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Abstract 

 

 

Fundamental Study on Shear Behavior of 

Non-persistent Joints 

 

Sayedalireza Fereshtenejad 

 

Department of Energy Systems Engineering 

The Graduate School 

Seoul National University 

 

The mechanical behavior of intact rock between adjacent joints (rock bridge) 

as well as the geometrical and mechanical properties of joints is highly 

influential with regard to the shear strength of the weakness planes. Usually, 

several non-persistent coplanar/en-echelon joints interact in a rock mass which 

is under pressure and eventually form a combined shear plane where failure 

takes place. Therefore, comprehensive knowledge of the shear mechanism of 

both joints and rock bridges is required to assess the shear strength of a probable 

failure path. To investigate the shear behavior of weakness planes a novel 

procedure was proposed to prepare casted specimens embedding non-persistent 

(disc-shaped) rough joints using 3D printing and casting technologies. 
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Rock bridge ratio and joint dispersion effects of both single joint and 

coplanar intermittent joints on the shear strength of the 3D printed and plaster 

specimens were experimentally examined by conducting several direct shear 

tests under constant normal load (CNL) condition. The results showed that, 

regardless of the number of joints on the plane of weakness, the rock bridge 

ratio has an increasing effect on the shear strength. Digital image correlation 

(DIC) technique demonstrated that the moment of force exerted due to the 

boundary condition applied by a direct shear test machine disturbs the uniform 

distribution of the normal and shear loads on the plane of weakness. Hence, the 

joint layout on the plane of weakness could be influential to a great extent. DIC 

analysis also showed that the cracks mainly initiate in tensile mode. Moreover, 

it was found that the joints embedded in specimens with higher rock bridge 

ratios have smaller contribution to the shear strength. 

The influence of the joint roughness on the shear behavior of the rock mass 

containing a single non-persistent rough joint was studied through an extensive 

experimental work when other variables, namely nominal normal stress and 

rock bridge ratio are considered. Three levels for three different variables (joint 

roughness, rock bridge ratio, and nominal normal stress) were considered, and 

the effects of these factors on the shear behavior of prepared specimens were 

tested. The experimental results showed a clear influence of the three variables 

on the shear strength of the specimens. The rock bridge ratio and the normal 

stress were found to be relatively more influential than the joint roughness with 

regard to the shear strength of the specimens.  It is proved that the shear strength 

cannot be traditionally evaluated by simply adding the shear strength of the 
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jointed zone to that of the bridged zone while the zones are under identical 

normal stress. The results also showed that normal stress applied to the 

embedded jointed zone of weakness planes is smaller than that to the bridged 

zone but still considerable and should thus be taken into account during shear 

strength evaluation. Furthermore, three distinct phases of dilation were detected 

for specimens containing a non-persistent rough joint. The first phase 

demonstrates the dilation of the specimens before the failure point. A DIC 

analysis revealed that the dilation in this phase is partially due to the rotation of 

the specimens as a result of the inevitable existing gap between the upper and 

lower specimen holders of the direct shear test machine. In the second phase, 

dilation due to crack propagation and coalescence is followed by compression 

due to the closure of the enforced failure plane. Finally, the third phase of 

dilation complies with the dilation mechanism of a persistent rough joint. 

Moreover, a camcorder was used to analyze the location and sequence of the 

initiated cracks. In most cases, the first crack was initiated at the axis of rotation 

and propagated to the circumference of the embedded joint and the last crack 

propagated from the other side of the joint circumference, eventually resulting 

in a rupture. It is important to note that the cracks that initiated and propagated 

before the final crack did not significantly alter the path of the shear stress-shear 

displacement curves. 

The amount of normal load applied to the non-persistent embedded joints 

(joint normal stress) is one of the key factors for the estimation of joint friction 

contribution to the shear strength of rock mass containing the joints. Two 

different experimental approaches are proposed to measure the joint normal 
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stress. The first approach (approach I) retrieves the joint normal stress by 

examining the normal stress-joint closure relationship of specimens containing 

non-persistent joints, and the second approach (approach II) utilizes joint 

crushed area as an indicator. The results of experiments carried out based on 

the approach I show that the joint normal stress is greater when the size of the 

embedded joint and the normal stress applied to the specimen containing that 

joint are greater. An analytical equation is proposed to evaluate the joint normal 

stress by assuming a uniform normal deformation throughout the rock mass 

undergoing normal stress, and is validated by the results of approach I 

experiments. 

Lastly, the effects of some influential factors, namely normal stress, rock 

bridge ratio, joint roughness, and material strength, on the shear behavior of the 

specimens containing a single non-persistent rough joint were experimentally 

analyzed to reach an empirical model representing the shear strength of the 

specimens. In order to investigate the pure effects of the main factors and their 

interactions on the shear strength of the specimens, and also to express the 

results of the experiments quantitatively, in terms of an empirical model, twenty 

seven-trial orthogonal array matrix (L27) developed by Taguchi techniques was 

selected for providing the experimental layout. The shear strength of twenty 

seven specimens was measured through conducting direct shear test based on 

the selected experimental layout. Finally, an empirical criterion which can 

precisely express the relationship between the shear strength of the specimens 

and the investigated parameters was proposed. 91% of the variability in the 

shear strength of the specimens can be explained by the proposed model. 
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Chapter 1. Introduction 

1.1 Motivation 

Discontinuity is a general term referring to any mechanical fracture in rock that 

has zero or low tensile strength (ISRM, 1978). The geometrical and mechanical 

characteristics of discontinuities in rock control the mechanical and hydraulic 

behavior of the rock mass to a great extent (Brown 1987; Zhang and Einstein 

2000; Song et al. 2001). Natural discontinuities may have different geological 

origins of formation, such as shear movement, rapid cooling of lava, unloading, 

horizontal stress changes, and folding, according to which, different names 

(joint, fault, bedding, cleavage) have been used. Due to the inherent limitations 

of studies of discontinuities, our information about their shapes and persistence 

characteristics is narrowed down only through analyses of the 2D traces on 

outcrops (Staub et al. 2002). While in most previous discrete fracture network 

(DFN) models discontinuities were assumed to be planar in space (Baecher et 

al. 1977; Veneziano 1978; Dershowitz 1998), a few models considered curve-

shaped cases (Fereshtenejad et al. 2016). Researchers who posited the planarity 

of non-persistent joints speculated various shapes for joint boundaries 

(polygonal, circular, elliptical or irregular). In terms of the joint boundary shape, 

joints can be classified into two groups: unrestricted and restricted. The 

continuity of unrestricted joints is not limited by other pre-existing geological 

structures such as joints, bedding planes, and faults, and the boundaries of these 

joints can be approximated by a close convex curve (Zhang and Einstein 2010). 

Continuity in restricted joints, on the other hand, terminates at intersections 
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with pre-existing features from one or several sides. Considering both restricted 

and unrestricted joint termination concepts, one may conclude that joints are 

non-persistent and are hence surrounded by intact rock in a rock mass. Joint 

persistence (joint size) is the most difficult parameter to measure, and it has a 

significant effect on the rock mass strength and groundwater flow (Song 2009). 

Usually, several non-persistent coplanar/en-echelon joints interact in a rock 

mass which is under pressure and eventually form a combined shear plane 

where failure takes place (Fig. 1.1.1). The joints and the intact rock between 

adjacent joints (rock bridges) are both highly influential with regard to the shear 

strength of a shear plane (Gehle and Kutter 2003). Therefore, when evaluating 

the shear strength of a probable failure path, comprehensive knowledge of the 

shear behavior of both joints and rock bridges is required. Numerous 

researchers have studied the shear strength of rough persistent joints from 

different perspectives (Zhao 1997a, 1997b; Patton 1966; Ladanyi and 

Archambault 1969; Barton 1971, 1972, 1976; Barton and Choubey 1977; 

Maksimović 1996; Fox et al. 1998; Lee et al. 2001, 2014; Seidel and Haberfield 

2002). However, fewer studies have investigated the shear strength when the  

 

 

Fig. 1.1.1 Failure path passing through the joints and rock bridges 



3 

 

failure path passes through rock bridges, although the destructive consequences 

of rock bridge breakage have been reported (Tchalenko and Ambraseys 1970; 

Lajtai et al. 1994). En-echelon fractures, which occur as a unique set of 

subparallel fractures, have often been found in natural fault damage zones 

(Cheng et al. 2015). The shear mechanism by which faults develop can be 

related to the breakage of the rock bridges connecting en-echelon joints (Segall 

and Pollard 1983; Deng and Zhang 1984). Therefore, obtaining adequate 

knowledge of rock bridge strength and failure mechanism in a rock mass under 

direct shear test condition is of great importance in stability evaluations. Several 

analytical, experimental, and numerical studies have investigated the shear 

behavior of rock bridge and its effect on the shear strength (refer to chapter 2). 

However, the influence of joint roughness to the shear behavior of weakness 

planes with non-persistent joints has not been investigated through a precise 

and systematic experimental study. 

In most of previous studies, multiple effects of the geometrical parameters 

of each non-persistent joint (orientation and size), the parameters related to the 

joint frequency and joint spatial arrangement (e.g., joint spacing, number of 

joint rows, overlapping status), the mechanical parameters of joints and intact 

rock (joint friction angle, internal friction angle and rock cohesion), and the 

loading conditions on the shear strength of rock mass have been experimentally 

analyzed. To develop an accurate empirical criterion for evaluating the shear 

strength, simplified joint configurations should be initially considered and the 

effect of each influencing parameter should be systemically tested considering 

the existing interactions. 
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The specimens applied in previous research contained “edge-notched” joints 

consisting of different types of materials, such as cement and plaster mortars. 

A novel procedure is required to build specimens embedding finite joints 

surrounded by intact materials from all sides. 

Moreover, to create edge-notched joints, thin sheets were placed inside the 

mold before pouring the mortar and were removed when the mortar became 

hardened. This approach naturally creates edge-notched “open” joints with a 

certain aperture corresponding to the thickness of the applied sheets. Hence, no 

friction mobilizes due to shearing when the joints are smooth. In the case of 

rough joints, joint roughness may mobilize after a certain amount of shear 

displacement which is greater than the thickness of the applied sheets; hence, a 

specimen preparation procedure should be proposed to make specimens 

containing non-persistent joints in a way that the adjacent walls of each 

embedded joint are in direct contact with each other and no aperture exists. 

Applying the casting procedure for the preparation of required specimens, the 

joint friction contribution to the shear strength of specimens containing 

embedded non-persistent joints can be investigated. 

In most previous experimental research on the shear behavior of rock masses, 

smooth non-persistent rock joints were modeled and analyzed. Only one study 

(Asadizadeh et al., 2018) investigated the effects of roughness on the shear 

behavior of a rock mass containing non-persistent rough joints. They made 

open rough joints using 3D printed rough sheets simply designed by extending 

the 2D Barton’s joint roughness coefficient (JRC) profile (Barton and Choubey, 

1977) in the third dimension, whose apertures corresponded to the JRC sheet 
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thickness (1 mm). Moreover, because the JRC sheet should be removed from 

the mortar without disturbing the joint walls during the gelation process, the 

roughness in the third direction (perpendicular to the JRC profile) should be 

zero. To study the natural effect of joint roughness on the shear behavior of 

weakness planes containing rough non-persistent joints, a specimen 

preparation procedure which allows one to create non-persistent close joints 

with different roughness levels along different directions is required. 

Based on the criteria proposed to estimate the shear strength of intact rock 

and rock joints (Coulomb 1773; Patton 1966; Ladanyi and Archambault 1969; 

Barton 1976), the shear strength is dominantly determined by the normal stress 

distributed to the enforced plane. Therefore, to analyze the simultaneous 

contribution of the friction of the jointed zone and the cohesion and internal 

friction of the bridged zone of a weakness plane to the shear strength of the 

plane, the fraction of nominal normal load distributed to the jointed and bridged 

zones should be evaluated. Proposing approaches that can analytically 

estimate the distribution regime of nominal normal load on the jointed and 

bridged zones of the weakness plane is extremely required. 

So far, no empirical model is proposed to evaluate the shear strength of shear 

planes containing non-persistent rough joints. Systematic experimental studies 

should be performed to obtain an empirical formulation which is capable of 

estimating the shear strength of weakness planes containing non-persistent 

rough joints. 
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1.2 Outline of dissertation 

Chapter 1 provides the limitations and drawbacks of previously conducted 

research as the motivations of this study, and lists the main contributions of this 

research. In chapter 2, previous analytical, experimental, and numerical studies 

on the shear behavior of rock mass containing embedded joints are provided. 

In chapter 3, the laboratory equipment, the materials, and the specimen 

preparation procedures applied in this study are introduced. In section 4.1, the 

effects of rock bridge ratio and joint dispersion on the shear behavior of 

artificial (plaster and 3D printed) rock mass containing open joints are 

experimentally investigated. In section 4.2, the joint friction contribution to the 

shear strength of weakness planes containing a single non-persistent rough joint 

is studied through an extensive experimental work when other variables, 

namely nominal normal stress, rock bridge ratio are considered. In section 5.1, 

an analytical equation to evaluate the normal stress applied to the embedded 

non-persistent joint (joint normal stress) is proposed, and to validate it two 

different experimental approaches are designed. In section 5.2, an empirical 

criterion to evaluate the shear strength of rock mass containing a single non-

persistent rough joint is proposed. Finally, the limitations and future work 

arising from this study is discussed in section 6.1, and section 6.2 draws the 

main conclusions. 

 

1.3 Research contributions 

The followings are the main contributions of this research. 
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(1) A novel specimen preparation approach is proposed to create rock-like 

specimens containing a non-persistent rough joint surrounded by intact 

material from all sides. Applying the method, the embedded joints are 

closed and interlocked, so their friction is mobilized once the specimens are 

subjected to the direct shear test condition. Unlike previously applied 

specimen preparation approaches, the proposed method enables the 

creation of embedded joints with different roughness levels along various 

directions. 

(2) Persistence and dispersion effects of non-persistent joints on the shear 

strength of weakness planes are experimentally studied. 

(3) The effects of rock bridge ratio, joint roughness, material strength, and 

applied normal stress on the shear behavior of the specimens containing a 

non-persistent rough joint are experimentally investigated. 

(4) Two experimental approaches are proposed to measure the amount of 

normal stress applied to an embedded non-persistent joint (joint normal 

stress). 

(5) An analytical equation is proposed and validated to evaluate the joint 

normal stress. 

(6) An empirical equation is proposed to evaluate the shear strength of 

specimens containing a non-persistent rough joint. 
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Chapter 2. Background and literature review  

2.1 Analytical background 

If a weak plane is partially discontinuous, the total shear strength (𝑆𝑡) can be 

simply assumed to be the summation of the shear strength mobilized by both 

bridged and discontinuous parts when a normal load is uniform over the total 

area of the plane (A). Jennings proposed a commonly used criterion to calculate 

the shear strength (𝑆𝑡) of planes of weakness containing jointed and bridged 

parts based on this assumption (Jennings 1970), 

 

𝑆𝑡 = 𝐴[(1 − 𝜂)(𝜎𝑎 tan ∅𝑖 + 𝑆0) + 𝜂(𝜎𝑎 tan +𝑐𝑗)],                                    (2.1) 

 

where 𝜂 , the joint persistence, is defined as the fraction of the area that is 

discontinuous, and ∅𝑖, ∅𝑗, 𝑐𝑗, 𝑆0, and 𝜎𝑎 represent the angle of internal friction, 

the angle of joint friction, the joint cohesion, the intact rock cohesion, and the 

average normal stress across the region of sliding, respectively. Lajtai and 

Stimpson argued that this criterion may tend to overestimate the shear strength 

because it assumes that the cohesion in solid bridges and the joint friction along 

the discontinuous part are fully mobilized simultaneously (Lajtai 1969a; 

Stimpson 1978). Moreover, Jennings assumed that failure occurs as a shear 

fracture parallel to the direction of jointing, which is usually not the case 

(o’Reilly 1980). Among the researchers who have worked on the shear strength, 

a few proposed an analytical method which considers both the discontinuous 

and bridged parts of the plane of weakness at the same time. Lajtai was one of 
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the pioneers who proposed a verified analytical criterion of failure for this case 

(Lajtai 1969b, 1969a). He believed that the maximum shear strength is 

controlled solely by the tensile strength of the solid bridges if neither of the 

frictional resistances (internal and joint friction) is mobilized before a total loss 

of cohesion occurs. He stated that shearing along the enforced plane must 

represent a secondary stage in the mechanism of failure. This idea was 

developed because the minimum principal stress (𝜎3) is always negative given 

that no normal stress on planes parallel to normal load is applied during direct 

shear test. Minimum principal stress (𝜎3) is derived by the following equation.  

 

𝜎3 =
1

2
(𝜎𝑥𝑥 + 𝜎𝑦𝑦) − [𝜎𝑥𝑦

2 +
1

4
(𝜎𝑥𝑥 − 𝜎𝑦𝑦)

2
]

1

2
                                          (2.2)                

 

Where 𝜎𝑥𝑥 = 𝜎𝑎  and is normal stress on plane of weakness, 𝜎𝑦𝑦  is normal 

stress parallel to plane of weakness, and 𝜎𝑥𝑦 = 𝜏�̅� is shear stress on plane of 

weakness in direct shear test. Since in direct shear test 𝜎𝑦𝑦 = 0, 

 

  𝜎3 =
1

2
(𝜎𝑎 + 0) − [𝜏�̅�

2 +
1

4
(𝜎𝑎 − 0)2]

1

2
=  

1

2
𝜎𝑎 − [𝜏�̅�

2 +
1

4
(𝜎𝑎)2]

1

2
< 0.   (2.3) 

 

 If 𝜎3 ≤ 𝑇𝑠 (tensile strength of intact rock), a tensile fracture would develop at 

right angle to 𝜎3 (𝜎3 𝑎𝑛𝑑 𝑇𝑠 are negative numbers). Hence, the maximum direct 

shear stress (𝜏𝑎) can be expressed as follows: 

 

  𝜏𝑎 = [𝑇𝑠[𝑇𝑠 − 𝜎𝑎]]
1

2.                                                                                   (2.4) 
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The equation above is referred to as a direct shear parabola on the 𝑇𝑠 – 𝜎𝑎 plane 

representing the condition of failure where the minimum principal stress is 

tensile and equal to the tensile strength of the material. Otherwise, the direct 

shear parabola does not make sense and a more appropriate theory should be 

applied to interpret the crack initiation in the shear mode. According to the 

Coulomb failure criterion, shear fractures develop provided that the value of 𝜎1 

(maximum principal stress) exceeds the failure envelope (Jaeger et al. 2009). 

 

 𝜎1 > 𝑆0 tan 𝛽 =
1

2
𝜎𝑐                                                                                   (2.5) 

 

where, β is the angle between the outward normal vector of failure plane and 

the maximum principal stress direction and 𝜎𝑐 is uniaxial compressive strength. 

Zhang explained that the failure mode in a direct shear test depends on the 

applied normal stress level (Zhang 1990); at relatively low stress levels, failure 

occurs first in the tensile mode (at an angle to the enforced direction) and then 

in the shear mode (along the enforced direction), and at higher normal stress 

levels only shear failures propagate in the direction of sliding. He developed 

the following criterion to determine normal stress levels of shear failures of 

rock masses; the following normal stress condition must be satisfied if failure 

occurs first in tensile mode, then shear failures take place in sliding direction: 

 

𝜎𝑎 < 2(𝑆0 cos ∅𝑖 − |𝑇𝑠|) (1 − sin ∅𝑖)⁄ ,                                                      (2.6) 
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and the following normal stress condition should be satisfied weather failures 

develop only in shear type in the shearing direction: 

 

𝜎𝑎 ≥ 2(𝑆0 cos ∅𝑖 − |𝑇𝑠|) (1 − sin ∅𝑖)⁄ .                                                      (2.7) 

 

Lajtai developed his criterion by speculating on the limitation of the maximum 

shear stress by tensile failure (when the minimum principal stress exceeds the 

tensile strength of the intact rock), by shear failure (according to the Coulomb-

Navier criterion), or at the ultimate strength (frictional resistance of crushed 

rock bridge material) (Lajtai 1969b). He proposed a composite limit curve 

which consists of three sections according to the aforementioned assumptions 

as a failure envelope considering the two different cases of closed and opened 

joints as below. 

I. Open joints of partial separation 

𝜏𝑎 = (1 − 𝜂) [𝑇𝑠 (𝑇𝑠 −
𝜎𝑎

1−𝜂
)]

1

2
  , tensile failure                                           (2.8) 

𝜏𝑎 =
1

2
{

(2(1−𝜂)𝑆0+𝜎𝑎 tan ∅𝑖)2

1+tan2 ∅𝑖
− 𝜎𝑎

2}
1

2⁄

, shear failure                                             (2.9) 

𝜏𝑎 = 𝜎𝑎 tan ∅𝑢  , ultimate strength failure                                                 (2.10) 

 

II. Closed joints of partial separation 

𝜏𝑎 = 𝐶𝜂𝜎𝑎 tan ∅𝑗 + (1 − 𝜂)[𝑇𝑠(𝑇𝑠 − 𝜎𝑎)]
1

2  , tensile failure                    (2.11) 

𝜏𝑎 = 𝐶𝜂𝜎𝑎 tan ∅𝑗 +
1−𝜂

2
{

(2𝑆0+𝜎𝑎 tan ∅𝑖)2

1+tan2 ∅𝑖
− 𝜎𝑎

2}
1

2⁄

, shear failure             (2.12) 

𝜏𝑎 = 𝜎𝑎 tan ∅𝑢  , ultimate strength failure                                                 (2.13) 
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Where ∅𝑢 is defined as the angle of friction at ultimate strength and C is a joint 

friction mobilization factor which takes values between 0 and 1. 

 

2.2 Experimental studies 

The shear strength of partially discontinuous planes of weakness has been 

extensively analyzed by experimental means to a much greater extent than by 

analytical methods. Because an experimental study on the shear resistance of 

planes of weakness mostly requires samples with precise configurations of 

bridges and joints and consistent mechanical properties, the use of artificial 

materials such as plaster or cement has been preferred for sample preparation. 

