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Abstract 

In this thesis, numerical analyses of two types of laboratory test with the three dimensional 

Distinct Element Code, 3DEC have been carried out. The laboratory experiments simulated were 

the punching tests of the shotcrete by Holmgren (1979) and the direct shear tests by Malmgren et 

al (2005). 

The analysis of the punching tests comprised plain shotcrete and shotcrete reinforced by bolts. 

Two different approaches were used to model the shotcrete behavior: (i) liner structural elements 

and (ii) zoned block material. The liner structural elements only allows for separation at the 

interface while the shotcrete material is linear elastic. The zoned block material was assigned 

linear elastic material as well as linear elastic- perfectly plastic properties.  

Numerical model geometry of punch and direct shear tests which are the same as physical 

problems constructed by numerical codes. For both punch and direct shear test the shotcrete 

layer has smaller zone size than the rock block zones size. 

From the punch test the results indicate that, the interaction between shotcrete and rock for both 

elastic and linear elastic perfectly plastic material is governed by interfaces properties. For all 

tests in punch the interface breaks when tensile strength of the interface reached, the strength 

drops to zero while in the laboratory experiment the strength drops to two third  

In direct shear test, the result in both elastic and linear elastic perfectly plastic material gives the 

values which are less than the laboratory experiment result. 

Since laboratory tests are expensive and time consuming, there advantages of using numerical 

methods in analyzing the interaction of rock and shotcrete. 

This thesis suggest that the 3DEC can be used to study the interaction between shotcrete and 

rock if more study of interfaces properties are well understood. 
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1. INTRODUCTION. 

1.1. Background: Shotcrete-Rock interaction. 

In geomechanics the interaction of rock and surface support or super structure like shotcrete, 

concrete or foundation built on rock is common. The contact between these two materials is 

called an interface. Theoretically and experimentally an interface is considered to be a thin layer 

of material which has material properties different from the bounding materials (Guo et al, 

2009). 

Through the interface, stress is transferred between the rock and the surface support. The 

interface deformation is due to difference in mechanical properties (rock and shotcrete) and 

because the interface is often weaker than the rock and the shotcrete. This interaction of rock and 

surface support is complex. Due to its complexity and great extent of use, it has been the object 

to many research studies. In this thesis the interest concerns the interaction between rock and 

shotcrete in mining and civil engineering applications.  

Shotcrete is concrete (or sometimes mortar) conveyed through a hose and pumped at high 

velocity onto exposed surfaces of underground openings, rock slopes, as a ground support. Since 

its invention in the 1900s (Yoggy, 2001), the shotcrete has gained as a consequence of the 

demand for faster and safer placement of surface support. The shotcrete support can be either 

plain or reinforced. It can be the only rock support or combined with rock bolts to provide the 

intended support. 

It was first pioneered by the civil engineering industry as support for underground structures but 

it latter gained great use in the mining industry as support for permanent underground openings 

(Franzén, 1992). The application of shotcrete in an underground opening is shown in Figure 1.1. 

The shotcrete provides strong and continuous support for an opening and it will eventually 

improve production and lower ground support cost compared with use of mesh. It is said that 

40% of the bolts are used to support the mesh not to reinforce the rock mass. By using shotcrete 

the bolt spacing can be increased (Morton et al, 2008). 
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Figure 1.1; Spraying shotcrete on rock wall (Esdred, 2009)  

The interaction between rock and shotcrete is complex, though it has been suggested that for 

good adhesion between, the shotcrete promote block interlock, seals dilated joints and provide an 

arching effect which transfer load to bolts installed through the rock block. Studies done by 

Barrett and McCreath (1995) and Holmgren (1979) show that the ability of shotcrete is governed 

by one of these four mechanisms, adhesion loss, direct shear, flexural and punching shear. 

The shotcrete - rock interaction can be used together with rockbolts to provide strong support. 

Holmgren (1987) suggested that the rockbolts can be used to support the shotcrete when the 

shotcrete-rock interaction gives insufficient adhesion 

                                         

Figure 1.2; Rock bolt and shotcrete used together as rock support (Hung et al, 2009) 



3 

 

Usually surface support (shotcrete) and bolts are installed after scaling. According to suggestions 

of Nordlund et al (2006), the installation of the bolt to the shotcrete rock interaction plays the 

following roles (i) reinforce the rockmass, (ii) anchor large blocks and (iii) support the shotcrete. 

