 
kinematic hardening model 851 

  852 
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