Previous studies examined both intermittent (coplanar and en-echelon types) 

and separate non-persistent joints and investigated the effects of several 

parameters on the failure mechanism of jointed specimens under direct shear 

test condition. Most of the parameters are related to the spatial geometry of each 

joint or assembly of joints in the rock mass, such as the joint angle, joint length 

(joint area), rock bridge angle, rock bridge length (rock bridge area), length of 

overlap, joint dispersion, and joint offset (the vertical distance between two 

parallel adjacent traces or their extensions); others belong to the loading 

boundary condition (normal load) and/or mechanical properties of the intact 

rock and joint surface, such as the internal friction, internal cohesion, and joint 

friction. It should be noted that the applied sample preparation approaches led 

to the creation of edge-notched joints (embedded joints cutting at least one 

lateral side of a specimen) with a certain aperture. 
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Savilahti et al. conducted a limited number of laboratory shear experiments 

on specimens with nine different joint configurations and observed that bridges 

generally fail in tension (Savilahti et al. 1990). They demonstrated that the 

fracture initiates from the vertical boundary of the specimens (perpendicular to 

the shearing direction) and propagates toward the joints that are not intersected 

by the boundary. For specimens containing joints intersecting the vertical sides 

of the specimen perpendicular to the shear direction, the fracture initiates from 

each joint toward another one. Wong et al. studied the effects of normal stress 

and joint separation on the failure mode of plaster specimens containing arrayed 

open joints under direct shear test condition (Wong et al. 2001). Their 

experimental results revealed three types of failure modes (tensile, pure shear, 

and mixed). They indicated that normal stress, joint separation, and interactions 

among the joints are the major factors affecting the failure mode of specimens. 

Gehle et al. performed a series of direct shear tests on specimens of a rock-like 

material (gypsum) and limestone containing a number of short cracks in an en-

echelon arrangement along the central shear axis to investigate the effects of 

the joint angle, degree of separation, normal load, and mechanical properties of 

the material on the shear mechanism (Gehle and Kutter 2003). Of all parameters 

investigated, the inclination of the cracks and the normal stress were found to 

have a dominant influence over the shear strength. They also identified three 

distinct phases for the shear process, specifically an actual rupture, a friction 

process and dilation, and a sliding process inside a strongly fractured shear zone, 

clearly concluding that all cracking during the shear process is caused by 

tension and should be modeled accordingly. Ghazvinian et al. conducted 
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several direct shear tests on plaster specimens to study the effects of continuity 

(dispersion) and the area of rock bridges on the failure behavior of partially 

jointed planes of weakness (Ghazvinian et al. 2007). Their experimental results 

demonstrated that the shear resistance shows a small reduction with a reduction 

in the continuity of rock bridges in the shear direction and that it shows a 

dramatic increase with an increase in the rock bridge coefficient and the normal 

stress. They expressed that for the specimens with rock bridge coefficients of 

0.6 or less, tensile cracks initiate and propagate through the intact portion area. 

Otherwise, the tensile crack propagates to a certain length and a shear crack 

appears and propagates through the entire intact bridged rock when the shear 

load increases. Asadizadeh et al. conducted an experimental study of the shear 

strength and cracking process of artificial specimens with two parallel (stepped 

and coplanar) non-persistent rough joints (Asadizadeh et al. 2018). The results 

of their experiments revealed that the normal stress and bridge length are more 

influential than the joint roughness coefficient (JRC) on the shear strength of 

the specimens. However, it is believed that their report about the effect of joint 

roughness on the shear strength of the specimens is not valid. Because they 

applied JRC sheets with 1 mm thickness to create the edge-notched joints, the 

joints surface would not be in contact before the failure of the rock bridge. It 

should be mentioned that the peck shear displacement required to break the rock 

bridge is much smaller than the horizontal gap (>1 mm) between any point on 

the lower wall of the embedded joint and its corresponding point on the upper 

wall. Therefore, the joint friction is not mobilized before the failure of rock 

bridge. In these earlier experiments, tensile failures are more frequently 
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reported for specimens containing edge-notched, non-persistent joints under 

direct shear test condition. 

 

2.3 Numerical Simulations 

Impressive advances in computer technology have provided an appropriate 

platform to employ different numerical approaches, such as the finite element 

method (FEM), boundary element method (BEM), and discrete element method 

(DEM), to analyze rock joint behavior (Beer and Poulsen 1994; Park and Song 

2009; Asadi et al. 2012; Bahaaddini et al. 2013). One advantage of the 

application of numerical methods to investigate the behavior of rock specimens 

containing several intermittent joints is that full failure behavior such as the 

failure progress, failure pattern, failure mechanism, and shear resistance can be 

precisely detected. Savilahti et al. are among the pioneers who numerically 

simulated the direct shear test of plaster blocks containing non-persistent joints 

by means of a distinct element code (UDEC) (Savilahti et al. 1990). The results 

obtained via simulations were similar to their experimental results. Zhang et al. 

investigated the shear behavior of rock specimens containing different 

configurations of intermittent edge-notched joints with different geometrical 

parameters (joint separation and joint angle) through several direct shear 

simulations using a rock failure process analysis (RFPA2D) code (Zhang et al. 

2006). They realized that the shear strength of their simulated specimens is 

mostly related to the failure mechanism and failure pattern and that the 

geometrical parameters of finite joints are the factors influencing the failure 

pattern the most. In addition, they concluded that the cracks produced during 
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the entire shear loading process are all tensile cracks and that the overall 

fracture process can be divided into three phases: (I) damage of inner 

configuration, (II) rapid propagation and coalescence, (III) a friction process 

after the total rupture of bridged rock. Ghazvinian et al. performed several 

direct shear tests using the two-dimensional Particle Flow Code (PFC2D) to 

study the shear behavior of rock specimens containing two edge joints with 

different joint separations (Ghazvinian et al. 2012). They also introduced the 

tensile mode as the dominant mode of fracturing irrespective of the stage of 

shearing. Jiang et al. conducted a series of direct shear tests on coplanar and 

non-coplanar jointed rocks using PFC2D software to analyze the effects of 

different joint geometries on the shear behavior of rocks (Jiang et al. 2017). The 

results of their study showed a nonlinear decrease in the peak shear stress with 

the joint persistence for coplanar jointed rocks and an increase in the shear 

strength as the absolute value of the inclination angle of the joints increases for 

non-coplanar jointed rocks. The shear process for samples with coplanar joints 

was divided into the four phases of elastic shearing, crack propagation, failure 

of rock bridges, and residual phases. Shang et al. investigated the areal 

persistence and geometry effects of rock bridges on the shear behavior of 

partially opened planes of weakness by conducting direct shear test simulations 

on 57 specimens with 19 different joint configurations using PFC3D (Shang et 

al. 2018). The results of their simulations revealed that cracks often initiate at 

the edges of rock bridges and then propagate initially in the middle of rock 

bridge areas or around the connection points of rock bridges in cases involving 

a single rock bridge and multiple rock bridges, respectively. Owing to the 
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nature of the mode II tests reported in the study and the intrinsic limitation of 

the standard parallel bond model (PBM), which overestimates tensile strength 

of rock, it was found that the number of shear cracks was approximately ten 

times more than that of tensile cracks after a shear failure. Similar to the 

experimental studies discussed above, most of the aforementioned numerical 

simulations confirm that the tensile mode is the dominant failure mode when 

specimens containing non-persistent joints are under direct shear test condition. 
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Chapter 3. Experimental procedure 

3.1 Equipment and Experimental Settings 

 3D printer 

In this study, the specimens printed with ZPrinter® 450 of 3D systems 

corporation were analyzed to investigate its applicability in rock mechanics and 

other related fields. ZPrinter® 450 is a powder-based 3D printer, which uses the 

binder jetting technology in its manufacturing process (Fig. 3.1.1a). After 

importing a 3D source data to ZPrint™ software, the object geometry is cut into 

several cross sections along the z-axis based on the predefined layer thickness. 

After that, the machine automatically examines whether an adequate amount of 

powder and binder is supplied. The status of the print heads, one for color inks 

and another one for clearing the binder, is also inspected before printing. In 

general, the printer consists of two distinct parts (Fig. 3.1.1b). The left 

compartment of the printer holds a build bed, service station, parking caps, 

debris filter, carriage, gantry assembly, vacuum hose, heater vent, and a feeder; 

it provides a place for the building operation and is called the build chamber. 

The dimension of the build bed is 203 mm × 254 mm × 203 mm, and the 

resolution of inkjet print heads is 300 × 450 dots per inch. The right room of 

the printer that houses a glove box and an air wand is called the fine-powder 

removal chamber that provides a place for the final removal of any powder left 

on the printed objects (Z Corporation Manual 2008). The step by step printing 

procedure is described in the following section. 
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Fig. 3.1.1 ZPrinter® 450 (3D Systems Corporation) 

 

First, the build bed is covered by the powder up to a sufficient thickness. 

This primary layer provides a smooth bed for the part to be built on. After that, 

according to the layer thickness assigned by the user, an extremely thin layer 

(approximately 0.1 mm) is spread and smoothed using a roller over the build 

bed. Other than spreading, the roller is responsible for increasing the packing 

rate of the poured powder (Lu et al. 2009). In the next stage, based on the first 

cross section, the binder is sprayed by moving the print head along the x- and 

y-axes over the build bed. Once the first layer is completed, the build bed 

descends to a certain level and gets ready for the subsequent layer. This cycle 

could be repeated several times to build the entire volume of the object. 

 

 Direct shear test machine 

All shear tests in this study were performed by a stiff servo-controlled direct 

shear test machine (Fig. 3.1.2). Linear variable differential transformers 

(LVDTs) measure the displacements in both the normal and shear directions, 

and the normal and shear loads are measured using strain gauge type load cells 

(a) (b) 
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by detecting the resistance changes of the strain gauge embedded in the load 

cells. The load capacity of the load cells are 60 tons, with nonlinearity and 

elastic hysteresis at less than 0.05% for the entire loading range. Computer-

based data acquisition equipment is responsible for the continuous recording of 

the load and displacement data. The experiments were performed under 

constant normal load (CNL) condition, and different normal stresses were 

provided by means of a hydraulic actuator for the 3DP and plaster specimens, 

respectively. Before each shear test, according to International Society for Rock 

Mechanics (ISRM) suggested methods, the normal load was continuously 

increased to the shear plane at an approximately similar gradual rate of 0.01 

MPa/s until the determined normal stress was reached. Shear displacement up 

to 20 mm (more than 13% of the length of the shear plane) at rates of 0.5 

mm/min (for experiments in section 4.1) and 0.2 mm/min (for experiments in 

sections 4.2, 5.1, and 5.2) was determined for the shear experiments. Following 

ISRM standards, a constant gap zone of 10 mm between the upper and lower 

specimen holders was considered for all of the experiments in this study. 

 

 

Fig. 3.1.2 Servo-controlled direct shear test machine 



22 

 

 Loading machine and strain measurement 

The mechanical properties of the 3D printed (3DP) and plaster specimens were 

investigated by using a MTS model 816 system. It is important to discuss the 

methods that could be adopted to measure the displacement during the uniaxial 

compressive strength (UCS) test on the 3DP specimens. Because the surface of 

the specimen is covered by the unbound powders, the attachment of the strain 

gauge might be a challenge. At first, we applied TML strain gauge adhesive 

series CN, a single component room-temperature curing adhesive, which 

worked perfectly for various types of rock specimens. Despite this, the strain 

gauge could not be attached because of the powdered surface of the specimens. 

To resolve this problem, we applied the P-2 adhesive, a two-component room-

temperature-curing polyester adhesive comprising main agent and hardener 

(Fig. 3.1.3a). The adhesive provided a suitable surface to which the strain gauge 

could be firmly bound. However, during the UCS test, the part of the specimen 

into which the P-2 adhesive had penetrated, separated, and the displacements 

could not be measured up to the failure point. Different properties (increased 

stiffness) of the part comprising P-2 were the reason for this early breakage. 

Hence, we selected an extensometer as the most reliable alternative tool to 

measure the axial and circumferential displacements during the UCS test 

(Fig. 3.1.3b). 

 

 Camcorder 

 A camcorder (Nikon COOLPIX P600) operated at a frame rate of 120 fps was 

used to monitor the surface deformation of the specimen with black speckles  
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Fig. 3.1.3 (a) Application of P-2 and strain gauge, (b) application of axial and 

circumferential extensometers 

 

on it during direct shear tests (Fig. 3.1.2). The images recorded by the camera 

were later used in DIC analysis to investigate the initiation, propagation, and 

coalescence of cracks. 

 

 3D laser profiler 

A 3D laser profiler was applied to measure the surface roughness of the 3D 

printed molds, the silicone molds, and the plaster joints used in this study 

(Fig. 3.1.4). The 3D laser profiler determines various roughness parameters by 

digitizing the surface of a joint using a laser displacement meter (Kenyence LK-

G150). This profiler is composed of a laser displacement meter, a motion 

control system, and a LabVIEW computer which controls the entire system and 

exports the measured data. The motion control system (Jeongwon 

Mechatronics) controls the position of the laser displacement meter using 

servo-motors which are placed on the x, y, and z axes. 

 

 

 

 

a) b) 
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Fig. 3.1.4 3D laser profiler 

 

3.2 Materials 

 3D printed specimens 

A commercial composite ZP® 150 powder and a Zb® 63 binder were firstly used 

to study the effects of printing direction, printing layer thickness, binder 

saturation level, and heating process on the mechanical behavior of the printed 

material and to evaluate the applicability of powder-based 3D printing 

technology to rock mechanics (Fereshtenejad and Song 2016). The results of 

the study are briefed in appendix A.  

Applying the lessons learned from the study which is provided in appendix 

A, a better commercial high-performance composite, VisiJet PXL Core powder, 

and the VisiJet® PXLTM
Clear binder were used to print the 3DP specimens 

required in the study of shear behavior of artificial rock containing single or 

multiple coplanar non-persistent open joints (refer to chapter 4). The chemical 

compositions of the applied powder and binder are protected by patents, 

according to which the production processes are also protected. The printing 
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layer thickness and the binder saturation level are the main factors affecting the 

mechanical properties of printed parts, and these parameters can be adjusted by 

users to some extent. A printing layer thickness of 0.1 mm and a binder 

saturation level of 120% were selected for all of the 3DP samples in this study. 

The gap between the printing process and the direct shear test was set to seven 

days, during which the specimens were kept at room temperature. Table 3.2.1 

provides the specifications adopted during the printing setup of the ZPrinter® 

450, and the mechanical properties of the 3DP samples as obtained through 

conducting UCS test. 

 

 Plaster specimens 

The plaster specimens were cast from a mixture of an industrial gypsum powder 

(MR-150, Samwoo Corporation) and water. The powder consists of over 99% 

bassanite (CaSO4·0.5H2O) and it was mixed with water at different mass ratios 

of 3.5:1, 3:1, and 2.5:1 (powder : water). The mixing ratio of 3:1 was considered  

 

Table 3.2.1 The specifications adopted during the printing setup of ZPrinter® 450 and 

the mechanical properties of the printed material 

Specifications Description 

Powder type VisiJet PXL Core 

Binder type VisiJet® PXLTMClear 

Print heads HP11 (clear binder) 

Printing layer thickness (mm) 0.1 

Binder saturation level (%) 120 

Preheating process Not applied 

Drying process after printing Not applied 

Bleed compensation (related to dimensional 

accuracy of  specimens) 

Not applied (which means the binder is 

spread to the boundary) 

UCS (MPa) 15.88 

Young’s modulus (GPa) 6.16 
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for the plaster specimens prepared and tested in sections 4.1, 4.2, 5.1, and the 

mixing ratios of 3.5:1, 3:1, and 2.5:1 were selected for those made and tested 

in section 5.2. Three uniaxial compressive strength tests and three Brazilian 

tests were performed on cylindrical specimens made based on each mixing ratio 

to obtain the UCS, the Young’s modulus at 50% of the ultimate strength, and 

the tensile strength of the final products according to the ISRM suggested 

methods (Ulusay 2015). Moreover, three direct shear tests at 1 MPa, 1.5 MPa, 

and 2 MPa of the normal stress levels were conducted to determine the basic 

friction angle of the plaster specimens. Table 3.2.2 lists the averaged 

mechanical properties of the plaster specimens. The brittle index (B) of the 

plaster specimens was calculated using the following equation (Hucka and Das 

1974): 

 

𝐵1 =
𝜎𝑐

𝜎𝑡
                                                                                                           (3.1) 

 

where 𝜎𝑐  is uniaxial compressive strength (UCS) and 𝜎𝑡  is Brazilian tensile 

strength. The brittleness indices of the plaster specimens made with different 

mixing ratios and those of natural rocks are in the same range. Therefore, the 

plaster mortar used in this study eventually provides a brittle material. 

 

Table 3.2.2 Mechanical properties of plaster specimens 

Mixing 

ratio 

UCS 

(MPa) 

Tensile strength 

(MPa) 

Young’s 

modulus (GPa) 

Basic friction 

angle (°) 

Brittleness 

index (B) 

2.5 22 3.25 5.27 39.33 6.8 

3 34 3.85 7.08 39.28 8.8 

3.5 39 4.46 7.65 39.8 8.7 
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3.3 Specimen Preparation Procedure 

 3D printed specimens 

Several specimens with a length of 150 mm, a width of 115 mm, and a height 

of 130 mm were made using the 3D printing technology to study the shear 

behavior of artificial rock containing single or multiple coplanar non-persistent 

open joints (in section 4.1). To build the 3DP samples, the required 3D models 

were initially designed using AutoCAD software based on the determined joint 

constellations. Afterwards, the STL format of the designed models, widely used 

for rapid prototyping and in 3D printing, was prepared. When sprayed, the 3D 

printer binder can penetrate through a layer of powder and reach the other layers 

underneath, consequently binding the particles of those layers. Hence, a certain 

gap (aperture) which can practically guarantee a true discontinuous zone should 

be determined to create disc-shaped joints embedded inside the samples. As 

shown in Fig. 3.3.1, different amounts for the joint aperture were considered 

and tested. It was found that a 1 mm gap inside the 3DP specimens results in a 

joint that shows no tensile resistance. It should be noted that the 1 mm aperture 

between adjacent walls of the joints is filled with unbonded 3D printer powder. 

During a direct shear test, the unpacked powder does not have the capacity to 

withstand the applied normal load before breakage of the intact parts; hence, 

the joint friction is not mobilized. 

 

 Plaster specimens 

I) Specimens made for the study of section 4.1 



28 

 

 

Fig. 3.3.1 Trial and error to find an appropriate aperture for the joints embedded inside 

3DP specimens 

 

In order to prepare the plaster specimens, several steel molds were initially used 

to cast cylinders with diameters that correspond to the diameters of the 

embedded joints (Fig. 3.3.2a). The cylindrical specimens were then cut into two 

halves, and the end sides were smoothed and leveled using a cutting machine 

and a grinding machine, respectively (Fig. 3.3.2b and Fig. 3.3.2c). One side of 

each half was considered a wall of an embedded joint. Because the grinding 

machine grinds the joint walls back and forth only in one direction, the joint 

surfaces were polished by spinning the cylinders on their axis on No. 100 

sandpaper (Fig. 3.3.2d). This causes some circular traces of sandpaper grit on 

the joint surfaces. Therefore, the shear resistance of the joints is not affected by 

the shearing direction. In the next step, the polished sides of two cylindrical 

samples were put into contact and the created joint was sealed using Teflon tape 

wrapped around the joint (Fig. 3.3.2e and Fig. 3.3.2f). Teflon tape prevents the 

seepage of plaster mortar into the joints and does not provide resistance against 
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normal and shear deformation. In this study, a few specimens containing a 

single joint with an aperture of 1 mm were also required. To prepare these, 

small pieces of foam sheets with a thickness of 1 mm were placed between two 

cylindrical samples to create a joint with an aperture of 1 mm before wrapping 

the Teflon tape. The 1 mm aperture eliminates the contact of the joint walls, 

preventing joint friction form being mobilized. Finally, a number of jointed 

cylinders were placed in an empty hexahedron mold at predesigned locations 

(Fig. 3.3.2e and Fig. 3.3.2f) and the empty space around them was filled with 

plaster mortar. As shown in Fig. 3.3.2f, the mold was put on a leveling table to 

build specimens with parallel sides. When the mortar hardened (around two 

hours), the upper and lower sides of the final specimens were smoothed and 

leveled using a grinding machine (Fig. 3.3.2g). The time gap between the 

specimen preparation process and the direct shear test was set to four days, 

during which the specimens were kept at room temperature. 

 

 

Fig. 3.3.2 Preparation process of plaster specimens and applied equipment: (a) metal 

mold, (b) cutting machine, (c) grinding machine for grinding cylindrical specimens, (d) 

No. 100 sandpaper (e) leveling table, (f) hexahedron mold and application of Teflon 

tape, (g) grinding the sides of final plaster specimen 
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II) Specimens made for the study of sections 4.2, 5.1, and 5.2 

-Rough joint specimens (J-specimens) 

Three different levels of roughness, denoted here as low, medium, and high, 

were selected to make 27 disc-shaped joint specimens to investigate the shear 

behavior of disc-shaped rough joints of three sizes under three different normal 

stress levels. Nine different surfaces for a combination of two factors (joint size, 

joint roughness) at three levels were required. To make rough plaster joints, 

nine silicone molds were created using the following procedure. First, a Matlab 

script was used to generate isotropic artificial rough surfaces with the given 

parameters (root mean square roughness, fractal dimension, size, and 

resolution) in the point cloud data format. Afterwards, the point cloud data files 

were converted to the STL format, which is widely used for rapid prototyping 

and in 3D printing technology. The STL files were then modified and 3D 

printed. Oil-based paint was uniformly sprayed onto rough surfaces of the 3DP 

molds for easily release from the final silicone molds (Fig. 3.3.3a). Finally, to 

cast the final disc-shaped silicone molds, the painted 3DP molds were placed 

in steel molds located on a leveling table. A 10 mm layer of a durable silicone 

with relatively high viscosity was poured onto the rough surface of the 3DP 

molds, and a thinner layer (5 mm) of low viscosity silicone was poured onto the 

cured first layer to make a smooth and flat bottom (Fig. 3.3.3b). Each plaster 

cylinder with a rough surface made applying the silicone and steel molds 

(Fig. 3.3.3c) was then encapsulated in the same casting material with a higher 

gypsum powder to water ratio (3.55:1) to be secured in each half of the 

specimen holder (Fig. 3.3.3d). 
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Fig. 3.3.3 Preparation procedure of joint specimens: (a) 3DP mold, (b) silicone mold, 

(c) plaster rough joint, (d) encapsulated joint 

 

All of the plaster disc-shaped joints were cast using these nine silicone 

molds. However, the roughness of the generated surface in Matlab gradually 

degraded during the molding process. Because the final goal was to create three 

plaster joints of various sizes (three sizes) with the same roughness, continuous 

attempts to generate rough surfaces (by Matlab) were made until the final goal 

was reached. Because the applied roughness parameter (Z2) is sensitive to 

sampling interval (Gao and Wong 2014), the average roughness values of the 

surfaces’ profiles along the shear direction was measured during each step 

based on the same sampling interval of 0.5 mm using a 3D laser profiler. 