The effectiveness of the bolt as suggested by Li Xi-Bing, et al (2005) depends on the optimal 

values of the following four aspects (i) length of the bolt, (ii) spacing of the bolt, (iii) diameter of 

the bolt and (iv) setting angle.  

Different researchers use different approaches to model the interaction of rock and shotcrete. The 

problems can be studied using analytical, experimental and numerical modeling approaches. 

Holmgren (1979, 1987) and Malmgren et al (2005) among others did laboratory studies using 

punching tests, shear tests, tension and compression tests on the behavior of the interaction (rock 

and shotcrete). Numerical modeling has become a powerful tool for investigation of the 

interaction and has been deployed by for example Malmgren and Nordlund (2008). 

1.2. Objective 

The objective of the thesis is to evaluate the ability of 3DEC to mimic the interaction between 

rock and shotcrete by simulating the laboratory tests by Holmgren (1979) (Punch-Loaded 

Shotcrete linings) and the direct shear tests by Malmgren et al (2005). 

1.3. Scope 

This Master’s thesis concerns the simulation of the shotcrete- rock interaction behavior by the 

discrete element method. In this work the Three Dimension Discrete Element (3DEC) software is 

used to simulate the behavior of the shotcrete-rock interaction. 

The behaviors of shotcrete-rock interaction which is simulated using 3DEC are punch and direct 

shear tests. The interaction between rock and shotcrete in the laboratory experiment tests by 

Holmgren (1979) (Punch-Loaded Shotcrete linings) and the direct shear tests by Malmgren et al 

(2005) are studied. 

The primary work of this thesis is to compare the results from the laboratory tests and the 

simulated tests, clarify the quality of the simulated results.  
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1.4. Outline 

Chapter 1. Introductory party of the work in general. Describes the background, objective  

  and scope of the work covered by this thesis. 

Chapter 2.  This chapter covers numerical modeling used to study rock mechanics   

  problems, their behavior and properties.  

Chapter 3. This chapter covers the laboratory tests of the punching tests of shotcrete linings  

  on hard rock, and the procedure and  results of all tests. 

Chapter 4.  This chapter mainly describes the numerical punching tests, covers the model set  

  up, input parameters and result of both elastic and linear elastic perfectly plastic  

  materials. It includes the parametric study. 

 Chapter 5. This chapter describe the direct shear test of shotcrete-rock interaction for both  

  laboratory and numerical tests. It also covers the presentation of the result from  

  both laboratory and numerical tests. 

Chapter 6.  In this chapter the discussion of punching and direct shear tests are covered. The  

  discussions considers laboratory to numerical results of the two tests. 

Chapter 7.  Conclusion of the thesis work is covered here, it also cover recommendations for  

  further studies. 
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2. NUMERICAL MODELLING 

2.1. Introduction 

The development of very powerful computers and the versatile software for analysis of rock 

mass behaviour and rock support provides an excellent tool for studies of complex rock 

mechanics problems. Numerical analyses can be done using continuous and discontinuous 

formulations. A continuous (continuum) approach is relevant to intact rock conditions but also 

for the cases when a discontinuous rock mass can be considered as a continuum in the scale of 

interest and when all discontinuities have virtually the same mechanical properties.  In the 

continuum approach the equivalent properties of the rock mass (including all discontinuities) are 

used, though deformation of the individual joint is not considered and not possible to study. 

Figure 2.1 below illustrates the transition/scales from intact rock to a heavily jointed rock mass. 

In the discontinuous approach the rock mass consists of a finite number of discontinuities 

defining discrete, interacting blocks of intact rock. It considers the properties of both the rock 

mass and the discontinuities. In this approach the discontinuous deformation and rotations of the 

block can be analyzed. 

 

Figure 2.1 Idealised illustration of the transition from intact rock to a heavily jointed rock  

  mass with increasing sample size (from Hoek and Brown,1989) 
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The choice of approach (continuous or discontinuous) depends on the rock mass properties and 

the response to the change in loading conditions taking place when the rock is subjected to stress. 

If the rock mass is essentially free of discontinuities or if the discontinuities are very closely 

spaced in comparison to the dimension of the problem to be analysed, then continuous modeling 

is preferred. If large deformation including slip, rotation and separation are dominant then 

discontinuous modeling may be selected. If the problem to be analysed cannot fit in any of the 

two groups, then quality of the input data parameter and the purpose of the modeling should be 

taken into consideration (Scheldt, 2002). 