Table 3.3.1 lists the measured Z2 and the converted Joint Roughness Coefficient 

(JRC) values of the generated, 3D printed, and final plaster joint surfaces for 

all nine cases. 

 

-Specimens containing a single non-persistent open joint (Br-specimens) 

Several rectangular cuboid plaster specimens containing a single non-persistent 

open joint were cast with a length of 150 mm, a width of 115 mm, and a height 
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Table 3.3.1 Z2 and its corresponding JRC values of generated, 3D printed, and final 

plaster joint surfaces 

Joint 

diameter 

(mm) 

Roughness 

level 

Roughness 

parameter 

Roughness value 

Generated 

surface 
3DP joint 

Final plaster 

joint 

80 

Low (LR) 
Z2 0.2678 0.1622 0.1632 

JRC (converted) --- --- 6.51 

Medium 

(MR) 

Z2 0.3903 0.238 0.2353 

JRC (converted) --- --- 11.62 

High (HR) 
Z2 0.6594 0.3651 0.354 

JRC (converted) --- --- 17.45 

95 

Low (LR) 
Z2 0.2673 0.1611 0.1629 

JRC (converted) --- --- 6.61 

Medium 

(MR) 

Z2 0.4605 0.2382 0.234 

JRC (converted) --- --- 11.71 

High (HR) 
Z2 0.6746 0.3641 0.3558 

JRC (converted) --- --- 17.49 

110 

Low (LR) 
Z2 0.2671 0.161 0.1627 

JRC (converted) --- --- 6.44 

Medium 

(MR) 

Z2 0.4353 0.2386 0.2325 

JRC (converted) --- --- 11.53 

High (HR) 
Z2 0.6931 0.3645 0.3577 

JRC (converted) --- --- 17.58 

 

of 130 mm to investigate the shear behavior of rock bridge. To prepare the 

cuboid specimens, cylindrical plaster specimens were initially made using steel 

molds and were then cut into two halves with a cutting machine. The end sides 

of the halves were smoothed and leveled using a grinding machine. To make a 

single joint with an aperture of 1 mm, small pieces of foam sheets with a 

thickness of 1 mm were distributed on the base of one half (Fig. 3.3.4a), after 

which the other half was placed on the first one so that the foam sheets were 

placed between them (Fig. 3.3.4b). To prevent the seepage of plaster mortar 

into the open joint, the joint was sealed by wrapping Teflon tape around it 
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(Fig. 3.3.4c). The tape provides no resistance against normal or shear 

deformation of the created open joints. Finally, each cylinder having an open 

joint was placed in an empty hexahedron acrylic mold (Fig. 3.3.4d) and the 

surrounding space was filled with plaster mortar (Fig. 3.3.4e). To prepare 

specimens with parallel sides, the acrylic mold was placed on a leveling table. 

After the specimens were cured, the upper and lower faces of the final 

specimens were polished and leveled using a grinding machine. These steps to 

make one specimen require around eight hours. All of the specimens were 

tested seven days after the preparation process, during which they were kept at 

room temperature. 

 

-Specimens containing a single non-persistent rough joint (J&Br-specimens) 

Several rectangular cuboid plaster specimens containing a single non-persistent 

rough joint were cast with a length of 150 mm, a width of 115 mm, and a height 

of 130 mm to investigate the simultaneous shear behavior of joint and rock 

bridge. The specimen preparation process is quite similar to that applied for the 

Br-specimens. However, instead of a cylindrical plaster specimen having an  

 

 

Fig. 3.3.4 Preparation procedure of specimens containing a single non-persistent open 

joint: (a) application of foam sheets, (b) cylindrical specimen with an open joint, (c) 

application of Teflon tape, (d) cylindrical specimens in hexahedron acrylic molds, (e) 

final plaster specimens 
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open joint, one with an interlocked rough joint (J-specimens) was placed in the 

hexahedron acrylic mold. To prevent the seepage of plaster mortar into the J-

specimens, the joints were plastered around the circumference with a very thin 

layer of slightly cured and sticky mortar this time. 

 

Terms and definitions 

 Conjugate J-specimen of a J&Br-specimen is a J-specimen with the 

diameter and roughness of the joint embedded in the J&Br-specimen. 

 Conjugate J-specimen of a Br-specimen is a J-specimen with the diameter 

of the open joint embedded in the Br-specimen, and can have any roughness. 

 Conjugate J&Br-specimen of a J-specimen is a J&Br-specimen containing 

a joint with the diameter and roughness of the J-specimen.  

 Conjugate J&Br-specimen of a Br-specimen is a J&Br-specimen 

containing a joint with the diameter of the open joint embedded inside the 

Br-specimen, and with any roughness. 
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Chapter 4. Shear behavior of artificial rock containing 

non-persistent open joints/closed rough joint 

4.1 Shear behavior of artificial rock containing single or multiple 

coplanar non-persistent open joints 

The joint persistence (rock bridge ratio) and joint dispersion effects of both 

single and coplanar (intermittent) embedded joints on the shear strength of 3DP 

and plaster specimens containing those joints were experimentally examined 

by conducting several direct shear tests under constant normal load (CNL) 

condition. Digital image correlation (DIC) technique was applied to investigate 

the effect of boundary condition applied by a direct shear test machine on the 

distribution of the normal and shear loads on the plane of weakness, and to 

reveal the failure mode. Furthermore, the friction mobilization of a single 

embedded joint was experimentally analyzed by comparing shear stress-shear 

displacement curves of the specimens containing a single open joint of different 

diameters to those of the corresponding specimens embedding a single smooth 

closed joint. 

 

 Experimental strategy 

Several experiments were conducted on specimens made of artificial materials 

incorporating idealized non-persistent, coplanar disc-shaped joints. Various 

joint constellations designed for assessing the effects of the joint area and joint 

dispersion on the shear behavior of the jointed planes are sketched in 

Fig. 4.1.1a-d. As shown in the figures, both jointed and bridged parts are 

arrayed horizontally on the plane along the central shear axis, and the joints do 
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Fig. 4.1.1 Various joint configurations (top view of shear plane), (a) shear planes having 

single joints with different sizes, (b) shear planes having various number of joints with 

the same size, (c) shear planes having single joints with the same size at different 

locations and (d) shear planes having various number of joints with the same rock 

bridge ratios. 

 

not notch the edges of the specimens. In the following, the experimental results 

are illustrated and the trends are explained. A total of eight series of direct shear 

tests with 13 3DP specimens and 13 plaster specimens were run (four series for 

the 3DP specimens and four series for the plaster specimens). Fig. 4.1.2 shows 

a specimen with a weakness plane under direct shear test condition. Here, rock 

bridge ratio (k) is defined as the ratio of the bridged area (𝐴𝐵𝑟) to the weakness 

plane area (A), and can be derived using the following equation. 

 

𝑘 =
𝐴𝐵𝑟

𝐴
                                                                                                          (4.1) 
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Fig. 4.1.2 Specimen with a weakness plane under direct shear test condition 

 

 Influence of the rock bridge ratio 

The area of discontinuities lying on a weakness plane is the most influential 

factor determining the shear behavior of the jointed plane. Hence, to investigate 

the effect of this factor on the shear mechanism of jointed planes under direct 

shear test condition, several specimens were constructed using both 3D printing 

technology (refer to section 3.3.1) and the proposed casting method (refer to 

section 3.3.2 (I)). Two distinct groups of joint constellations were considered 

to analyze the area effect: a single embedded disc-shaped joint (Fig. 4.1.1a) and 

coplanar embedded disc-shaped joints (Fig. 4.1.1b).  

 

-Single embedded joint 

The joint configurations shown in Fig. 4.1.1a were experimentally studied to 

determine the effect of the rock bridge ratio on the shear behavior of the 

specimens containing a single embedded joint. Various joint layouts with 

diameters of 54 mm, 80 mm, and 110 mm provided samples with different rock 

bridge ratios of 0.867, 0.709, and 0.449, respectively. The results of direct shear 

tests on the 3DP and plaster samples are shown in Fig. 4.1.3 and Fig. 4.1.4, 
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respectively, and are listed in Table 4.1.1. As expected, by increasing the rock 

bridge ratio, the shear strength was increased. The shear strength of the 3DP 

samples is mainly controlled by the bridged area of the weakness plane 

(Fig. 4.1.3a). The same trend is observed in the case of plaster samples 

(Fig. 4.1.4a). In contrast to the samples created by the 3D printer, the smooth 

joint walls inside the plaster samples are completely in contact, allowing 

shearing to mobilize the friction of discontinuous parts of the weakness plane. 

Therefore, the shear load required at each stage of the shear test is related to the 

 

 

Fig. 4.1.3 (a) Shear stress – shear displacement and (b) dilation – shear displacement 

curves for 3DP samples embedding a single joint 
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mobilization rate of the joint friction and the mechanical properties of the 

bridged material. Because the shearing of the bridged part consumes much 

more energy than the sliding of the jointed walls, the effect of the bridged area 

mainly determines the shear strength of the plaster samples. 

Fig. 4.1.3a shows that the residual shear stress of 3DP samples is 

approximately reached after 15 mm of shear displacement. The residual shear 

stress is higher for the samples embedding a smaller single joint (due to 

unbonded 3D printer powder). Unlike the 3DP samples, 20 mm of shear 

displacement is not large enough for the plaster specimens to reach the residual 

shear stress (Fig. 4.1.4a). This indicates that the rupture of the bridged part of 

the specimens provides a very rough surface, which requires greater shear 

displacement to reach the residual shear stress. 

As shown in Fig. 4.1.3b, the 3DP samples exhibit compression by shearing, 

which implies the effect of the existing gap between the joint walls. As shown 

in the figure, the compression is greater for the specimens containing a larger 

embedded single joint. Unlike the 3DP cases, plaster specimens dilate by 

shearing, implying that the failure mechanism of the bridged part is associated 

with a certain amount of dilation and that the shear plane created after the 

 

Table 4.1.1 Direct shear tests results of the specimens containing an embedded joint 

Specimen 

type 

Joint diameter (mm) / 

rock bridge ratio (k) 

Shear strength 

(MPa) 

Shear displacement at 

peak shear stress (mm) 

3DP 54 / 0.867 0.672932 0.975 

3DP 80 / 0.709 0.501414 1.246 

3DP 110 / 0.449 0.410997 1.415 

Plaster 54 / 0.867 3.905106 0.297 

Plaster 80 / 0.709 3.054771 0.251 

Plaster 110 / 0.449 1.582205 0.202 
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Fig. 4.1.4 (a) Shear stress – shear displacement and (b) dilation – shear displacement 

curves for plaster samples embedding a single joint 

 

breakage of the bridged part is very rough (Fig. 4.1.4b). In this case, more 

dilation is observed for specimens with greater rock bridge ratios at and after 

the failure points of the specimens. The breakage of weakness planes with 

larger bridges requires higher shear stress, and the higher shear stress causes a 

greater amount of dilation at the failure point. Moreover, the breakage of wider 

bridges inside the specimens provides rougher surfaces which cause greater 

dilation during the sliding period after the failure. 

 

0

0.5

1

1.5

2

2.5

0 5 10 15 20

D
ila

ti
o

n
 (

m
m

)

Shear displacement (mm)

(b)

Ø = 54 mm Ø = 80 mm Ø = 110 mm



41 

 

-Coplanar embedded joints 

The joint configurations shown in Fig. 4.1.1b were experimentally studied to 

ascertain the effects of the rock bridge ratio on the shear behavior of specimens 

containing coplanar embedded joints. Various joint layouts having one, two, 

four, and five coplanar joints (Ø = 54 mm) provided samples with different rock 

bridge ratios of 0.867, 0.734, 0.469, and 0.336, respectively. The results of 

direct shear tests on the 3DP and plaster samples are illustrated in Fig. 4.1.5 and 

Fig. 4.1.6, respectively, and are listed in Table 4.1.2. As shown in Fig. 4.1.5a 

and Fig. 4.1.6a, the shear strength of the samples is increased by increasing the 

rock bridge ratio. Similar to specimens embedding a single joint, the shear 

strength of the specimens containing coplanar joints is effectively controlled by 

the bridged area on the plane of weakness. For the plaster samples whose joint 

walls are in contact, larger joints require higher shear load for sliding assuming  

 

 

 

Fig. 4.1.5 (a) Shear stress – shear displacement and, (b) dilation – shear displacement 

curves for 3DP samples embedding coplanar joints 
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the normal load is uniformly distributed on the shear plane. However, the 

overall required shear load for failure of the specimen decreases because the 

rock bridge area is smaller. 

 

 

 

Fig. 4.1.6 (a) Shear stress – shear displacement and, (b) dilation – shear displacement 

curves for plaster samples embedding coplanar joints 

 

Table 4.1.2 Direct shear tests results of the specimens containing coplanar joints 

Specimen 

type 

Number of 

embedded 

joints 

Joint diameter 

(mm) / rock bridge 

ratio (k) 

Shear 

strength 

(MPa) 

Shear displacement at 

peak shear stress (mm) 

3DP 1 54 / 0.867 0.672932 0.975 

3DP 2 54 / 0.734 0.509554 0.891 

3DP 4 54 / 0.469 0.468464 0.572 

3DP 5 54 / 0.336 0.38952 0.675 

Plaster 1 54 / 0.867 3.905106 0.297 

Plaster 2 54 / 0.734 3.354855 0.229 

Plaster 4 54 / 0.469 1.799913 0.248 

Plaster 5 54 / 0.336 1.257899 0.161 
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Fig. 4.1.5a shows that the residual shear stress of the 3DP samples is nearly 

reached after 15 mm of shear displacement. Nevertheless, because the breakage 

of the bridged area of the weakness planes provides very rough surfaces, 

theresidual stress of the plaster samples is not reached during 20 mm of shear 

displacement (Fig. 4.1.6a). Negative normal deformation (compression) is 

observed for 3DP specimens containing coplanar embedded joints (Fig. 4.1.5b). 

Similar to the explanation given for the previous joint configuration, plaster 

specimens embedding fewer joints dilate more before and after failure 

(Fig. 4.1.6b). 

 

 Influence of the joint dispersion 

The layout of the joints on the weakness plane is another factor whose effects 

on the shear behavior are of interest. Therefore, to investigate the joint 

dispersion effect on the shear behavior of jointed specimens under direct shear 

test condition, several specimens were constructed using both 3D printing (refer 

to section 3.3.1) and casting (refer to section 3.3.2 (I)) methods. Two distinct 

joint constellations were considered: a single embedded disc-shaped joint 

(Fig. 4.1.1c) and coplanar embedded disc-shaped joints (Fig. 4.1.1d). 

 

-Single embedded joint 

The joint configurations shown in Fig. 4.1.1c were experimentally studied to 

determine the effects of the joint dispersion on the shear behavior of specimens 

containing a single embedded joint. Three different joint layouts with a single 

joint (Ø = 54 mm) at the center and sides of the weakness plane provided 
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samples with the same rock bridge ratios of 0.867. The results of direct shear 

tests on the 3DP and plaster samples are illustrated in Fig. 4.1.7 and Fig. 4.1.8, 

respectively, and are listed in Table 4.1.3. Given the same rock bridge ratio, 

similar shear resistance is analytically expected for all three samples when the 

normal load and the shear load are uniformly distributed along the jointed plane. 

However, as shown in Fig. 4.1.7a and Fig. 4.1.8a, the highest shear strength 

was found in the specimen with a single joint on the right side of its weakness 

plane, whereas the lowest belongs to the specimen containing a single joint on 

the left side of its weakness plane. The cause of this discrepancy is discussed in 

relation to the boundary condition applied by the direct shear test machine and 

its consequences on the stress distribution over the plane of weakness (refer to 

section 4.1.4). 

 

 

 

Fig. 4.1.7 (a) Shear stress – shear displacement and, (b) dilation – shear displacement 

curves for 3DP samples embedding a single joint 
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Fig. 4.1.7a shows that the residual shear stress of the 3DP samples is 

approximately reached after 10 mm of horizontal displacement. Due to the 

failure mechanism of the bridged part of the plaster samples, which provides a 

rougher surface compared to the 3DP samples, the residual shear stress of the 

plaster samples is not reached within 20 mm of shear displacement (Fig. 4.1.8a). 

All 3DP specimens with the aforementioned joint layout show compression by 

 

 

 

Fig. 4.1.8 (a) Shear stress – shear displacement and, (b) dilation – shear displacement 

curves for plaster samples embedding a single joint 
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Table 4.1.3 Direct shear test results of the specimens containing a single joint at 

different sides of weakness plane 

Specimen type 
Joint diameter (mm) / 

rock bridge ratio (k) 

Shear strength 

(MPa) 

Shear displacement at 

peak shear stress (mm) 

3DP (center) 54 / 0.867 0.672932 0.975 

3DP (right) 54 / 0.867 0.79679 1.547 

3DP (left) 54 / 0.867 0.547015 0.816 

plaster (center) 54 / 0.867 3.905106 0.297 

plaster (right) 54 / 0.867 4.426428 0.371 

plaster (left) 54 / 0.867 3.854602 0.363 

 

shearing which is greater for specimens showing lower shear strength levels 

(Fig. 4.1.7b). A reverse trend is shown for the dilation of the plaster specimens 

after about 9 mm of shear displacement (Fig. 4.1.8b). The roughness of the 

broken surfaces can explain this trend again to a large extent. Fig. 4.1.9a-c 

illustrate the failure path on the lateral sides of the plaster specimens with a 

single joint located on the right, center, and left sides of the weakness planes, 

respectively, during direct shear test. As shown in Fig. 4.1.9c, inside the 

specimen embedding a joint on the left side of its weakness plane, a crack was 

propagated and created an obtuse angle with regard to the displacement 

direction of the lower half. The propagated crack caused the lower half of the 

specimen to push up the upper half while they were sliding on each other, 

consequently resulting in greater slope in dilation-shear displacement curve of 

this specimen. However, as shown in Fig. 4.1.8b, the plaster specimen with a 

single joint on the center of the weakness plane experienced the highest amount 

of dilation at the moment of failure and the plaster specimen with a single joint 

on the left side of the weakness plane experienced more dilation compare to 

one with a single joint on the right side. 
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Fig. 4.1.9 Tensile cracks propagated during direct shear test through plaster specimens 

containing a single joint (a) at the right side, (b) at the center and (c) at the left side of 

the plane of weakness 

 

-Coplanar embedded joints 

The joint configurations shown in Fig. 4.1.1d were experimentally analyzed to 

understand the effects of the joint dispersion on the shear behavior of specimens 

containing coplanar embedded joints. Three different joint layouts containing 

four (Ø = 54 mm), eight (Ø = 38.18 mm), and thirteen (Ø = 29.95 mm) coplanar 

joints on the plane of weakness provided samples with the same rock bridge 

ratio of 0.469. Fig. 4.1.10 and Fig. 4.1.11 show the shear stress/dilation–shear 

displacement curves obtained from direct shear tests of the 3DP and plaster 

specimens, respectively and the results are listed in Table 4.1.4. Basically, 

similar shear strength levels can be expected for specimens containing 

weakness planes with the same rock bridge ratio when constant normal and 

shear loads are uniformly distributed on the planes. Given that the joints 

embedded in the samples considered here are evenly located throughout the 

weakness planes, less discrepancy owing to the inevitably exerted moment is 

observed in the results. As shown in Fig. 4.1.11a, the shear strength of the 

plaster specimens embedding coplanar joints is similar. The shear strength of 

the plaster sample with eight joints on its weakness plane is slightly higher than 
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that of the other two cases. This discrepancy is clearly observed in the 3DP 

specimens (Fig. 4.1.10a). 

The residual shear stresses of the 3DP specimens reached after 

approximately 15 mm of shear displacement are quite similar because the area 

of the sheared bridges and joints and the amount of unbonded 3D printer 

powder filling the joints are the identical (Fig. 4.1.10a). However, in the case 

of plaster specimens, the residual shear stress is nearly reached after 20 mm of 

horizontal displacement, which is in fact a consequence of bridge rupture 

through an uneven and rough plane (Fig. 4.1.11a).  

 

 

 

Fig. 4.1.10 (a) Shear stress – shear displacement and, (b) dilation – shear displacement 

curves for 3DP samples embedding coplanar joints 
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Fig. 4.1.11 (a) Shear stress – shear displacement and, (b) dilation – shear displacement 

curves for plaster samples embedding coplanar joints 

 

Table 4.1.4 Direct shear test results of the specimens with 4, 8, and 13 coplanar joints 

in order to analyze joint dispersion effect 

Specimen 

type 

Number of joints 

on the plane of 

weakness 

Joint diameter 

(mm) / rock 

bridge ratio (k) 

Shear 

strength 

(MPa) 

Shear displacement 

at peak shear stress 

(mm) 

3DP 4 54 / 0.469 0.468 0.572 

3DP 8 38.2 / 0.469 0.548 0.694 

3DP 13 30 / 0.469 0.472 0.487 

plaster 4 54 / 0.469 1.8 0.248 

plaster 8 38.2 / 0.469 1.865 0.228 

plaster 13 30 / 0.469 1.835 0.165 

 

Fig. 4.1.10b illustrates normal deformation for the 3DP specimens 

containing coplanar joints. As shown in the figure, the specimen containing 
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more joints with smaller diameter undergoes more compression. In contrast, the 

dilation mechanism for plaster specimens is significantly different. The dilation 

value is higher for the specimens with fewer joints (Fig. 4.1.11b). The reason 

is again the final roughness of the bridged part of the weakness plane after 

breakage, which is higher for specimens embedding fewer joints. When the 

distance between the joints’ circumferences is longer, the area of the bridged 

part surrounded by the joints is wider. The wider bridge results in more 

substantial out-plane breakage and subsequently a rougher broken surface. 

Thus, The dilation of the plaster specimen containing four joints (Ø = 54 mm) 

is higher than that embedding eight joints (Ø = 38.2 mm), and the dilation of 

plaster specimen containing eight joints is higher than that embedding thirteen 

joints (Ø = 30 mm). 

 

 Effect of the boundary condition 

Fundamentally, a direct shear test machine is not able to provide ideal pure 

shear stress on the weakness plane due to the boundary condition exerted by the 

specimen holders. In fact, the stress regime in a specimen under direct shear 

test condition depends on the gap zone between the upper and lower specimen 

holders, and the load could be more uniformly distributed on the weakness 

plane by reducing the gap size (Bahaaddini 2017). However, ISRM suggests 

keeping a zone of about 5 mm free from the weakness plane to encapsulating 

the material, which means a 10 mm gap between the upper and lower specimen 

holders (Muralha et al. 2015). This gap ensures no contact between the sides of 

the specimen holders and the joint surface, but it may exert unfavorable 
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moments. The DIC technique was applied for reliable measurements of the 

surface deformation of a casted specimen with an embedded single joint (Ø = 

80 mm) under direct shear test condition. Fig. 4.1.12 depicts the displacement 

field of the specimen’s surface before the initiation of the first crack. As shown 

in the figure, the left side of the specimen deforms upward, confirming the 

rotation of the specimen during the test. The lower specimen holder pushes the 

lower part of the specimen to the left side, exerts moment of force (torque), and 

eventually causes the sample to rotate about the axis of rotation. In this case, 

the axis of rotation is horizontally fixed but may move in the vertical direction 

depending on the magnitudes of the applied normal and shear loads. Because 

the lower specimen holder is vertically fixed, the rotation of the specimen is 

constrained by that. However, because the upper specimen holder is not 

vertically fixed, tension may occur along the left side of the weakness plane.  

 

 

Fig. 4.1.12 Displacement field on the surface of the plaster specimen containing a 

single joint (Ø = 80 mm) under direct shear test condition  
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The DIC analysis (Fig. 4.1.12) illustrates that the particles in the region at the 

top-left of the specimen’s surface were displaced upward more than those at the 

bottom-left side of the specimen, and tensile deformation around the middle-

left part of the specimen is consequently observable. The uneven stress 

distribution around the plane of weakness is the reason why the location of a 

single joint on the plane affects the shear strength of the specimen containing a 

single embedded joint. As noted earlier, the highest shear strength belongs to 

the specimen embedding a single joint on the right side of its weakness plane, 

whereas the lowest belongs to the specimen containing a single joint on the left 

side. Moreover, because the left side of the weakness plane undergoes the 

tension, the plaster specimen with an embedded joint on the left side of its 

weakness plane dilates more than that with a single joint at the right side at the 

moment of failure. 

 

 Failure mechanism 

The DIC technique was applied to investigate the failure mechanism of plaster 

samples with an embedded single joint. The results indicate that a crack is 

initially generated at the vicinity of the upper specimen holder close to the axis 

of rotation and propagated towards the circumference of the embedded joint. 

Fig. 4.1.13a shows a sample containing a single joint with an 80 mm diameter 

under direct shear test condition after the first crack (crack I) propagated. The 

DIC analysis performed just before crack initiation clearly shows that the crack 

I initiates in tensile mode (Fig. 4.1.13b). Fig. 4.1.14a illustrates the cracked 

specimen after the peak shear stress. Fig. 4.1.14b and Fig. 4.1.14c show the  
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Fig. 4.1.13 (a) Plaster specimen containing a single joint (Ø = 80 mm) under direct 

shear test condition, (b) Displacement vectors just before initiation of crack I 

 

displacement field of the region enclosed by the green dashed box and 

Fig. 4.1.14d shows the displacement field of the region enclosed by the green 

solid box sketched in Fig. 4.1.14a. After the initiation and propagation of crack 

I toward the embedded joint, a higher amount of shear stress was required for 

the crack to propagate toward the lower half of the specimen. The displacement 

vectors in Fig. 4.1.14b indicate that the tensile mode is the dominant cause of 

the propagation of crack I. As shown, the region denoted by the solid inclined 

ellipse located on the lower half of the specimen (RC1) is a tension region in 

which the particles located on the left side of the ellipse are displaced more to 

the left compared to those located on the right side. Immediately after the 

propagation of crack I, crack II and crack III were initiated and propagated at 

similar times. The displacement vectors in the vicinity of crack II and crack III 

shown inside the solid and dashed inclined ellipses in Fig. 4.1.14b respectively 

(RC2, RC3), represent the tensile mode of failure before the initiation of the 

cracks. Fig. 4.1.14c shows the displacement field around the cracks after the 

failure of the specimen. Finally, crack IV initiated in tensile mode, connecting 

the right side of the joint circumference to the right vertical side of the sample  
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Fig. 4.1.14 (a) Plaster specimen containing a single joint (Ø = 80 mm) under direct 

shear test condition after failure, (b) Displacement vectors just before propagation of 

crack I and initiation of cracks II and III, (c) Displacement vectors after propagation 

of crack II and III, (d) Displacement vectors just before initiation of crack IV 
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(Fig. 4.1.14d), eventually resulting in a rupture in association with the primary 

embedded joint and crack I (Fig. 4.1.15). The direction at which cracks I, II, III 

and IV develop are in accordance with those suggested by analytical and 

numerical approaches (Lajtai 1969b; Ghazvinian et al. 2012; Jiang et al. 2017). 

 

 Dilation mechanism and joint friction mobilization 

The contribution of joint friction to the shear strength of planes of weakness 

containing non-persistent joints is a significant issue that cannot be understood 

without understanding the shear behavior of the planes. Two factors mainly 

affect the amount of joint friction mobilization: the normal stress and the shear 

displacement. The contribution of joints in the shear strength of a weakness 

plane increases by increasing the normal stress applied on the joints when their 

walls are in physical contact. Moreover, full mobilization of the joint friction 

requires a certain amount of shear displacement, which usually does not 

coincide with the shear displacement at the peak shear stress. Fig. 4.1.16  

 

 

Fig. 4.1.15 Sheared surface of the plaster specimen containing a single joint (Ø = 80 

mm) after failure  
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illustrates the shear stress/dilation – shear displacement curves of three plaster 

specimens, each containing a single joint with diameters of 54 mm, 80 mm, and 

110 mm. The dilation curves of the plaster samples consist of three distinct 

phases. The first phase starts from the beginning to the point corresponding to 

the peak shear stress, representing the dilation of the specimens before failure 

occurs. The dash-dotted line arrows in Fig. 4.1.16 indicate the end points of the 

first phase of dilation of the specimens during the direct shear test. Just after the 

moment of failure, the shear stress dramatically drops to a certain point (toe) 

due to the coalescence of the cracks which develops through the bridged part. 

Therefore, the points corresponding to the toes on the dilation curves pointed 

by the solid line arrows in Fig. 4.1.16 mark the end of the second phase of 

dilation. The third phase is beyond the toe and represents the period during 

which the shear stress decreases gently to residual stress. The dilation curves  

 

 

Fig. 4.1.16 Shear stress/dilation – shear displacement curves for plaster specimens 

containing a single joint with 54 mm, 80 mm, and 110 mm of diameter 
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clearly show higher values of dilation for the specimens with higher shear 

strength levels during the first phase. The second phase includes dilation due to 

cracking process, which is followed by negative dilation (compression) due to 

the crack closure phenomenon. The third phase finally represents the dilation 

behavior when the sides of the failure path which passes through the primary 

joint and the broken bridges slide over each other. As shown in Fig. 4.1.16, the 

specimens containing planes of weakness with higher rock bridge ratios provide 

rougher surfaces after the bridge failure and show higher dilation as a result. 

The effect of joint friction on the shear strength decreases to different extents 

according to the amount of dilation in the first phase. As illustrated in 

Fig. 4.1.16, the specimens embedding joints with diameters of 54 mm, 80 mm, 

and 110 mm are dilated at amounts of 0.98 mm, 0.76 mm, and 0.26 mm, 

respectively, at the failure point. Fig. 4.1.17 presents the dilation values at the 

failure point versus the rock bridge ratio and shear strength for all plaster 

specimens tested in this study. The graph shows two trends assigning greater 

dilation to specimens with higher shear strength and higher rock bridge ratios. 

Among the plaster specimens, the specimen containing five embedded joints 

(Ø = 54 mm) and that with a single joint (Ø = 54 mm) on the left side of its 

weakness plane experienced the minimum and maximum dilations of 0.04 mm 

and 1.13 mm, respectively. According to the results obtained from DIC analysis 

(section 4.1.4), a large portion of the dilation is due to the rotation of the 

specimens about the axis of rotation which causes tension along the weakness 

plane.  
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To investigate the contribution of the joint friction to the shear strength of 

planes of weakness containing non-persistent joints, three direct shear tests 

were conducted on three plaster specimens, each of which embedding a single 

joint with 1 mm aperture, with different diameters of 54 mm, 80 mm, and 110 

mm. These specimens were prepared to evaluate the shear strength when only 

the rock bridge contribution is considered (i.e., when the joint friction 

contribution is zero). In addition, a direct shear test was carried out on a plaster 

specimen containing a smooth persistent joint to detect the required amount of 

shear stress corresponding to each horizontal displacement when only the joint 

friction is mobilized (i.e., when rock bridge contribution is zero). Fig. 4.1.18 

shows the shear stress–shear displacement curves obtained from the direct shear 

tests conducted under constant normal load of 1 MPa. By comparing the shear 

stress–shear displacement curves of plaster specimens embedding a joint 

having no aperture with those containing a joint with an aperture of 1 mm, the  

 

 

Fig. 4.1.17 The dilation values at the failure point versus rock bridge ratio and shear 

strength of all tested plaster specimens 
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following meaningful findings were uncovered. At any shear displacement in 

the first phase of dilation, a higher amount of shear stress is required for the 

specimens containing a single joint with no aperture compared to those having 

a single joint with an aperture of 1 mm. This clearly demonstrates the effect of 

the joint friction on the path of the shear stress–shear displacement curves. 

However, because the dilation of the samples increases sharply in this phase 

(more tension along the weakness plane), the influence of the joint friction is 

gradually reduced. As mentioned, the specimens embedding a single joint with 

smaller diameter dilate higher when failure occurs. In addition, the normal 

stiffness of bridged zone is higher when the rock bridge ratio is greater. Thus, 

less normal stress is applied to the embedded joints of smaller diameter. As can 

be interpreted from the comparison of red solid curve and the red dashed curve 

in Fig. 4.1.18, the joint friction does not change the maximum shear strength of 

the specimen containing a single joint of 54 mm diameter. Nevertheless, 

because the specimens embedding a single joint with diameters of 80 mm and 

110 mm experience less dilation when the failure occurs and the normal 

stiffness of their bridged zones is less (compared with the specimen containing 

a joint of 54 mm diameter), larger portion of joint friction is mobilized. Hence, 

the shear strength of these specimens is higher when the joints have no initial 

aperture (Fig. 4.1.18).  As shown in Fig. 4.1.18, the difference between the 

peaks of the shear stress–shear displacement curves related to the specimens 

having a single joint with and without an aperture increases upon a decrease in 

the rock bridge ratio. 
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Fig. 4.1.18 Shear stress – shear displacement curves for I) plaster specimens containing 

a single joint (Ø = 54 mm, Ø = 80 mm, Ø = 110 mm) with and without aperture and II) 

a plaster specimen with a smooth persistent joint 

 

As noted above, the shear displacement is another factor that determines the 

amount of the joint friction contribution to the shear strength of jointed planes 

of weakness. Fig. 4.1.18 illustrates the shear stress–shear displacement curve 

for the specimen with a smooth persistent joint. The curve shows the maximum 

joint friction contribution to the shear stress at each shear displacement 

considering 1 MPa as the maximum possible applied normal stress on the 

jointed area. The shear stress increases as shearing takes place and reaches a 

maximum amount of 0.774 MPa after 0.84 mm of shear displacement. After 

this point, the shear stress decreases slightly and reaches the residual amount of 

0.723 MPa. Because the failure of the six tested specimens containing a single 

joint (Ø = 54 mm, Ø = 80 mm, Ø = 110 mm) with and without aperture occurs 

before the maximum shear strength of the smooth joint, only a fraction of the 

shear strength of the smooth joint is the maximum amount of the joint friction 

contribution to the shear strength of these specimens. 
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4.2 Shear mechanism of artificial rock containing a single non-

persistent rough joint 

The shear behavior of specimens containing a single non-persistent rough joint 

is investigated in this section. A novel procedure was used to prepare casted 

specimens embedding a non-persistent (disc-shaped) rough joint using 3D 

printing and casting technology (refer to section 3.3.2 (II)), and the shear 

strength of the specimens was examined through an extensive direct shear 

testing program under constant normal load (CNL) condition. Three levels for 

three different variables of the joint roughness, rock bridge ratio, and normal 

stress were considered, and the effects of these factors on the shear behavior of 

prepared samples were tested. The location and sequence of the initiated cracks 

were observed using a camcorder. Furthermore, the dilation mechanism of the 

specimens before and after failure was investigated through a digital image 

correlation (DIC) analysis. 

 

 Experimental strategy 

The shear behavior of rock bridges under constant normal load condition has 

been widely investigated. However, a comprehensive failure criterion that 

applies to different arrangements of rock bridges inside a rock mass has not 

been suggested. In addition, the interaction between the jointed and bridged 

zones of a weakness plane under the direct shear load condition remains vague. 

In fact, the simultaneous contributions of the friction mobilized by the joint and 

the cohesion of the rock bridge to the shear resistance are highly complex. 

Finding the distribution of the applied normal load on jointed and bridged zones 
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is a key factor when attempting to determine the shear strength of a weakness 

plane. In some previous analytical studies (Lajtai 1969b), the normal stresses 

distributed on the jointed and bridged zones of a weakness plane were assumed 

to be identical and equal to the nominal normal stress (normal stress applied to 

the entire area of the weakness plane), 𝜎𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 . However in previous 

experimental research, the load was only applied to the bridged zone of 

weakness planes due to the limitations of applied specimen preparation 

procedures; as a result, the contribution of joint roughness to the shear strength 

was inconsiderable. As the normal stiffness of the rock bridge, 𝐾𝑛
𝐵𝑟, and the 

normal stiffness of the embedded joint, 𝐾𝑛
𝐽
, typically differ, the amount of 

normal load applied on each zone is proportional not only to its area on the 

weakness plane but also to its normal stiffness. It should be noted that the 

normal stiffness of the joint and rock bridge determines the amount of normal 

load distributed to the jointed and bridged zones of a weakness plane when only 

the normal load is applied. However, it provides no precise information about 

the normal stress distribution regime when both normal and shear loads are 

applied (direct shear test condition). Therefore, determination of normal 

stresses on the jointed and bridged zones of weakness planes ( 𝜎𝑛
𝐽, 𝜎𝑛

𝐵𝑟 ) 

subjected to the direct shear test is very complicated. In this study, three 

possible assumptions for distribution of the normal load on the jointed and 

bridged zones of weakness planes are considered. 

 Assumption I: The normal load applied to the bridged zone of weakness 

planes is much greater than that applied to the jointed zone (𝜎𝑛
𝐽 ≈ 0, 𝜎𝑛

𝐵𝑟 >

𝜎𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙). 
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 Assumption II: The normal load distributed on the bridged and jointed 

zones is proportional to the area of the zones on the weakness plane (𝜎𝑛
𝐵𝑟 =

𝜎𝑛
𝐽

= 𝜎𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙). 

 Assumption III (0 < 𝜎𝑛
𝐽 < 𝜎𝑛

𝐵𝑟). 

 

The experimental strategy of this study is adopted to investigate the normal load 

distribution regime and the effects of joint roughness, normal load, and rock 

bridge ratio on the shear behavior of rock mass embedding a single rough joint, 

and is categorized into three cases. Below, the experimental results obtained for 

each case are reported. 

 

 Experimental results 

-Case I (𝜎𝑛
𝐽 ≈ 0, 𝜎𝑛

𝐵𝑟 > 𝜎𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙) 

This case provides the condition of assumption I in which the applied normal 

load (𝑁𝐿) is entirely distributed over the bridged zone of the weakness plane 

(𝐴𝐵𝑟). Therefore, the normal stress applied onto the bridged zone is higher than 

the nominal normal stress ( 𝜎𝑛
𝐵𝑟 =  

𝑁𝐿

𝐴𝐵𝑟
> 𝜎𝑛

𝑛𝑜𝑚𝑖𝑛𝑎𝑙) and the shear strength of 

the specimen is solely dominated by the shear resistance of the rock bridge. 

Several Br-specimens containing a single joint of three different sizes (Ø = 80 

mm, Ø = 95 mm, and Ø = 110 mm) were prepared and subjected to direct shear 

tests under three different normal stress levels (1 MPa, 1.5 MPa, and 2 MPa). 

As the embedded joints are opened, the shear test results reflect only the 

resistance of the bridged zone of the weakness planes. Fig. 4.2.1 shows the 
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shear tests results. As expected, the shear strength is higher for the specimens 

with greater rock bridge ratios subjected to higher normal stresses. The values 

of the peak shear displacement and peak dilation for the tested samples are 

illustrated in Fig. 4.2.2a and Fig. 4.2.2b, respectively. As shown, the specimens 

with greater rock bridge ratios subjected to higher normal stresses were sheared 

for longer distances before the moment of failure, and the specimens with 

greater rock bridge ratios subjected to lower normal stresses experienced more 

dilation at failure moment. 

 

 

Fig. 4.2.1 Shear strength of Br-specimens (case I: σ𝑛
𝐽 ≈ 0) 

 

 

 
Fig. 4.2.2 (a) Peak shear displacement and (b) peak dilation values for Br-specimens 

subjected to direct shear test condition (case I: σ𝑛
𝐽 ≈ 0) 
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-Case II (𝜎𝑛
𝐵𝑟 = 𝜎𝑛

𝐽
= 𝜎𝑛

𝑛𝑜𝑚𝑖𝑛𝑎𝑙) 

In this case, the shear resistance of both zones (jointed and bridged zones) 

determines the shear strength of each specimen. Because applying the same 

normal stress (𝜎𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙) to the jointed and bridged zones of a J&Br-specimen 

is practically impossible, J-specimens and Br-specimens were initially tested 

separately under the selected nominal normal stresses. For the shear strength of 

a J&Br-specimen under the condition of assumption II, the sum of the shear 

strength of its corresponding J-specimen and Br-specimen was considered. For 

example, the shear strength of the J&Br-specimen containing a rough joint of 

80 mm diameter under 1 MPa normal stress considering the normal load 

distribution regime of assumption II was calculated by adding the shear strength 

of a J-specimen with the same roughness and diameter under 1 MPa normal 

stress to that of a Br-specimen containing an open joint of 80 mm diameter 

under 1 MPa normal stress. To determine the shear resistance of the bridged 

zone, nine Br-specimens containing a single open joint of three different sizes 

(Ø = 80 mm, Ø = 95 mm, and Ø = 110 mm) were prepared and subjected to 

direct shear tests under different nominal normal stress levels to apply 1 MPa, 

1.5 MPa, and 2 MPa of normal stress on the bridged zone of the weakness 

planes. The nominal normal stresses applied to the Br-specimens are listed in 

Table 4.2.1. As the joints are opened, the shear test results reflect only the 

resistance of the bridged zone of the weakness planes under different normal 

stresses. As shown in Fig. 4.2.3, similar to the results shown for case I, the shear 

strength is higher for the specimens with greater rock bridge ratios subjected to 

higher normal stresses. Fig. 4.2.4a and Fig. 4.2.4b show the values of the peak 
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shear displacement and peak dilation for the tested samples, respectively. The 

overall trends show that the specimens with greater rock bridge ratios subjected 

to higher normal stresses were sheared for longer distances up to the moment 

of failure. The highest dilation at the moment of failure was found in the Br-

specimen with the greatest rock bridge ratio (Ø = 80 mm) subjected to the 

lowest normal stress. 

To measure the shear resistance of the jointed zone, 27 J-specimens with 

three different joint sizes (Ø = 80 mm, Ø = 95 mm, and Ø = 110 mm) and three 

different roughness (LR, MR, and HR) were prepared and subjected to direct 

 

 
Fig. 4.2.3 Shear strength of Br-specimens (case II: σ𝑛

𝐵𝑟 = 𝜎𝑛
𝐽
) 

 

 

Fig. 4.2.4 (a) Peak shear displacement and (b) peak dilation values for Br-specimens 

subjected to direct shear test condition (case II: σ𝑛
𝐵𝑟 = 𝜎𝑛

𝐽
) 
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Table 4.2.1 Nominal normal stresses applied on the Br-specimens in case II 

experiments 

Normal stress applied on the bridged area (MPa) 1 1.5 2 

Nominal normal stress (MPa), Ø = 80 mm 0.7086 1.0629 1.4172 

Nominal normal stress (MPa), Ø = 95 mm 0.5891 0.8836 1.1782 

Nominal normal stress (MPa), Ø = 110 mm 0.4491 0.6736 0.8982 

 

 

shear test under three different normal stress levels (1 MPa, 1.5 MPa, and 2 

MPa). Fig. 4.2.5 illustrates the shear strength of the J-specimens. As expected, 

the shear strength of these specimens increases as both the applied normal stress 

and the joint roughness increase. As shown in Fig. 4.2.5, as the joint size varies 

from 80 mm to 110 mm, the shear strength of J-specimens having the same 

level of roughness are not identical when they are subjected to the same normal 

stress. This discrepancy is partially due to the effect of joint size on the shear 

strength. Fig. 4.2.6 shows the peak shear displacement for the J-specimens. As 

shown in this figure, larger joints that undergo greater normal stresses 

experience greater shear displacement before the failure point, whereas the joint 

roughness does not have a systematic effect. Fig. 4.2.7 shows that in general 

the J-specimens subjected to greater normal stresses have less peak dilation. 

Moreover, neither the joint size nor the roughness systematically affects the 

peak dilation of the J-specimens. As seen, the peak dilation of a few J-

specimens is negative. Most of the J-specimens underwent negative dilation in 

the initial stage of the shear test because the joint walls become closer and more 

interlocked after a small amount of shear displacement. This compression phase 

is rapidly followed by a dilation for the rest of the test as the asperities slide 
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over each other.  The specimens with negative peak dilation in Fig. 4.2.7 failed 

when the compression in the first stage was not fully offset by the subsequent 

dilation. 

 

-Case III 

In this section, the experimental results of direct shear tests carried out on J&Br-

specimens are provided. These results reflect a complicated mechanism when 

a weakness plane is under direct shear test condition with the shear resistance 

 

 

Fig. 4.2.5 Shear strength of J-specimens with different sizes and roughness under 

different normal stresses 

 

 

Fig. 4.2.6 Peak shear displacement of J-specimens with different sizes and roughness 

under different normal stresses 
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Fig. 4.2.7 Peak dilation of J-specimens with different joint sizes and roughness under 

different normal stresses 

 

depending on the simultaneous mobilization of joint friction and intact rock 

cohesion. Fig. 4.2.8 shows the shear strength of the J&Br-specimens with a 

single embedded joint of three different sizes (Ø = 80 mm, Ø = 95 mm, and Ø 

= 110 mm) and three different roughness levels (LR, MR, and HR) when 

subjected to three normal stresses (1 MPa, 1.5 MPa, and 2 MPa). As shown in 

the figure, the normal stress and rock bridge ratio have strong effects on the 

shear strength of the J&Br-specimens. The shear strength of the specimens is 

increased by increasing the rock bridge ratio and applied normal stress. 

Although the overall trend shows a direct relationship between the joint 

roughness and the shear strength of J&Br-specimens, the effect of the joint 

roughness on the shear strength is less than that of rock bridge ratio or normal 

stress. Fig. 4.2.9 and Fig. 4.2.10 depict the peak shear displacement and peak 

dilation of the J&Br-specimens, respectively. The overall results show that the 

specimens with greater rock bridge ratios experienced greater peak shear 

displacement when undergoing greater normal stresses (Fig. 4.2.9). Fig. 4.2.10 
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indicates that J&Br-specimens with greater rock bridge ratios experienced 

greater peak dilation when undergoing lower normal stresses. 

 

 Shear strength evaluation considering cases I, II, and III 

The actual shear mechanism of the specimens containing a non-persistent rough 

joint and the true physical interaction between the bridged and jointed zones of 

the weakness plane during shearing process occur for the case III experiments.  

 

 

Fig. 4.2.8 Shear strength of J&Br-specimens embedding single joint with different sizes 

and roughness under different normal stresses 

 

 

Fig. 4.2.9 Peak shear displacement of J&Br-specimens embedding a single joint with 

different sizes and roughness under different normal stresses 
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Fig. 4.2.10 Peak dilation of J&Br-specimens embedding a single joint with different 

sizes and roughness under different normal stresses 

 

Therefore, the shear strength of the specimens obtained from the experiments 

of cases I and II assuming extremum normal loads applied to the jointed zone 

of weakness planes was compared to those obtained from the case III 

experiments. Because the entire normal load is applied to the bridged zone 

based on assumption I, the shear strengths obtained from the case I experiments 

with the Br-specimens were directly considered in the comparison. Considering 

assumption II, the normal load is uniformly applied to the weakness plane. 

Hence, the sum of the shear strength of the Br-specimens and J-specimens 

obtained from the case II experiments was considered in the comparison. 

Fig. 4.2.11a, Fig. 4.2.11b, and Fig. 4.2.11c compare the shear strengths of 

specimens containing a non-persistent rough joint under the actual loading 

condition (case III experiments) with those estimated based on assumptions I 

and II (the case I and case II experiments) when the joint diameters are 80 mm, 

95 mm, and 110 mm, respectively. The comparison between the case I/II 

experiments and the case III experiments reveals that neither assumption I nor 

assumption II is appropriate for assessing the shear strength of J&Br-specimens. 
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Hence, the normal load distribution regime of assumption III was applied to the 

J&Br-specimens of case III experimens.  

 

 

Fig. 4.2.11 Comparison of the peak shear load of the specimens containing a non-

persistent rough joint obtained from case III experiments with the estimated ones 

from case I and case II experiments when the joint diameter is (a) 80 mm, (b) 95 mm, 

and (C) 110 mm 
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The comparison between the results obtained from the case I and case III 

experiments shows that the maximum shear load required to break J&Br-

specimens is underestimated when assumption I is considered. The difference 

between the shear loads obtained from the case I and case III experiments 

(subtracting the values of the red bars from those of the blue bars in Fig. 4.2.11) 

is illustrated in Fig. 4.2.12. As shown in most of the cases, the differential shear 

strength is greater for the specimens with smaller rock bridge ratios. This shows 

that the involvement of the embedded joint in the shear strength is more 

pronounced when a wider portion of the weakness plane is discontinuous. The 

normal stress and the joint roughness do not appear to have any constant 

influence on the differential shear strength. Considering assumption II, the 

maximum shear load required to break the J&Br-specimens is underestimated 

when the embedded joint sizes are 80 mm and 95 mm while it is overestimated 

when the joint size is 110 mm (Fig. 4.2.11). The difference between the shear 

loads obtained from the case II and case III experiments (subtracting the values 

of the green bars from those of the blue bars in Fig. 4.2.11) is illustrated in 

Fig. 4.2.13. As shown in most cases, the differential shear strength is greater 

for the specimens with greater rock bridge ratios. The shear strength of the 

bridged and jointed zones of the weakness plane considering assumption III 

( 0 < 𝜎𝑛
𝐽 < 𝜎𝑛

𝐵𝑟 ) is respectively higher and lower than those considering 

assumption II ( 𝜎𝑛
𝐽 = 𝜎𝑛

𝐵𝑟 ). When the normal stress distribution regime of 

assumption II changes to the actual condition (case III experiments), the 

increasing effect of the bridged zone on the maximum shear load is more 

significant than the decreasing role of the jointed zone for the specimens with 
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greater rock bridge ratios (Ø = 80 mm, Ø = 95 mm). However, the decreasing 

effect of the jointed zone on the maximum shear load is more noticeable than 

the increasing role of the bridged zone for the specimens with smaller rock 

bridge ratios (Ø = 110 mm). The differential shear strength is not systematically 

influenced by the joint roughness. However in most cases, the differential shear 

strength is lower for specimens subjected to greater normal stresses 

(Fig. 4.2.13). Because the normal stress-normal deformation relationship of a  

 

 

Fig. 4.2.12 The difference between peak shear loads obtained from case I and case III 

experiments 

 

Fig. 4.2.13 The difference between peak shear loads obtained from case II and case III 

experiments 
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rock bridge is linear, its normal stiffness is constant. However, joints deform 

non-linearly and hence the normal stiffness of joints increases as the normal 

stress increases (joints are stiffer under higher normal stresses). Therefore, the 

greater portion of the normal load is applied to the jointed zone of the weakness 

plane when the weakness plane is subjected to higher normal loads. Under very 

high nominal normal stresses, the value of the joint normal stiffness approaches 

the value of the normal stiffness of the rock bridge (intact material), and the 

normal stress distribution regime of assumption II is applied to the weakness 

plane. 

As concluded from the experimental results, assuming a uniform 

distribution of the normal load on the weakness plane (assumption II) to assess 

the shear strength of J&Br-specimens does not comply with the actual normal 

load distribution regime. Another flaw associated with the traditional shear 

strength evaluation of J&Br-specimens is related to its assumption of the peak 

shear displacements of jointed and bridged zones; the failure of the bridged 

zone coincides with that of the jointed zone. However, the shear displacement 

required for J-specimens to reach their ultimate shear strength is much greater 

than the peak shear displacement of J&Br-specimens (Fig. 4.2.14). Therefore, 

the jointed zone friction is partially mobilized at the moment of failure for 

J&Br-specimens. 

 

 Dilation mechanism 

The dilation mechanism of the rock bridge and the embedded rough joint may 

have a significant effect on the interaction between them when the J&Br- 
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Fig. 4.2.14 Comparison of peak shear displacements of J-specimens and J&Br-

specimens 

 

specimens are subjected to the direct shear test condition. The comparison 

between the peak dilation values of the Br-specimens (Fig. 4.2.2b and 

Fig. 4.2.4b) and those of the J-specimens (Fig. 4.2.7) indicates that the Br-

specimens dilate much more than the J-specimens. This difference is even 

greater when the peak dilation values of the Br-specimens are compared with 

the dilation values of the J-specimens sheared around the peak shear 

displacement of the J&Br-specimens. Fig. 4.2.15 shows the shear 

stress/dilation-shear displacement curves of the J&Br-specimens subjected to 

the direct shear test condition. As shown in the figure, the dilation curves of the 

specimens consist of three phases. The first represents the dilation of the 

specimens before the moment of failure. This phase begins with the initiation 

of the test and ends at the point corresponding to the peak shear stress, denoted 

by the dash-dotted line arrows in Fig. 4.2.15. In the first phase, all of the J&Br-

specimens experienced a certain amount of dilation, mostly controlled by the 

normal load applied to them. The shear stress drops sharply at the moment of 
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failure and reaches a certain point (toe). The second phase of dilation starts at 

the point corresponding to the peak shear stress and ceases at the point 

corresponding to the toe, denoted by the dashed line arrows. In this phase, the 

specimens dilate due to crack propagation and coalescence. This dilation is 

followed by compression for some specimens (e.g., Ø = 95 mm, MR, 2 MPa) 

because the cracks are closed after coalescence. The third phase starts 

immediately after the second phase and represents the dilation behavior of the 

enforced failure planes created after the specimens were broken into two halves 

 

 

 

Fig. 4.2.15 Dilation mechanism of J&Br-specimens considering their shear stress-shear 

displacement curves 
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in the second phase. The experimental results show that the specimens 

subjected to higher normal stresses underwent less amount of dilation, and 

those with rougher and smaller joints experienced a greater amount of dilation 

during the last phase of dilation. 

The rough jointed zone of the weakness planes causes dilation to a very 

limited extent while a J&Br-specimen is sheared. However, a large portion of 

the peak dilation of the J&Br-specimens (Fig. 4.2.10) is expected to be caused 

by torque exerted due to the existing gap between the upper and lower specimen 

holders. To investigate the cause of the dilation, the displacement field on one 

J&Br-specimen (Ø = 95 mm, HLR, 2 MPa) was analyzed using the DIC 

technique. Fig. 4.2.16a illustrates the specimen on which some points whose 

vertical displacements are desired are marked. The central line in Fig. 4.2.16a 

depicts the intersection of the shear plane where the joint is located and the 

outer boundary of the specimen. The vertical displacements of ten points 

located at the top, center, and bottom of the specimen were investigated 

(Fig. 4.2.16a). Fig. 4.2.16b illustrates the vertical displacements of the points 

before the failure of the specimen. As shown in this figure, the vertical 

displacements of the points on the right side of the specimen (Tr, Cr, and Br) 

are greater than those on the middle (Tm, Tm1, Cm, and Bm), and the vertical 

displacements of the points on the middle are greater than those on the left side 

(Tl, Cl, and Bl). This information simply reveals the rotation of the specimen 

along the axis of rotation, and this rotation causes dilation during the shear test. 

The points located on the top, center, and bottom parts of the left/right side of 

the specimen had similar upward displacements (Tl, Cl, and Bl or Tr, Cr, and  
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Fig. 4.2.16 (a) The location of the points selected for DIC analysis, (b) Upward 

displacement of the points 

 

Br). However, the points located at the middle-top (Tm and Tm1) zone were 

displaced slightly more than those located at the middle-center (Cm) and 

middle-bottom (Bm) zones. This relative vertical displacement at the middle of 

the specimen reflects the initiation of a crack which propagated between Cm 

and Tm1. 

 

 Cracking analysis 

In most previous experimental and numerical studies of the failure mechanisms 

of specimens containing edge-notched non-persistent (open) joints under direct 

shear test condition, the tensile mode was more frequently reported as the cause 

of the initiation and propagation of cracks inside a rock bridge (Savilahti et al. 

1990; Gehle and Kutter 2003; Zhang et al. 2006; Ghazvinian et al. 2007, 2012). 

All of the J&Br-specimens were monitored using a camcorder while they were 

subjected to the direct shear test condition, and the cracking process was studied 

extensively. Fig. 4.2.17 indicates that the shear load is applied to the lower part 

of the specimens from the left side and that the normal load is exerted 

downward over them. The lower shear box is vertically fixed, but the upper 

shear box is only allowed to move vertically. As shown in the figure, cracks  
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Fig. 4.2.17 Crack initiation and propagation zones in J&Br-specimens under direct 

shear test condition 

 

initiate and propagate from three different zones: the left side, the center, and 

the right side of the specimens. 

Fig. 4.2.18 shows the initiation moment and the sequence of cracks on the 

shear stress-shear displacement curves (by the ×, +, and ᴏ symbols) leading to 

the failure of J&Br-specimens subjected to the direct shear test condition. The 

sequence of initiation of cracks is indicated in the legends of the graphs 

inFig. 4.2.18. The locations of cracks which initiated at the same time are 

indicated in parentheses, and the star symbol beside a cracking zone indicates 

that the crack initiated and propagated explosively through the zone. As shown, 

the first crack initiated in the vicinity of point A (the axis of rotation) and 

propagated toward the circumference of the embedded joint and then to the 

lower part of the specimen. For specimens with greater rock bridge ratios (Ø = 

80 mm), the first cracks mostly initiated at the center of the specimens because 

the distance between point A (Fig. 4.2.17) and the embedded joint is greater  
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Fig. 4.2.18 Crack initiation moments and the sequence of the cracks that lead to the 

failure of J&Br-specimens containing a single joint with different sizes (Ø = 80 mm, Ø 

= 95 mm, Ø = 110 mm ) and roughness (LR, MR, and HR) subjected to different normal 

stresses (1 MPa, 1.5 MPa, and 2 MPa) 

 

than that in specimens with smaller rock bridge ratios (Ø = 95 mm and Ø = 110 

mm). Therefore, a higher shear load is required to break the bridge at the right 

zone compared to the center zone. The first cracks most commonly initiated 

before the failure of the specimens and did not have any significant impact on 

the path of the shear stress-shear displacement curves. The cracks which 
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initiated at the central zone did not affect the curves as well. Finally, the last 

crack, connecting the left side of the joint circumference to point B, eventually 

results in a rupture with the embedded joint and the right side crack. The final 

cracks always coincide with the peck shear stress and dramatically reduce the 

shear resistance of the specimens. The J&Br-specimens with greater rock 

bridge ratios (Ø = 80 mm and Ø = 95 mm) mostly experienced an explosive 

and violent rupture. However, the final cracks propagated smoothly through the 

specimens containing a wider joint (Ø = 110 mm). The normal stress and joint 

roughness have no clear effects on the crack initiation moment and the sequence 

of the cracks. 

 

4.3 The highlights of chapter 

 The specimens with greater rock bridge ratio are broken through rougher 

surfaces. Therefore, those specimens dilate more after the failure and 

experience more shear displacement to reach the residual shear stress. 

 The location of joints on weakness plane affects the shear strength of 

specimens containing non-persistent joints under direct shear test 

condition. 

 Plaster specimens containing non-persistent joints are failed in tensile 

mode under direct shear test condition with low normal stress levels. 

 The contribution of joint friction to shear strength of plaster specimens 

with non-persistent joint is greater when the rock bridge ratio of the 

specimens is smaller. 
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 Although there is a direct relationship between the joint roughness and the 

shear strength of J&Br-specimens, its effect on the shear strength is much 

less than that of rock bridge ratio or normal stress. 

 The maximum shear load required to break J&Br-specimens is 

underestimated when it is assumed that the normal load is only carried by 

bridged zone of weakness plane and joint friction is not mobilized. 

 The J&Br-specimens with greater rock bridge ratios experience an 

explosive and violent rupture when they are subjected to direct shear test 

condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



84 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



85 

 

Chapter 5. Empirical model (criterion) for shear strength 

of rock mass containing a single non-persistent 

rough joint 

5.1 Fraction of normal load distributed to non-persistent embedded 

joints 

According to the criteria proposed to estimate the shear strength of intact rock 

and rock joints (Coulomb 1773; Patton 1966; Ladanyi and Archambault 1969; 

Barton 1976), the shear strength is largely determined by the stress applied 

normal to the enforced plane. Lack of understanding of the normal load 

distributed to the jointed and bridged zones of weakness planes makes it 

impossible to evaluate the shear strength of the specimens containing non-

persistent rough joints. In this section, an analytical equation is proposed to 

evaluate the normal stress applied to the jointed zone of weakness plane (joint 

normal stress). The amount of joint normal stress is also investigated through 

experimental approaches. Two different experimental methods are proposed to 

measure the joint normal stress when a J&Br-specimen is under uniaxial and 

direct shear loading conditions. 

 

 Methodology 

-Analytical approach 

For weakness planes containing non-persistent joints, the normal load is 

unevenly distributed to the bridged and jointed zones of the plane not only due 

to the area occupied by the parts but also because of the difference between the 

normal stiffness of the parts. The normal stiffness of joints is generally much 
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smaller than that of intact rock. Therefore, when a certain nominal normal stress 

is applied to a weakness plane, the normal stress on the joint is smaller than that 

on the rock bridge. Overall, the relationship between the normal stresses on the 

jointed and bridged zones of a weakness plane (𝜎𝑛
𝐽
 and 𝜎𝑛

𝐵𝑟) and the nominal 

normal stress (𝜎𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙) is expressed by the following equation. 

 

𝜎𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = (1 − 𝑘)𝜎𝑛

𝐽 + 𝑘𝜎𝑛
𝐵𝑟                                                                    (5.1) 

 

Where k is the rock bridge ratio which is defined as the ratio of bridged area to 

the total area of the weakness plane. In order to derive the normal stress applied 

to the non-persistent joint of any size embedded in a J&Br-specimen under a 

given nominal normal stress, a theoretic approach is proposed and implemented. 

The approach is based on the assumption that the normal deformation is 

uniform throughout the rock bridge and jointed domains when a J&Br-

specimen undergoes normal stress (Fig. 5.1.1). Fig. 5.1.1 depicts the rock 

bridge and jointed domains of a J&Br-specimen which is under a uniform 

normal load distribution. The domains are assumed independent. In order to 

derive the normal stress applied to the jointed and bridged zones of a weakness 

plane, the normal stress-normal deformation relationships of the jointed and 

rock bridge domains are integrated considering an equivalent normal 

deformation. 

According to joint normal stress-normal deformation curves obtained from 

uniaxial loading experiments, Bandis et al. (1983) suggested the joint normal 

stress-deformation relationship by the following hyperbolic function. 



87 

 

 

Fig. 5.1.1 Cross-sectional view of a J&Br-specimen under uniform normal load 

distribution 

 

𝛿𝑗𝑜𝑖𝑛𝑡
𝐽 =

𝑎𝜎𝑛

1+𝑏𝜎𝑛
                                                                                               (5.2) 

 

Where 𝛿𝑗𝑜𝑖𝑛𝑡
𝐽

 is joint normal deformation (joint closure), 𝜎𝑛 is normal stress, 

and a and b are fitting coefficients derived from the joint normal stress-normal 

deformation curve. The constant a represents the reciprocal of the initial normal 

stiffness (𝐾𝑛𝑖) and (𝑎 𝑏⁄ ) represents the asymptote to the hyperbola (maximum 

closure). Since the normal deformations of jointed and rock bridge domains are 

the same when a J&Br-specimen is under direct shear test condition, it is 

assumed that the domains are in parallel for simplification. The normal 

deformation of the rock bridge domain is determined solely by the intact rock 

deformation, whereas that of jointed domain is determined by the sum of the 

normal deformations due to the embedded joint and the intact rock which is 

above and below the joint (the intact rock and the joint are in series). By 

equating the normal deformation of rock bridge domain with that of jointed 
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domain, the normal stress applied to the bridged and jointed zones of weakness 

plane can be derived as: 

 

𝛿𝐵𝑟 = 𝛿𝑖𝑛𝑡
𝐵𝑟 =

𝜎𝑛
𝐵𝑟

𝐾𝑛
𝑖𝑛𝑡                                                                                                      (5.3) 

𝛿𝐽 = 𝛿𝑗𝑜𝑖𝑛𝑡
𝐽 + 𝛿𝑖𝑛𝑡

𝐽 =
𝑎𝜎𝑛

𝐽

1+𝑏𝜎𝑛
𝐽 +

𝜎𝑛
𝐽

𝐾𝑛
𝑖𝑛𝑡                                                                (5.4) 

𝜎𝑛
𝐵𝑟 = 𝜎𝑛

𝐽 +
𝑎𝜎𝑛

𝐽

1+𝑏𝜎𝑛
𝐽 𝐾𝑛

𝑖𝑛𝑡    ( ∵ 𝛿𝐵𝑟 = 𝛿𝐽)                                                       (5.5) 

 

where 𝛿𝐵𝑟  and 𝛿𝐽  are the total normal deformation for the rock bridge and 

jointed domains, and 𝜎𝑛
𝐵𝑟  and 𝜎𝑛

𝐽
 are the normal stress applied to the rock 

bridge and the embedded joint, respectively. 𝛿𝑖𝑛𝑡
𝐵𝑟  is the normal deformation of 

the intact material of the rock bridge domain, and 𝛿𝑗𝑜𝑖𝑛𝑡
𝐽

 and 𝛿𝑖𝑛𝑡
𝐽

 are the normal 

deformation of the embedded joint and the intact rock (above and below the 

joint) of the jointed domain, respectively. 𝐾𝑛
𝑖𝑛𝑡  is the normalized normal 

stiffness of the intact rock. By plugging Eq. 5.5 into Eq. 5.1 and then some 

algebraic manipulations, the following quadratic equation is derived 

representing the relationship between the normal stress applied to the embedded 

joint and the nominal normal stress. 

 

b(𝜎𝑛
𝐽)2 + {1 + 𝑘𝑎𝐾𝑛

𝑖𝑛𝑡 − 𝑏𝜎𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙}𝜎𝑛

𝐽 − 𝜎𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = 0                           (5.6) 

 

The normal stress applied to the embedded joint of J&Br-specimens can be 

explicitly expressed as: 
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   𝜎𝑛
𝐽

=
−(1+𝑘𝑎𝐾𝑛

𝑖𝑛𝑡−𝑏𝜎𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙)+√(1+𝑘𝑎𝐾𝑛

𝑖𝑛𝑡−𝑏𝜎𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙)

2
+4𝑏𝜎𝑛

𝑛𝑜𝑚𝑖𝑛𝑎𝑙

2𝑏
              (5.7) 

 

The positive solution to Eq. 5.7 is the normal stress applied to the embedded 

joint (𝜎𝑛
𝐽
) when a given nominal normal stress (𝜎𝑛

𝑛𝑜𝑚𝑖𝑛𝑎𝑙) is exerted on a J&Br-

specimen with a given rock bridge ratio (k). 

The 𝜎𝑛
𝐽

 is calculated and visualized in a contour map (Fig. 5.1.2) for 

sandstone J&Br-specimens (with a length of 150 mm, a width of 115 mm, and 

a height of 130 mm) with joint persistence of 0 to 1 undergo nominal normal 

stress ranging from 0 MPa to 100 MPa and. The normal stiffness of intact rock 

is 181.8 MPa/mm and the applied joint normal stress-normal deformation 

coefficients, a and b, are 0.0781 and 0.4596, respectively (Bandis et al. 1983). 

Fig. 5.1.2 depicts how the ratio of the joint normal stress to the nominal normal 

stress increases as the joint persistence and the nominal normal stress increase. 

In addition, it is important to remind that the derived joint normal stress is 

limited to the condition when a J&Br-specimen is under uniaxial loading 

condition. When the weakness plane is under direct shear test condition, the 

proposed analytical approach is not applicable to find the normal stress applied 

to a non-persistent joint embedded in a J&Br-specimen. 

  

-Experimental approach 

Two different approaches were obtained to estimate the fraction of nominal 

normal load distributed over a single non-persistent rough joint surrounded by 

rock bridge. Using the first approach the normal stress applied on the embedded  
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Fig. 5.1.2 Contour map illustrating the ratio of joint normal stress to nominal normal 

stress for a sandstone specimen 

 

joint (𝜎𝑛
𝐽
) can be estimated knowing the normal stress-joint closure relationship 

of J&Br-specimens and their conjugate J-specimens. This approach evaluates 

the normal stress exerted on the jointed zone of weakness plane when no shear 

load is applied. The second approach considers the joint crushed area as an 

indicator in order to estimate the applied normal stress on the jointed zone of 

weakness planes. The latter approach is proposed to obtain the applied normal 

stress on the embedded joint when J&Br-specimens are under direct shear test 

condition (both normal and shear loads are applied). Because the stress 

distribution regime varies when the shear load is applied, the fraction of 

nominal normal load distributed on the embedded joint differs to some extent. 

Utilizing the mentioned approaches, the effect of applying shear load on 𝜎𝑛
𝐽
 can 

be investigated. 
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Approach I: Normal stress-joint closure relationship 

In this approach, firstly, a given J&Br-specimen is axially compressed at a 

constant load rate, and the normal stress-normal deformation curve is 

consequently plotted. The curve commonly consists of a non-linear part 

followed by a linear part. The initial non-linear behavior reflects the closure of 

the embedded joint and the linear part shows the normal stress-normal 

deformation relationship of the intact material. Therefore, a line parallel to the 

linear part of the curve which passes through the origin of normal stress-normal 

deformation graph represents the normal deformation of intact material 

(𝛿𝐽&𝐵𝑟−
𝑖𝑛 ). Hence, subtracting normal deformation of intact rock from the normal 

deformation of J&Br-specimen ( 𝛿𝐽&𝐵𝑟− ) gives the normal deformation 

(closure) of the embedded joint (𝛿𝐽&𝐵𝑟−
𝐽

) at each normal stress. The joint 

closure-normal stress curve of the conjugate J-specimen can be obtained 

likewise. Given the normal deformation of the embedded joint (𝛿𝐽&𝐵𝑟−
𝐽

) at any 

nominal normal stress, the normal stress applied on the embedded joint (𝜎𝑛
𝐽
) is 

retrieved from the joint closure-normal stress curve of the conjugate J-specimen. 

This approach evaluates the fraction of the nominal normal load applied on the 

embedded joint when only normal load is applied to the J&Br-specimen (before 

applying shear load). 

 

Approach II: Normal stress-joint crushed area ratio relationship 

Joint crushed area is the sum of the area of crushed patches on the joint walls 

of J-specimens and J&Br-specimens subjected to direct shear test. Joint crushed 
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area ratio is the ratio of joint crushed area to the joint area and will hereafter be 

cited within the text as crushed area ratio (𝜆). Basically, the crushed area ratio 

depends on two independent parameters: normal stress and shear displacement. 

Because the aim of this study is to evaluate the normal stress on the jointed zone 

of weakness planes, the shear displacement factor should be kept constant to 

prevent confounding. Firstly, the J&Br-specimen undergoes direct shear test 

condition up to the peak shear displacement (shear displacement at which the 

highest shear load is recorded). The direct shear test must cease immediately 

after the moment of failure. After unloading the normal load, all the necessary 

precautions should be taken to ensure the joint walls are not scratched or 

crushed while the failed specimen is transferred from the shear boxes to another 

place for further investigation. The joint walls should be carefully observed 

through high quality photos taken from the walls. Then, an experienced 

laboratory technician detects the patches which are different from the intact 

joint walls by comparing the topography, color, and texture. These patches are 

enclosed on the taken photos, and the sum of their area is measured to evaluate 

the crushed area ratio. The average of the crushed area ratios of two walls of 

each joint and the peak shear displacement of the J&Br-specimen embedding 

that joint are utilized in subsequent analysis. 

In order to estimate the amount of normal stress applied on the embedded 

joint of the J&Br-specimen from measurement of crushed area ratio, the 

relationship between normal stress and crushed area ratio of its conjugate J-

specimen (the embedded joint of a J&Br-specimen has the same roughness with 

its conjugate J-specimen) should be experimentally investigated. Several 
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conjugate J-specimens (at least three) should be subjected to direct shear test 

under different normal stresses. The peak shear displacement recorded for the 

J&Br-specimen is selected for the ultimate shear displacement of their 

conjugate J-specimens. The crushed area ratio for the J-specimens subjected to 

the direct shear test is evaluated and the data is plotted on a normal stress-

crushed area ratio plane. A regression analysis is required to obtain a regression 

function showing the relationship between the normal stress and the crushed 

area ratio of the J-specimen. Given the regression function and the crushed area 

ratio of the joint embedded in the J&Br-specimen, the normal stress applied on 

the embedded joint during the shearing process can be estimated. Finally, by 

providing the shear load envelope of the conjugate J-specimen at the peak shear 

displacement of the J&Br-specimen, the contribution of the embedded joint to 

the shear strength of the J&Br-specimen is estimated. This approach evaluates 

the fraction of the nominal normal load applied on the embedded joint when a 

J&Br-specimen is subjected to both normal and shear loads. 

 

 Results 

-Analytical results 

Derivation of Bandis coefficients 

Before calculating the normal stress applied to the jointed zone (with three 

different roughness levels) of J&Br-specimens made of plaster mortars with 

three different powder-to-water ratios (2.5, 3 and 3.5) using Eq. 5.7, coefficients 

of Eq. 5.1 (referred as Bandis coefficients) must be determined. In this study, 

eleven sets of Bandis coefficients were derived from compressing the conjugate 
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J-specimens of considered J&Br-specimens. The J-specimens are 80 mm, 95 

mm, and 110 mm in diameter and 130 mm in height. In order to derive the 

Bandis coefficients, uniaxial loading tests were conducted on each J-specimen 

to obtain the corresponding normal stress-normal deformation curves. The 

obtained normal stress-normal deformation curves are composed of 

deformation due to both the joint and the intact rock (Fig. 5.1.3a). The linear 

portion of the normal stress-normal deformation curve reflects the deformation 

behavior of intact rock. Therefore, to obtain the normal stress-joint closure 

curve, the intact rock deformation is subtracted from the normal deformation of 

the J-specimen at each stress level (Fig. 5.1.3b).  

The Bandis coefficients, a and b, are derived by fitting Eq. 5.1 to the normal 

stress-joint closure curve using nonlinear least squares regression with trust 

region reflective algorithm as the optimization algorithm. Fig. 5.1.4 illustrates 

the normal stress-joint closure curve with the corresponding fitting curve which 

is based on Eq. 5.1. The fitting curve accurately explains the normal stress-joint 

 

 

Fig. 5.1.3 (a) Normal stress-normal deformation curve of J-specimen with high level 

roughness and powder-to-water ratio of 3, and (b) extracted normal stress-joint 
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closure curve at lower normal stress ranges, but deviates slightly at high normal 

stress ranges. Through nonlinear regression analysis, the Bandis coefficients 

were derived and the results are listed in Table 5.1.1. The evaluated Bandis 

coefficients, a and b, do not show a strong relation with the joint size and joint 

roughness. However, as shown in Table 5.1.1, the initial normal stiffness 

(𝐾𝑛𝑖
𝐽 ;  1/𝑎 ) increases and the maximum joint closure (𝑉𝑚;  𝑎/𝑏) decreases as 

the powder-to-water ratio increases. This can be explained by the fact that 

powder-to-water ratio determines the stiffness of the material ( 𝐾𝑛
𝑖𝑛𝑡 ). As 

powder-to-water ratio increases the joint material becomes stiffer resulting in 

higher initial joint normal stiffness and smaller maximum joint closure. 

 

 

Fig. 5.1.4 Normal stress-joint closure curve from experimental data (J-specimen with 

high level roughness and powder-to-water ratio of 3), and the corresponding fitting 

curve 
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Calculation of joint normal stress 

Using Eq. 5.7, the normal stress applied to the embedded joints (of 95 mm 

diameter with different levels of roughness and of 80 mm and 110 mm diameter 

with medium level roughness) of the J&Br-specimens made of plaster mortars 

with different powder-to-water ratios (2.5, 3, and 3.5) can be calculated. The 

obtained Bandis coefficients and intact rock normal stiffness listed in 

Table 5.1.1, were plugged into the Eq. 5.7, to calculate the joint normal stress 

values. The results are listed in Table 5.1.2.  

The calculated joint normal stresses are all less than 20 % of the nominal 

normal stresses. This implies that the normal force applied to the shear plane is 

mostly carried by the rock bridge and only a small portion is carried by the 

contained joint. The powder-to-water ratio and the joint roughness do not show 

a systematic influence on the joint normal stress. The nominal normal stress 

and the rock bridge ratio, on the other hand, show a meaningful influence. In 

the case of J&Br-specimens under higher nominal normal stress, higher joint 

normal stress was calculated. The ratio of joint normal stress over nominal 

normal stress increases when the nominal normal stress on the J&Br-specimens 

increases. This can be explained by the nonlinearity of joint normal stiffness. 

Since the joint is stiffer as the normal deformation increases, a larger normal 

deformation due to a higher nominal normal stress will increase the normal 

stiffness of the contained joint. Consequently, a larger portion of the normal 

load will be carried by the joint under higher nominal normal stress. Moreover, 

the normal stress applied to the joint embedded in a J&Br-specimen is greater 

when the size of the embedded joint is larger. 
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The joint normal stress is investigated for J&Br-specimens with varying rock 

bridge ratios. In this examination, the Bandis coefficients are assumed to be 

independent to rock bridge ratio. Therefore, the same values were plugged into 

Eq. 5.7 to estimate the joint normal stress when the J&Br-specimens made of 

the same plaster mortar (same powder-to-water ratio) having joints of different 

diameters with identical joint roughness are under various normal stresses. The 

results are illustrated in Fig. 5.1.5 and Fig. 5.1.6 as the ratio of joint normal 

stress to nominal normal stress for different rock bridge ratios and different 

nominal normal stresses. The intervals between the contour lines in Fig. 5.1.5 

and Fig. 5.1.6 are 0.05 and 0.1, respectively. Fig. 5.1.5 shows how the joint 

normal stress is affected by the rock bridge ratio and nominal normal stress. 

The dotted vertical lines in Fig. 5.1.5 label the rock bridge ratios of the J&Br-

specimens considered in this study. The lines from left to right indicate the 

J&Br-specimens with a joint of 110 mm, 95 mm, and 80 mm diameter. As 

shown in Fig. 5.1.5, a larger portion of the nominal normal stress is applied on  

 

 

Fig. 5.1.5 Contour plot of the ratio of joint normal stress to nominal normal stress for 

the J&Br-specimens having a medium level rough joint (powder-to-water ratio = 3) 
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Fig. 5.1.6 Contour plot of ratio of joint normal stress to nominal normal stress for the 

J&Br-specimens made of plaster mortars with the powder-to-water ratios of a) 2.5, b) 

3, and c) 3.5 having a medium level rough joint 
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the joint when the rock bridge ratio is smaller. It is also notable that the ratio of 

joint normal stress to nominal normal stress is more sensitive to rock bridge 

ratio when the jointed zone of the given weakness plane is larger. Fig. 5.1.6 

shows that the joint roughness does not have a systematic effect on the ratio of 

joint normal stress to the nominal normal stress. 

 

-Experimental results 

As mentioned previously, the fraction of nominal normal load applied to the 

rough joint embedded in J&Br-specimens is investigated applying two different 

methods. As mentioned, the first method (method I) retrieves the normal stress 

on the embedded joint (𝜎𝑛
𝐽

) by examining the normal stress-joint closure 

relationship of J&Br-specimens and their conjugate J-specimens. Nevertheless, 

the second approach (method II) utilizes joint crushed area as an indicator to 

estimate the normal stress applied to an embedded joint. The former method is 

appropriate to assess the normal stress on the embedded joint when only normal 

load is applied on the J&Br-specimens, whereas the latter evaluates it when 

both normal and shear loads are applied. 

 

Approach I: Evaluation of 𝜎𝑛
𝐽

 considering normal stress-joint closure 

relationship 

Several J&Br-specimens embedding a single joint of different sizes (Ø = 80 

mm, Ø = 95 mm, and Ø = 110 mm) with the same roughness (MR) were created 

and subjected to uniaxial compressive load at a constant load rate of 47 KN/min. 

Fig. 5.1.7a shows the normal stress-normal deformation carves of the J&Br- 
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Fig. 5.1.7 (a) Total normal deformation of J&Br-specimens (solid curves) and intact 

material normal deformation (dashed lines), (b) joint closure of J&Br-specimens when 

undergoing normal load. 

 

specimens. As the linear part of the curves represents the normal deformation 

of the intact material under compression, straight dashed lines in Fig. 5.1.7a, 

which pass through the origin parallel to the linear part of the curves illustrates 

the normal stress-normal deformation relationship of rock bridge (intact 

material). Subtracting rock bridge deformation from the J&Br-specimen 

deformation at each normal stress level gives the deformation of embedded 

joint (joint closure) at that normal stress level. Fig. 5.1.7b depicts the normal 

stress-joint closure curves, and shows that the normal stress required for joint 

closure increases exponentially. Several conjugate J-specimens were then 

casted and subjected to uniaxial compressive load at a constant load rate of 47 
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KN/min. Fig. 5.1.8a shows the normal stress-normal deformation carves of the 

J-specimens. The normal stress-normal deformation curves of the intact rock 

were plotted based on the linear part of the curves (Fig. 5.1.8a). The joint 

closure of the J-specimens underwent growing normal load measured similar 

to the joint closure of the J&Br-specimens (Fig. 5.1.8b).  

Knowing the joint closure when the J&Br-specimens undergo normal stress 

(Fig. 5.1.7b), the normal stresses applied on the embedded joint of the J&Br-

specimens were obtained from normal stress-joint closure relationship of J-

specimens (Fig. 5.1.8b). Table 5.1.3 provides the values of normal stress 

applied to the embedded joint of J&Br-specimens when they are subjected to 

certain normal stresses (1 MPa, 1.5 MPa, and 2 MPa). As seen, the normal stress 

 

 

Fig. 5.1.8 (a) Total normal deformation of J-specimens (solid curves) and intact 

material normal deformation (dashed lines), (b) joint closure of J-specimens when 

undergoing normal load. 
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Table 5.1.3 Normal stress applied to the embedded joint of J&Br-specimens obtained 

knowing the normal stress-normal deformation of J&Br-specimens and the normal 

stress-joint closure of their conjugate J-specimens 

Nominal normal stress (MPa) 

Embedded joint diameter (mm)/Roughness 

80/MR 95/MR 110/MR 80/MR 95/MR 110/MR 

Joint closure (mm) Joint normal stress (MPa) 

1 0.13 0.17 0.13 0.085 0.093 0.126 

1.5 0.14 0.19 0.17 0.121 0.138 0.186 

2 0.15 0.20 0.19 0.152 0.198 0.278 

 

 

applied to the embedded joint is higher when the nominal normal stress applied 

to the J&Br-specimen containing that joint is higher. Moreover, the joint normal 

stress is greater when the size of the embedded joint is larger. Fig. 5.1.9 

compares the joint normal stress values evaluated by means of the proposed 

analytical equation with those measured by conducting approach I experiments. 

As seen, the joint normal stress values calculated using the proposed analytical 

equation seems to have good agreement with the experimental results. 

 

 

Fig. 5.1.9 Comparison between the joint normal stress values obtained by means of the 

proposed analytical equation and approach I experiments 
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Approach II: Evaluation of 𝜎𝑛
𝐽
 considering normal stress-joint crushed area 

relationship 

In the first stage, several J&Br-specimens embedding a single joint of different 

sizes (Ø = 80 mm, Ø = 95 mm, and Ø = 110 mm) and different roughness levels 

(LR, MR, and HR) were created and subjected to direct shear test under 

different normal stresses (1 MPa, 1.5 MPa, and 2 MPa). The direct shear tests 

ceased immediately after the failure of the specimens. Table 5.1.4 lists the 

characteristics of the J&Br-specimens, nominal normal stresses applied during 

the tests, and shear displacements at which the specimens were failed (peak 

shear displacement). All the direct shear tests were recorded by a camcorder 

and the shear displacement were carefully observed thereafter. The 

observations revealed that all the J&Br-specimens containing a joint with a 

diameter of 80 mm and the one embedding a joint (HL) with a diameter of 95 

mm subjected to 1.5 MPa of normal stress failed abruptly and exerted to some 

unavoidable shear displacement after the failure moment. That undesirable 

shear displacement increases the joint crushed area to a great extent after the  

 

Table 5.1.4 The peak shear displacements of J&Br-specimens subjected to direct shear 

test 

Joint size (Ø) 80 mm 95 mm 110 mm 

Roughness level MR LR MR HR MR 

Normal stress 

(MPa) 

 

1-1.5-2 1-1.5-2 1-1.5-2 1-1.5-2 1-1.5-2 

Peak shear 

displacement (mm) 
1.43-1.41-1.82 0.25-0.27-0.34 1,07, 0.83, 0.78 0.36-0.29-0.45 0.64-0.59-0.49 
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failure of the rock bridge. Therefore, these specimens were excluded from the 

analysis. The average crushed area for the walls of embedded joint was 

measured for each J&Br-specimen. Fig. 5.1.10 shows the percentage of crushed 

area ratios measured for J&Br-specimens subjected to direct shear test 

condition under different nominal normal stresses. The overall results reveal 

that the crushed area ratio is greater for the J&Br-specimens with a rougher and 

wider embedded joint, whereas the nominal normal stress has no systematic 

effect on that. 

Secondly, the conjugate J-specimens were casted and subjected to direct 

shear test condition to investigate the relationship between normal stress 

applied to the joint and the crushed area ratio. Given that only a fraction of the 

nominal normal stress applied to the J&Br-specimens is distributed on the 

embedded joint, relatively smaller normal stresses were applied to the conjugate 

J-specimens during the direct shear tests. The ultimate shear displacement for 

direct shear test of each J-specimen was set to be the average peak shear 

 

 

Fig. 5.1.10 The percentage of crushed area ratios measured for J&Br-specimens 

subjected to direct shear test condition 
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displacement of its conjugate J&Br-specimens subjected to direct shear tests 

under different normal stresses. Table 5.1.5 lists the applied normal stresses and 

the ultimate shear displacements for the direct shear tests of conjugate J-

specimens. The average crushed area ratios of the joint walls of conjugate J-

specimens were measured and plotted as a function of normal stress values 

(Fig. 5.1.11). The regression analysis was performed to find the best-fit 

line/curve for the results. Fig. 5.1.11 shows the equations representing the 

relationships between the normal stress and the percentage of crushed area ratio 

for the J-specimens. Finally, knowing the crushed area ratios of the embedded 

joints of J&Br-specimens subjected to direct shear test (Fig. 5.1.10), the normal 

stresses applied to the embedded joints (𝜎𝑛
𝐽

) were calculated utilizing the 

equations. Fig. 5.1.12 illustrates the normal stress applied to embedded joints 

of the J&Br-specimens subjected to direct shear test under different nominal 

normal stresses. 

 

Table 5.1.5 The applied normal stresses and the peak shear displacement selected for 

the direct shear tests of conjugate J-specimens 

Joint size (Ø) 95 mm 110 mm 

Roughness LR MR HR MR 

Normal stress (MPa) 0.19-0.24-0.44 0.19-0.24-0.44 0.24-0.44-0.87 0.13-0.16-0.21 

Ultimate shear 

displacement (mm) 
0.29 0.81 0.37 0.57 
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Fig. 5.1.11 The percentage of crushed area ratio of J-specimens subjected to direct shear 

tests under different normal stresses 

 

 

Fig. 5.1.12 Normal stress applied to the joints embedded in the J&Br-specimens 

subjected to direct shear test under different nominal normal stresses 

 

Fig. 5.1.13 shows the resistance envelope of the J-specimens at the peak shear 

displacement of their conjugate J&Br-specimens. The regression analysis was 

performed to find the best-fit lines/curves for the results, and the equations 

representing the relationship between the normal stress and the shear resistance 

of the J-specimens at the peak shear displacement of their conjugate J&Br-

specimens are shown in Fig. 5.1.13. Applying these equations and knowing the  
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Fig. 5.1.13 Shear load envelope of J-specimens at the peak shear displacement of their 

conjugate J&Br-specimens 

 

normal stresses applied to the embedded joints (𝜎𝑛
𝐽
), frictional resistance of 

embedded joints mobilized at the peak shear displacement of J&Br-specimens 

were calculated and shown in Fig. 5.1.14. Fig. 5.1.15 illustrates the percentage 

of joint friction contribution to the shear strength of J&Br-specimens. 

 

 

Fig. 5.1.14 Frictional resistance of embedded joints mobilized at peak shear 

displacement of J&Br-specimens 
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Fig. 5.1.15 The percentage of joint friction contribution to the shear strength of J&Br-

specimens 

 

5.2 Empirical model (criterion) 

 Design of experiment (DOE) 

Experimental design methods have been vastly applied in many different fields. 

It was firstly developed by Ronald Fisher to determine the effect of various 

fertilizers on the different plots of lands. DOE includes the process of planning, 

designing, and analyzing the experiment in order to effectively and efficiently 

obtain valid and objective conclusions (Antony 2014). The application of the 

DOE approaches to plan the experiments leads to (Montgomery 2017): 

 

 Improvement of the performance process 

 Reducing variability and approaching the target requirements 

 Developing time reduction 

 Overall cost reduction 
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Main Effect 

The effect of a design parameter (𝐸𝑓) can be determined when the independent 

variable (the output of the process) in different levels of that parameters is tested, 

and can be calculated using the following equation: 

 

𝐸𝑓 = �̅�+1 − �̅�−1                                                                                            (5.8) 

 

where �̅�+1 and �̅�−1 are the average response at high-level and low-level setting 

of a parameter, respectively.  Main effect plot represents the average values of 

the response (independent variable) at different levels of one factor. 

 

Interaction effect 

When the effect of one factor (variable) on the response depends on the level 

of the other parameter, an interaction exists between the parameters. There is 

an interaction between variables A and B provided that the effect of A at high 

and low levels of factor B ( 𝐸𝐴,𝐵(+1)  and 𝐸𝐴,𝐵(−1) ) is not identical. The 

interaction between two parameters (𝐼𝐴,𝐵) can be calculated using the following 

process: 

 

𝐼𝐴,𝐵 =
1

2
(𝐸𝐴,𝐵(+1) − 𝐸𝐴,𝐵(−1))                                                                       (5.9) 

 

Interaction plot is a graphical method to show the existence of the interaction 

between two factors by plotting the average response of two factors at all 
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possible combinations. An interaction exists between the factors when the 

plotted lines connecting the mean responses are not parallel, and vice versa. 

 

Confounding (aliasing) 

When the effects of two factors cannot be separated from each other, the factors 

are confounded. For example, if a design matrix (experimental layout) for 

assessing the effects of two factors at two levels (high and low) only has two 

trials (experimental runs) of high-high and low-low (former level implies the 

level of the first factor and the latter one refers that of another factor), then the 

factors are confounded because the effect of the factors are not clear. 

 

Design resolution 

The degree to which the main effects are confounded with the two-factor or 

higher order interaction effects determines the resolution of the design. The 

design resolution can be divided into three different category according to the 

smallest order interaction that some main effect is confounded. 

 

Resolution III designs: Main effects are not aliased with any other main effects, 

however, they are confounded with two-factor interactions. In this design two-

factor interactions are aliased with each other. 

 

Resolution IV designs: In this design main effects are not confounded with 

other main effects or two-factor interaction effects. However, two-factor 

interaction effects are confounded with each other. 
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Resolution V designs: In this design main effects are not aliased with other 

mane effects, two-factor interactions, or three-factor interactions. Two-factor 

interactions are confounded with three-factor interactions. 

 

Screening designs 

In many experimental works the number of influential variables is large, and 

because of the non-linearity of the response over the range of the factor levels, 

more than two levels for the factors are required. Hence, the number of 

experimental runs (trials) may increase correspondingly. Screening design is a 

means to minimize the number of runs in an experiment by recognizing the key 

factors influencing the response. 

 

Analysis of variance 

Analysis of variance (ANOVA) is the statistical approached applied for 

interpretation of experimental results. ANOVA is a practical means to detect 

the differences in average performance of the experimented variables. 

 

Orthogonality 

If an experimental layout leads to evaluate the factors independently so that the 

effect of a factor does not disturb the evaluation of the effect of another one. 

 

Factorial design 

Factorial designs are the means to investigate the effects of the factors on a 

response. To design an experimental layout to investigate the influential 
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variables on a dependent factor (response) an appropriate resolution at which 

the desired effects can be clearly obtained should be determined. Based on the 

selected resolution full factorial or fractional factorial design can be applied. 

 

Full factorial design 

This design considers all the possible combinations levels of all factors. 

Applying this design, the given response/responses is/are investigated to 

provide the effects of all factors and interactions. The total number of trials for 

investigating f factors at l Levels is 𝑙𝑓. 

 

Fractional factorial design 

Only a fraction of a full factorial design should be run if certain higher order 

interactions are negligible. Three-factor interactions rarely exist, so they are not 

of practical importance. These designs are represented in the form of 𝑙(𝑓−𝑝), 

where 1 𝑙𝑝⁄  is the fraction of full factorial design required for the design. 

 

Taguchi Method 

Taguchi is a robust DOE approach which has been frequently applied in rock 

mechanics area (Kim et al. 2007; Aydin et al. 2013; Bahaaddini M. et al. 2016; 

Asadizadeh et al. 2018). Taguchi is an experimental design that applies 

orthogonal arrays (OA) resulting in conducting the minimal number of 

experiments, which can clearly determine the effect of all the factors on the 

response. This design can be adopted when 
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 time and cost of experimental work should be reduced 

 noise factors have significant effect on the control factors 

 the process should not deviate from the target 

 the experimenter has enough knowledge of the process (identifying 

significant interactions) 

 the aim of the design is to obtain the best relationship between the factors 

and the response. 

 

Taguchi method considers the following three main stages for process’s 

development (Ross 1996): 

a) System design: determination of the vital design variables (factors). 

b) Parameter design: determination of the specific values for the system 

parameters. 

c) Tolerance design: determination of the best tolerances for the parameters. 

 

 Experimental design 

The goal of this study is to analyze the effects of some influential parameters, 

namely normal stress, rock bridge ratio, joint roughness, and material strength 

(UCS), on the shear behavior, and in especial shear strength, of the rock mass 

containing a single non-persistent rough joint. Therefore, a four-factor 

experimental design is required. To investigate the quadratic effects of factors 

on the response, three levels were considered for each factor. Table 5.2.1 lists 

the parameters and their levels. In a full factorial design case, 34 number of run 

is required to investigate all the main and interaction effects. 
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Table 5.2.1 List of process parameters and their considered levels 

Labels Parameters Units 
Low level 

(-1) 

Intermediate 

level (0) 

High level 

(+1) 

A Material strength (UCS) MPa 22 34 39 

B Rock bridge ratio (𝑘) --- 0.45 0.59 0.71 

C Normal stress (𝜎𝑛) MPa 1 1.5 2 

D 
Joint roughness 

(Z2/JRC) 
--- 0.1629/6.52 0.2339/11.62 0.3558/17.51 

 

Previously, a full factorial design was run for investigating the effects of 

normal stress, rock bridge ratio, and joint roughness (in three levels) on the 

shear strength of the specimens with a single non-persistent rough joint. Fig. 

4.2.8 illustrates the results of 33 runs conducted based on the full factorial 

design. Fig. 5.2.1a illustrates the main effect plot representing the average 

values of the response at different levels of the factors. As shown, all the three 

factors (B, C, and D) have a clear influence on the shear strength of J&Br-

specimens and cannot be excluded from the final experimental design. The 

effect of rock bridge ratio varying between 0.45 and 0.71 on the shear strength 

is more than that of normal stress varying between 1 MPa and 2 MPa. Among 

the three factors, the joint roughness has the least effect on the shear strength 

of J&Br-specimens. Fig. 5.2.1b shows the interaction plots between the rock 

bridge ratio and normal stress (BC), the rock bridge ratio and joint roughness 

(BD), and the normal stress and joint roughness (CD). The lines in each plot of 

the graph are almost parallel, which indicates that there are negligible 

interactions between the factors. The interaction plots suggest that the mean 

shear strength is maximum when the rock bridge ratio and normal stress are at 

high level, and vice versa. 
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Fig. 5.2.1 (a) Main effect plots representing the effects of investigated factors (rock 

bridge ratio, normal stress, and joint roughness) on the shear strength of J&Br-

specimens, (b) Interaction plots representing the interactions between the factors 

 

Because two-order interaction between each pair of factors (BC, BD, or CD) 

does not exist, applying an experimental design in which the effects of all 

factors (A, B, C, and D) are confounded with interactions BC, BD, and CD does 

not deprive us to obtain the pure effects of main factors. Here, the effect of 

another factor, namely material strength (A), on the shear strength of the J&Br-

specimens is also desired. Because two-factor interactions between the material 

strength and other factors (AB, AC, and AD) were not investigated in the 

previous full factorial design, the experimental design should be able to 

consider the effects of these interactions. 
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In this study in order to investigate the pure effects of main factors (material 

strength, rock bridge ratio, normal stress, and joint roughness) and their 

interactions on the shear strength of J&Br-specimens, and also to express the 

results of the experiments quantitatively, in terms of an empirical model, twenty 

seven-trial orthogonal array matrix (L27) developed by Taguchi techniques was 

selected for providing the experimental layout. In this design, the main effects 

are not confounded with each other, but confounded with only three two-factor 

interactions. As the interactions BC, BD, and CD were found to be negligible, 

they were selected to be confounded with the main effects in the design. Hence, 

the main effects are not confounded with interactions AB, AC, and AD. 

Table 5.2.2 presents the design matrix (experimental layout) according to which 

 

Table 5.2.2 L27 orthogonal array experimental layout 

No. of trials 
Parameters 

UCS (A) Rock bridge ratio (B) Normal stress (C) Joint roughness (D) 

1 -1 -1 -1 -1 

2 -1 -1 0 0 

3 -1 -1 1 1 
4 -1 0 -1 0 

5 -1 0 0 1 

6 -1 0 1 -1 
7 -1 1 -1 1 

8 -1 1 0 -1 

9 -1 1 1 0 
10 0 -1 -1 -1 

11 0 -1 0 0 

12 0 -1 1 1 
13 0 0 -1 0 

14 0 0 0 1 
15 0 0 1 -1 

16 0 1 -1 1 

17 0 1 0 -1 
18 0 1 1 0 

19 1 -1 -1 -1 

20 1 -1 0 0 
21 1 -1 1 1 

22 1 0 -1 0 

23 1 0 0 1 
24 1 0 1 -1 

25 1 1 -1 1 

26 1 1 0 -1 
27 1 1 1 0 
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twenty seven direct shear tests should be performed on the specimens with a 

single non-persistent rough joint. 

 

 Experimental results 

The shear strength of twenty seven J&Br-specimens was investigated through 

conducting direct shear test based on the selected experimental layout 

(Table 5.2.2). Fig. 5.2.2 shows the results of the direct shear tests. As seen, the 

shear strength is higher for the specimens with larger rock bridge ratios 

containing rougher non-persistent joint subjected to higher normal stresses, 

made by stronger materials. Table 5.2.3 lists the results of ANOVA required to 

assess the importance of the investigated factors on the shear strength of J&Br-

specimens. The F-value in ANOVA determines the P-value, and the P-value is 

used to make a decision about the statistical significance of a factor. The results 

clearly show that the rock bridge ratio is the most influential factor while the 

joint roughness is statistically the least effective one. The influence of the 

 

 

Fig. 5.2.2 Shear strength of J&Br-specimens made and then subjected to direct shear 

test condition based on the L27 orthogonal array experimental layout 
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Table 5.2.3 Analysis of Variance for shear strength of J&Br-specimens 

Parameters Degree of freedom Sum of squares Mean squares F-value P-value 

UCS 2 33.449 16.7244 26.89 0.001 

Rock bridge ratio (𝑘) 2 83.277 41.6387 66.95 0.000 

Normal stress (𝜎𝑛) 2 31.882 15.9411 25.63 0.001 

Joint roughness (Z2) 2 0.829 0.4144 0.67 0.548 

Residual Error 6 3.731 0.6219   

Total 26 158.718    

 

material strength, UCS (as the second influential factor), is slightly more than 

that of normal stress on the shear strength of the J&Br-specimens. Fig. 5.2.3 

illustrates the main effects of the investigated factors (material strength, rock 

bridge ratio, normal stress, and joint roughness) on the shear strength of the 

specimens. As shown, the joint roughness is relatively less influential than other 

factors. Moreover, the effect of rock bridge ratio on the shear strength when it 

varies from 0.45 to 0.59 is higher than that when it increases from 0.59 to 0.71, 

which means this factor is more influential when it changes within the lower  

 

 

Fig. 5.2.3 Main effect plots representing the effects of investigated factors (material 

strength (UCS), rock bridge ratio, normal stress, and joint roughness) on the shear 

strength of J&Br-specimens 



121 

 

levels. The same explanation can be indicated for the material strength factor 

to a lesser extent. However, the normal stress and the joint roughness have more 

consistent effects within the determined low and high levels. 

 

 Empirical model 

In this section, attempts have been made to quantitatively express the results of 

the experiments carried out according to L27 Taguchi experimental layout in 

terms of an empirical model. The aim is fitting an empirical model to the 

experimental results. The shear strength of the J&Br-specimens (𝜏𝐽&𝐵𝑟) as a 

single dependent variable or response (y) that depends on independent variables 

including rock bridge ratio, normal stress, material strength, and joint roughness 

is investigated. Two familiar forms of functional relationships between the 

response and the variables were considered to roughly cover the simultaneous 

effects of rock bridge cohesion and joint friction on the shear strength of J&Br-

specimens. Direct shear parabola proposed using analytical approach by Lajtai 

(1969a) and Barton’s empirical shear strength criterion were applied to roughly 

express the form of the empirical formula, and the coefficients were then 

determined to fit the experimental results. The empirical criterion which can 

precisely express the relationship between the shear strength of J&Br-

specimens (𝜏𝐽&𝐵𝑟) and other independent factors, is as below: 

 

𝜏𝐽&𝐵𝑟 = 𝑘[𝑇𝑠(𝑇𝑠 − 𝜎𝑛
𝐵𝑟)]0.5 + 

              (1 − 𝑘)𝑒
𝑘𝑇𝑠
𝜎𝑛  .  𝜎𝑛

𝐽 tan [JRC log (
JCS

𝜎𝑛
𝐽 ) + 𝜙𝑟]                                  (5.10) 
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where k is rock bridge ratio, Ts is uniaxial tensile strength (MPa) and has a 

negative value, 𝜎𝑛  is nominal normal stress (MPa), JRC is joint roughness 

coefficient, JCS is joint wall compression strength (MPa), and Ør is residual 

friction angle. 𝜎𝑛
𝐽
 is normal stress applied to the jointed zone of the weakness 

plane and can be calculated using the following formula which was derived 

through the analytical approach (refer to Eq. 5.7). 

 

𝜎𝑛
𝐽 =

−(1+𝑘𝑎𝐾𝑛
𝑖𝑛𝑡−𝑏𝜎𝑛

𝑛𝑜𝑚𝑖𝑛𝑎𝑙)+√(1+𝑘𝑎𝐾𝑛
𝑖𝑛𝑡−𝑏𝜎𝑛

𝑛𝑜𝑚𝑖𝑛𝑎𝑙)
2

+4𝑏𝜎𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙

2𝑏
   

 

𝜎𝑛
𝐵𝑟 is normal stress applied to the bridged zone of the weakness plane and can 

be calculated using the following formula (refer to Eq. 5.1). 

 

𝜎𝑛
𝐵𝑟 =

𝜎𝑛
𝑁𝑜𝑚𝑖𝑛𝑎𝑙 − (1 − 𝑘)𝜎𝑛

𝐽

𝑘
 

 

The calculated R-squared value for the proposed empirical model is 0.91, which 

means 91 % of the variability in the shear strength of J&Br-specimens is 

explained by the proposed model. Fig. 5.2.4 compares the experimental results 

with the results obtained from empirical model. 

The obtained formula consists of two main parts which are summed together 

to express the shear strength of J&Br-specimens. The first part (𝑘[𝑇𝑠(𝑇𝑠 −

𝜎𝑛
𝐵𝑟)]0.5) approximately represents the shear strength of rock bridge. This part 

is the modified version of the formula proposed by Lajtai (1969a) to calculate 
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Fig. 5.2.4 Comparison between experimental results and those estimated by proposed 

empirical formula 

 

the shear strength of intact rock through analytical approach ( 𝜏𝑖𝑛𝑡 =

[𝑇𝑠[𝑇𝑠 − 𝜎𝑛]]
0.5

). Because the specimens of this study failed in tensile mode, 

tensile strength (Ts) plays a great role in the first part of the formula. Rock 

bridge ratio (k) is multiplied to the first part, because shear strength of weakness 

plane is considered. The second part of the formula ( (1 −

𝑘) 𝑒
𝑘𝑇𝑠
𝜎𝑛  .  𝜎𝑛

𝐽 tan [JRC log (
JCS

𝜎𝑛
𝐽 ) + 𝜙𝑟] ) approximately represents the shear 

strength of the embedded joint. The second part consists of Barton’s empirical 

formula (𝜎𝑛
𝐽 tan [JRC log (

JCS

𝜎𝑛
𝐽 ) + 𝜙𝑟]), which is multiplied by a coefficient 

((1 − 𝑘) 𝑒
𝑘𝑇𝑠
𝜎𝑛 ). Analytical equation proposed to evaluate joint normal stress 

(𝜎𝑛
𝐽
) is applied in Barton’s empirical formula. The coefficient multiplied to 

Barton’s empirical formula can be a number between zero and one, and reduces 

the contribution of joint to the shear strength of weakness plane. Because we 

know that the peak shear displacement of embedded joint is much smaller than 
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that of J&Br-specimen containing that joint, the joint friction cannot be fully 

mobilized when the J&Br-specimen is failed. The coefficient in the second part 

of the proposed empirical formula is approximately a joint friction mobilization 

factor that modifies the friction contribution of embedded joint to the shear 

resistance of J&Br-specimens. 
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Chapter 6. Discussions and Conclusions 

6.1 Discussions and future works 

The effects of joint roughness on the shear strength of persistent joints have 

been widely investigated. However, the interaction between non-persistent 

rough joints and surrounding intact rock when a shear load is applied has 

remained obscure. The specimen preparation approach proposed in section 

3.3.2 provides an appropriate path for further investigations of the joint 

roughness contribution to the shear strength of specimens containing non-

persistent rough joints. Applying the method, the embedded joints are closed, 

so their friction is mobilized once the specimens are subjected to the direct shear 

test condition. Unlike previously applied specimen preparation approaches, the 

proposed method enables the creation of embedded joints with different 

roughness levels along various directions. However, there are some 

considerations about the proposed specimen preparation approach which are as 

follows: 

 

i. The casting process consists of two stages. Firstly, the jointed 

cylindrical part is cast, and once it solidifies, the surrounding rock 

bridge part is cast. Therefore, this inevitable interruption during the 

casting process causes cold joint around the jointed cylinder. Moreover, 

in case of Br-specimens, Teflon tape was applied to prevent seepage of 

plaster mortar into the created joints. It is believed that the results of 

the experiments of this study were not affected by the inevitable planes 
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of weakness created during the specimen preparation process. All the 

specimens were carefully observed after experiments. It was found that 

no crack was initiated from and propagated toward those weakness 

planes before and at the moment of failure. Fig. 6.1.1a and Fig. 6.1.1b 

show two failed J&Br-specimens with joint sizes of 95 mm and 80 mm, 

respectively. As seen, the specimens were not broken through the cold 

joints created because of specimen preparation procedure. 

ii. The proposed casting process is time consuming and requires a hard 

labor. A single small mistake during the process usually results in the 

repeating of the process. Therefore, it needs a full concentration during 

the preparation time.  

 

The applicability of 3D printing technology to the study of effective 

parameters on the shear behavior of Br-specimens was tested. By comparing 

the results obtained from experiments performed on 3DP specimens and plaster 

specimens the followings were found: 

 

 

Fig. 6.1.1 Failure surfaces of J&Br-specimens with a single joint of (a) 95 mm, 

and (b) 80 mm diameter after direct shear test.  
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i. The observed trends in the shear strength of the 3DP specimens due to 

the systematic changes of rock bridge ratio and joint dispersion were 

similar to those of the plaster specimens. 

ii. Unlike the plaster specimens, the 3DP specimens were compressed 

during direct shear tests. The amount of compression is greater for 3DP 

specimens with smaller rock bridge ratios. Existing gaps between joint 

walls (1 mm) and the breakage of bridges through smooth paths are the 

causes of the compression of the 3DP samples before and after failure, 

respectively. 

 

Rock bridge ratio is one of the parameters which affect the shear strength of 

weakness planes containing non-persistent joints to a great extent. However, it 

is very difficult to measure rock bridge ratio in the field. Knowing the statistical 

parameters and probability density functions related to the properties of the 

existing joint sets such as joint size and volumetric frequency, the rock bridge 

ratios of existing probable failure surfaces can be provided to conduct a 

probabilistic analysis. Each failure surface may consist of several non-

persistent joints connected through breakage of the surrounding intact rock. The 

evaluation of rock bridge ratio would be more complicated when the non-

persistent joints are not laid on a certain plane or the overlapping joints are 

considered. A study on detecting probable failure surfaces in rock mass to find 

out rock bridge ratio is required to be conducted in future. 

The results of DIC analysis conducted in this research show that applying a 

uniform normal stresses on the shear plane by a direct shear test machine is 
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impossible because of the gap between the lower and upper specimen holders. 

This may alter the measured shear strength to some extent. The influence of the 

boundary condition on the shear strength imposed by the direct shear test 

machine should be carefully investigated in future. 

In this study, the effects of different parameters such as joint roughness, rock 

bridge ratio, normal load, and material strength on the shear behavior of rock 

mass containing a single non-persistent rough joint were investigated in order 

to reach an empirical criterion representing the shear strength of the weakness 

planes. The proposed criterion can be improved to cover the variation of other 

effective parameters by conducting large amount of experiments or numerical 

simulations in a systematic way. These parameters are related to the following 

categories: 

 

i. Geometry of each non-persistent joint (e.g., joint orientation) 

ii. Joint spatial arrangement (e.g., joint spacing, number of joint rows, 

overlapping status) 

iii. Loading condition (e.g., shear displacement rate, CNL or CNS 

condition) 

 

The results of conducted approach II experiments roughly show that rougher 

joints are subjected to higher normal stresses. The embedded rough joints have 

a tendency to dilate during the shear displacement. However, because the 

dilation is constrained by the stiffness of the surrounding rock bridge, it 

increases the joint normal stress. Given a certain amount of shear displacement, 
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rougher joints dilate more, and more dilation eventually results in a higher joint 

normal stress. Another reason for that can be related to the joint friction 

mobilization rate (joint friction mobilization/shear displacement). An 

experimental or numerical study should be conducted to investigate the effect 

of roughness on the joint friction mobilization rate. 

The experimental approaches designed to measure joint normal stress were 

proposed to validate the analytical equation proposed in the thesis. Because 

specimens containing non-persistent joints are required, it is very difficult to 

apply the proposed experimental approaches to real rock samples. 

The analytical equation for evaluation of the joint normal stress (refer to 

section 5.1.1) was derived by assuming that the normal deformation is uniform 

throughout the rock bridge and jointed domains when a J&Br-specimen 

undergoes normal load. The boundary condition applied to the J&Br-specimens 

by the direct shear test machine during the conducted experiments based on the 

proposed approaches (approach I and II) exerts the same deformation for the 

domains as well. However, when the normal load on the J&Br-specimen is 

uniform, the normal deformation of the rock bridge and jointed domains are 

basically different. Thus, evaluation of the joint normal stress should be further 

studied for the case of uniform distribution of normal load. 

To reach the empirical criterion for the shear strength of rock mass 

containing a single non-persistent joint, three levels for each influential factor 

were considered. The minimum/maximum amounts selected for the normal 

stress and the rock bridge ratio were 1MPa/2MPa and 0.45/0.71, respectively. 

It is believed that a wider range of these parameters should have been covered 
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for this investigation. However, the shear load capacity of the direct shear test 

machine applied for the experiments of this research does not allow the 

investigation of the J&Br-specimens with greater rock bridge ratios under 

higher normal stresses. 

 

6.2 Conclusions 

A novel specimen preparation approach was applied to create rock-like 

specimens containing a non-persistent rough joint surrounded by intact material 

from all sides. Applying the casting method, the embedded joints are closed and 

interlocked, so their friction is mobilized once the specimens are subjected to 

the direct shear test condition. Unlike previously applied specimen preparation 

approaches, the proposed method enables the creation of embedded joints with 

different roughness levels along various directions. 

To investigate the persistence and dispersion effects of non-persistent joints 

on the shear strength of weakness planes, several direct shear experiments on 

3D printed and plaster samples were performed under constant normal load 

(CNL) condition. The results of this investigation clearly show a significant 

effect of the rock bridge ratio on the shear behavior of specimens containing 

non-persistent joints. Regardless of the number of joints on the plane of 

weakness, the rock bridge ratio has an increasing effect on the shear strength. 

Basically, the configuration of the joints located on the plane of weakness itself 

does not change the shear strength when normal and shear loads are uniformly 

distributed on the weakness plane. However, the displacement field provided 

by the DIC technique revealed that the moment of force (torque) exerted due to 
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the boundary condition applied by a direct shear test machine disturbs the 

uniform distribution of the loads. Hence, the joint layout on the plane of 

weakness could be influential to a great extent. 

The experimental results show a significant difference between the dilation 

mechanisms of 3DP and plaster specimens. All 3DP specimens were 

compressed during direct shear tests, whereas the plaster samples dilated. A 

reverse relationship between the amount of this compression and the rock 

bridge ratio in the 3DP specimens was found. The amount of compression is 

greater for 3DP specimens with smaller rock bridge ratios. Existing gaps 

between joint walls (1 mm) and the breakage of bridges through smooth paths 

(shear mode) are the causes of the compression of the 3DP samples before and 

after failure, respectively, during direct shear tests. Nevertheless, there is a 

direct relationship between the value of the dilation and the rock bridge ratio in 

plaster specimens. Failure of plaster specimens with larger rock bridge ratios 

require higher shear loads, which cause greater dilation before the failure of the 

specimens. Moreover, it was observed that rough shear paths are created after 

bridge breakage in plaster specimens. The failure path is rougher and the 

dilation is consequently greater for specimens with larger rock bridge ratios. 

The failure mechanism of a plaster specimen was studied using the DIC 

technique. These results clearly demonstrate that failures occur mainly in the 

tensile mode. The failure pattern of the tested plaster specimens indicates that 

the first crack is initially generated in the vicinity of the upper specimen holder, 

close to the axis of rotation, and that it propagates towards the circumference 

of the embedded joint. The last crack before failure connects the opposite side 
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of the joint circumference to the closest vertical side of the sample on which 

the shear load is applied, eventually resulting in a rupture of the shear plane. 

An experimental study on the contribution of joint friction to the shear 

strength was conducted. Based on the assessment of the experimental results, it 

was determined that the cohesion and internal friction of the bridged material 

and the friction of the smooth embedded joints are not necessarily fully 

mobilized simultaneously. Because the peak shear displacement of bridged 

zone is much smaller than that of the jointed zone, only a fraction of the shear 

strength of the embedded joint is mobilized at the failure point. 

Because the dilation of the samples increases sharply in the first phase of 

dilation (more tension along the weakness plane), the influence of the joint 

friction is gradually reduced. As mentioned, the specimens embedding a single 

joint with smaller diameter dilate higher when failure occurs. In addition, the 

normal stiffness of bridged zone is higher when the rock bridge ratio is greater. 

Thus, less normal stress is applied to the embedded joints of smaller diameter. 

The shear behavior of the rock-like specimens containing non-persistent 

rough joints was investigated in this section. The effects of various variables, 

in this case the rock bridge ratio, joint roughness, and applied normal stress on 

the shear behavior of the specimens, were experimentally investigated. The 

results of the experiments clearly demonstrate that all of the variables have 

obvious impacts on the shear behavior of the specimens to different extents. 

The rock bridge ratio and the normal stress were found to be relatively more 

influential than the joint roughness with regard to the shear strength of the 

specimens.  
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The overall analysis of the peak shear displacement results reveal that the 

specimens with grater rock bridge ratios subjected to greater normal stresses 

undergo more shear displacement before the moment of failure. Moreover, the 

specimens with greater rock bridge ratios experience greater peak dilation when 

undergoing lower normal stresses. 

The distribution of the applied normal load on the jointed and bridged zones 

of the weakness plane is the key to a proper evaluation of the shear resistance 

of specimens containing non-persistent rough joints. Considering two 

extremum cases of the normal stress applied to the jointed zone of a weakness 

plane, the shear strength of the specimens was experimentally evaluated. The 

first case (𝜎𝑛
𝐽 = 0) assumes that the applied normal load is entirely distributed 

over the bridged part while the second case (𝜎𝑛
𝐵𝑟 = 𝜎𝑛

𝐽
) assumes that the normal 

load is uniformly distributed on the jointed and bridged zones of the weakness 

plane. The evaluated results were later compared to those obtained from 

experiments under the actual normal load distribution regime. The comparisons 

revealed that neither of the extremum cases occurs in reality. The normal stress 

applied to the jointed zone of a weakness plane is definitely lower but still 

considerable compared to that applied to the bridged zone. Moreover, the 

impact of joint roughness on the shear strength of J&Br-specimens confirms 

that a fraction of normal load is applied to the embedded joint. 

Three distinct phases of dilation were detected for specimens containing a 

non-persistent rough joint. The first phase demonstrates the dilation of the 

specimens before the failure point. A DIC analysis revealed that the dilation in 

this phase is mostly due to the rotation of the specimens as a result of the 
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inevitable existing gap between the upper and lower specimen holders of the 

direct shear test machine. In the second phase, dilation due to crack propagation 

and coalescence is followed by compression due to the closure of the enforced 

failure plane. Finally, the third phase of dilation complies with the dilation 

mechanism of a persistent rough joint. The walls of the enforced failure plane 

created after the failure of the specimens slide over each other in this phase. 

The cracking process of the specimens containing a non-persistent rough 

joint was monitored with a camcorder. In most cases, the first crack was 

initiated at the axis of rotation and propagated to the circumference of the 

embedded joint and the last crack propagated from the other side of the joint 

circumference, eventually resulting in a rupture. Both cracks created a rough 

enforced shear plane with the embedded joint. It is important to note that the 

cracks that initiated and propagated before the final crack did not significantly 

alter the path of the shear stress-shear displacement curves. Most specimens 

containing a smaller joint (Ø = 80 mm and Ø = 95 mm) were explosively broken 

whilst the cracks that initiated in the specimens with a wider embedded joint (Ø 

= 110 mm) smoothly propagated. 

An analytical equation was proposed to evaluate the normal stress applied 

to the jointed zone of weakness plane (joint normal stress). The amount of joint 

normal stress was also investigated through experimental approaches. Two 

different experimental methods were proposed to measure the joint normal 

stress when a J&Br-specimen is under uniaxial and direct shear loading 

conditions.  
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The analytical approach is based on the assumption that the normal 

deformation is uniform throughout the rock bridge and jointed domains when a 

J&Br-specimen undergoes normal stress. It is also assumed that the domains 

are independent. By equating the normal deformation of rock bridge domain 

with that of jointed domain, and then some algebraic manipulations, a quadratic 

equation was derived representing the relationship between the joint normal 

stress and the nominal normal stress. 

The calculated joint normal stresses of the J&Br-specimens considered in 

this section are all less than 20 % of the nominal normal stresses. This implies 

that a larger portion of the normal force applied to the shear plane is carried by 

the rock bridge and only a small portion is carried by the contained joint. The 

factor of powder-to-water ratio does not show a systematic influence on the 

joint normal stress. The nominal normal stress and the rock bridge ratio, on the 

other hand, show a strong influence. In the case of J&Br-specimens under 

higher nominal normal stress, higher joint normal stress was calculated. This 

can be explained by the nonlinearity of joint normal stiffness. Since the joint is 

stiffer as the normal deformation increases, a larger normal deformation due to 

a higher nominal normal stress will increase the normal stiffness of the 

contained joint. Consequently, a larger portion of the normal load will be 

carried by the joint under higher nominal normal stress. Moreover, the normal 

stress applied to the joint embedded in a J&Br-specimen is greater when the 

size of the embedded joint is larger. 

The joint normal stress was investigated for J&Br-specimens with varying 

rock bridge ratios. In this examination, the Bandis coefficients and intact rock 
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stiffness are assumed to be independent to rock bridge ratio. The results show 

that the joint normal stress is greater when the rock bridge ratio is smaller. It is 

also notable that the ratio of joint normal stress to nominal normal stress is more 

sensitive to rock bridge ratio when the jointed zone of the given weakness 

planes is larger. Finally, it should be mentioned that the joint roughness does 

not have a systematic effect on the ratio of joint normal stress to the nominal 

normal stress. 

Two different experimental approaches were proposed to investigate the 

fraction of nominal normal load applied to the rough joint embedded in J&Br-

specimens. The first method (approach I) retrieves the normal stress on the 

embedded joint (𝜎𝑛
𝐽
) by examining the normal stress-joint closure relationship 

of J&Br-specimens and their conjugate J-specimens. Nevertheless, the second 

approach (approach II) utilizes joint crushed area as an indicator to estimate the 

normal stress applied to an embedded joint. The former method is appropriate 

to assess the normal stress on the embedded joint when only normal load is 

applied on the J&Br-specimens, whereas the latter evaluates it when both 

normal and shear loads are applied. 

The results of experiments carried out based on the approach I show that (1) 

the normal stress applied to the embedded joint is higher when the nominal 

normal stress applied to the J&Br-specimen containing that joint is higher, and 

(2) the joint normal stress is greater when the size of the embedded joint is 

larger. Moreover, it is shown that the joint normal stress values calculated by 

means of proposed analytical equation seems to have good agreement with the 

experimental results. 
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The joint normal stress obtained from experiments carried out based on 

approach II were in the same range with those obtained from tests performed 

based on approach I. Because some specimens failed abruptly and exerted to 

some unavoidable shear displacement after the failure moment, they were 

excluded from the analysis. The joint friction contribution to the shear strength 

of several J&Br-specimens was investigated from the joint normal stress 

measured by the tests performed using approach II. The results revealed that 

the percentage of the joint contribution to the shear strength of tested J&Br-

specimens is lower than 10 %. 

The results obtained from approach II experiments revealed that the method 

is not sensitive enough to show the effects of some variables such as joint 

roughness and rock bridge ratio. The reason is related to the manual the 

procedure applied to measure the crushed area ratio. An image processing based 

approach is required to systematically measure the crushed area ratio of the 

joint walls to remove the element of subjectivity in measurement process. 

In section 5.2 the effects of some influential parameters, namely normal 

stress, rock bridge ratio, joint roughness, and material strength (UCS), on the 

shear behavior, and in especial on the shear strength, of the rock mass 

containing a single non-persistent rough joint were experimentally analyzed to 

reach an empirical model to estimate the shear strength of J&Br-specimens.  

In order to investigate the pure effects of main factors (material strength 

(UCS), rock bridge ratio, normal stress, and joint roughness) and their 

interactions on the shear strength of J&Br-specimens, and also to express the 

results of the experiments quantitatively, in terms of an empirical model, twenty 
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seven-trial orthogonal array matrix (L27) developed by Taguchi techniques was 

selected for providing the experimental layout. 

The shear strength of twenty seven J&Br-specimens was measured through 

conducting direct shear test based on the selected experimental layout. The 

results show that the shear strength is higher for the specimens with larger rock 

bridge ratios containing rougher non-persistent joint subjected to higher normal 

stresses, made by stronger materials. 

The ANOVA results clearly show that the rock bridge ratio is the most 

influential factor while the joint roughness is statistically the least effective one. 

The influence of the material strength (as the second influential factor) is 

slightly more than that of normal stress on the shear strength of the J&Br-

specimens. 

Attempts have been made to quantitatively express the results of the 

experiments carried out according to L27 Taguchi experimental layout in terms 

of an empirical model. Two familiar forms of functional relationships between 

the response and the variables were considered to roughly cover the 

simultaneous effects of rock bridge cohesion and joint friction on the shear 

strength of J&Br-specimens. Direct shear parabola proposed using analytical 

approach by Lajtai (1969a) and Barton’s empirical shear strength criterion were 

applied to roughly express the form of the empirical formula, and the 

coefficients were then determined to fit the experimental results. The calculated 

R-squared value for the proposed empirical model is 0.91, which means 91 % 

of the variability in the shear strength of J&Br-specimens is explained by the 

proposed model. 
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Appendix 

Appendix A.  

The effects of printing direction, printing layer thickness and binder saturation 

level, and heating process on the mechanical behavior of the printed material 

are shown in the Fig. 1, Fig. 2, and Fig. 3. 

 

 

Fig. A.1 The effect of printing direction on the UCS of 3D printer specimen 

 

 

Fig. A.2 UCS of 3D printer specimens with various layer thicknesses and binder 

saturation levels 
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Fig. A.3 UCS of the 3D printer specimen after 60 min heating at different temperatures 
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초록 

 

일반적으로 암반의 연약면은 한 평면상에 존재하는 여러 

내포절리(non-persistent joint)가 상호작용하여 형성된다. 암반 연약면의 

전단강도는 내포절리의 기하학적 그리고 기계적인 성질과 그 인접한 

내포절리 사이에 존재는 무결암(석교; rock bridge)의 기계적인 성질에 

의해 결정된다. 따라서, 전단파괴 가능성이 있는 연약면의 전단강도를 

평가하기 위해서는 절리와 석교의 전단파괴 메커니즘에 대한 통합적인 

이해가 필요하다. 이 연구에서는 연약면의 전단거동을 조사하기 위해 

거칠기가 있는 절리를 내포하는 시편을 3D 프린팅 및 주조 기술 이용하여 

제작하는 기법을 제안하였다.  

일정수직하중(constant normal load; CNL) 조건 하의 직접전단시험을 

통해, 석교 비 (rock bridge ratio)와 절리 분산도 (joint dispersion)가 단일 

혹은 여러 내포절리를 가진 시편의 전단강도에 미치는 영향을 

조사하였다. 그 결과 연약면에 존재하는 내포절리의 개수와 상관 없이 

석교 비가 증가하면 시편의 전단강도가 증가한다는 것을 확인하였다. 

또한 디지털 이미지 상관법(digital image correlation)을 통해 

직접전단시험기의 경계 조건 하에 발생하는 돌림힘이 연약면의 

수직응력과 전단응력의 분포를 교란시킨다는 것을 확인하였다. 따라서 

교란된 응력 분포에 의해 내포절리의 위치 분포가 연약면에 큰 영향을 

미칠 수 있음을 보였다. 더 나아가, 디지털 이미지 상관법을 통해 

전단과정에서 발생하는 균열이 대부분 인장균열임을 확인하였다. 그리고 

큰 석교 비의 시편에 내포된 절리일수록 전단강도에 더 미미한 영향을 

미치는 것으로 나타났다. 

절리 거칠기가 단일 내포절리를 포함한 암반의 전단거동에 미치는 

영향을 명목 수직응력 (nominal normal stress)과 석교 비를 고려하여 

조사하였다. 3가지 요인 (절리 거칠기, 명목 수직응력과 석교 비)에 대해 
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각각 3가지 수준을 고려하였으며, 각 요인이 시편의 전단거동에 미치는 

영향을 광범위한 실험을 통해 조사하였다. 실험 결과, 시편의 전단강도는 

3가지 요인으로부터 명확한 영향을 받았으며 그 중에서 석교 비와 명목 

수직응력이 절리 거칠기에 비해 강한 영향을 끼쳤다. 또한 연약면의 

전단강도를 단순히 절리면과 주변 무결암의 동일 수직응력 하의 

전단강도 합으로 평가할 수 없다는 것을 확인하였다. 내포절리에 

적용하는 수직응력이 석교에 적용하는 수직응력에 비해 작지만 연약면의 

전단강도를 평가할 때 무시하지 못하는 정도였다. 더 나아가, 거칠기가 

있는 내포절리를 포함한 시편의 전단팽창 (shear dilation) 과정을 3단계로 

구분할 수 있었다. 첫 번째 단계는 전단파괴 이전의 팽창을 나타낸다. 

디지털 이미지 상관법을 통해 첫 번째 단계에 해당하는 변위의 일부는 

직접전단시험기에서 시편을 고정하는 상부와 하부 사이에 존재하는 틈에 

의한 시편의 회전에 기인한 것임을 확인하였다. 두 번째 단계에서는 균열 

성장에 의한 팽창과 이를 뒤따르는 연약면의 닫힘이 나타난다. 

마지막으로 세 번째 단계에서는 완전한 거친 절리 (persistent rough joint)의 

전단팽창거동과 일치하는 거동이 나타난다. 전단과정에서 발생하는 

균열의 위치와 순서의 경우 전단시험을 동영상 촬영하여 분석하였다. 

대부분의 경우에 첫 번째 균열은 시편의 회전축에서 시작하여 

내포절리의 가장자리로 성장하였으며 마지막 균열은 내포절리의 반대편 

가장자리에서 성장하면서 최종적으로 시편이 파괴에 도달하였다. 이때 

마지막 균열 이전에 성장한 균열들은 전단응력-변위곡선의 경로를 크게 

바꾸지 못했다. 

내포절리에 적용하는 수직응력(절리 수직응력; joint normal stress)은 

절리의 마찰이 내포절리가 있는 암반의 전단강도에 미치는 영향을 

예측하는데 필요한 주요인자이다. 이 연구에서는 절리 수직응력을 

측정하기 위한 실험적 접근법 두 가지를 제안하였다. 첫 번째 접근법은 

수직응력-절리 닫힘 관계를 이용하여 절리 수직응력을 측정하며, 두 번째 

접근법은 절리의 파쇄 영역을 이용하여 절리 수직응력을 측정한다. 첫 
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번째 접근법을 이용하여 절리 수직응력을 측정한 결과, 절리 수직응력은 

내포절리의 크기가 클수록 그리고 시편에 적용된 수직응력이 클수록 큰 

것으로 나타났다. 더 나아가 암반의 수직변위가 암반 내에서 균일하다 

가정하여 절리 수직응력을 계산하는 이론식을 제안하였으며 실험에서 

측정된 절리 수직응력을 통해 검증을 하였다.  

마지막으로 수직응력, 석교 비, 절리 거칠기 그리고 재료 강도가 단일 

내포절리를 가지는 시편의 전단거동에 미치는 영향을 실험적으로 

분석하여 시편의 전단강도를 추정하는 경험식을 도출하였다. 전단강도에 

대한 주요인자들의 순수한 영향과 인자 간의 상호작용에 의한 영향을 

정량적으로 조사하기 위해, 다구찌 방법 (Taguchi method)의 27-직교 배열 

(27-trial orthogonal array matrix; L27)하에서 27 개 시편의 전단강도를 

측정하였다. 측정된 전단강도를 바탕으로 전단강도와 조사된 인자들의 

관계를 정확히 표현하는 경험식을 도출 및 제안하였다. 제안한 경험식은 

시편의 전단강도 변동성의 91%를 설명한다. 

 

주요어: 전단거동, 내포절리, 전단강도, 석교 비, 절리 거칠기, 절리 

수직응력, 절리 마찰 기여도, 경험식, 다구찌 방법, 디지털 이미지 상관법  
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Human beings are members of a whole 

In creation of one essence and soul 

If one member is afflicted with pain 

Other members uneasy will remain 

If you have no sympathy for human pain 

The name of human you cannot retain 

 

—Saadi Shirazi 
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