The available analysis methods can be grouped based on the basic assumptions and the 

mathematical formulation. Figure 2.2 shows a classification of numerical methods for rock mass 

analysis by (Scheldt, 2002). 

 

Figure 2.2 Classification of the numerical methods(from Scheldt, 2002). 

The analysis methods can mainly be grouped into the Finite Element Method (FEM), Finite 

Difference Method (FDM), Boundary Element Method (BEM) and Discrete Element Method 

(DEM). For discontinuous analyses the most common methods are the Distinct Element Method 

(DEM) and Discontinuous Deformation Analysis (DDA). The Itasca codes UDEC and 3DEC are 

based on the DEM.  
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3. PUNCH OF SHOTCRETE LININGS ON HARD ROCK 

3.1. Laboratory Punching Test 

Holmgren (1979) carried out laboratory punching tests where the test set-up comprised of three 

large rock blocks covered with shotcrete (see Figure 3.1). In some of the tests the shotcrete was 

combined with rock bolts, see Figure 3.1. The middle rock block was pushed upwards and the 

outer blocks were fixed. 

 

Figure 3.1 Punching test conducted by Holmgren (1978). 

The rock block was made of fine-grained grey granite with dimensions 3.7 m x 1.2 m x 0.3 m. A 

layer of shotcrete with a thickness of 0.1m was sprayed on top of the block. Tests were 

conducted when shotcrete was the sole support and when shotcrete was combined with rock bolts 

through the center of the outer blocks. The applied load P and the vertical (normal) 

displacement, w, of the middle slab were measured during the test. 

When the load reached its peak value, an adhesion crack formed at the interface between the 

shotcrete and rock block near the slit between the rock slabs. When the crack formed the load 

suddenly dropped to about one third of the original load. Then the crack propagated till flexural 

failure took place. Figure 3.2 shows how the failure of the shotcrete interface took place. The 

same failure trends were observed for all tests where the shotcrete layer was varied. 
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Figure 3.2 Load–displacement diagram for unreinforced test specimens    

  (from Holmgren, 1979) 

The punching test was also used to investigate the adhesion strength of the interface between 

rock and shotcrete when reinforced shotcrete was used together with rock bolts anchored in the 

outer blocks, see Figure 3.3. Five tests A1-A5 were performed by using different types of bolt 

properties. 

Table 3.1 Brief description of each test. 

Test Description of the test 

A1 Reinforced shotcrete without rock bolt 

A2 Reinforcement nets are attached to rock bolt with thin steel wires 

A3 Reinforcement nets together with shallow clasp commercially available 

A4 Reinforcement combine with high clasp (FortF) 

A5 Amount of reinforcement increased considerably together with high clasp(FortF) 
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Figure 3.3 Test set-up in series A (from Holmgren, 1979). 

The result shows that the adhesion failure between the rock and shotcrete is very small for all 

tests (A1-A5). As seen in Figure 3.4, the behavior after primary failure differed from one test to 

another. The failure process in test A1 is the same as that of the plain shotcrete test result 

presented in Figure 3.2. In test A2 the load dropped almost to zero after the primary failure. The 

rock bolt was then activated which resulted in a recovery of the load-bearing capacity of the 
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shotcrete support. The bond failure between the rock bolt and the shotcrete (as in pullout tests) 

caused the final failure in test A2. 

Figure 3.4; Load- deformation curve for test A2-A5(from Holmgren, 1979) 

 

The observation in test A3 showed that after the adhesion failure the load decreased to some 

amount. However the load-bearing capacity then increased with about 30% of the peak load. 

Two wide cracks were observed on either sides of the loading block. Figure 3.5 and 3.6 show the 

clasp used and side view of the failure in test A3, respectively. The final failure was due to 

punching. 
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Figure 3.5 Clasp used in test A3 (from Holmgren, 1979). 

Figure 3.6 Failure at test A3 (from Holmgren, 1979). 
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Considerable drop of load was observed after adhesion failure in test A4. However load regained 

to about 36% of the peak load. The crack formation was similar to that observed in test A3. The 

final failure was caused by punching. 

In test A5 the load drop was smaller compared to other tests. The load regained to about 94% of 

the maxim load. During the reloading several fine flexural cracks developed. In this test the 

failures were due to punching on one side and more like beam shear failure on the other side. 

Figures 3.7 and 3.8 show the FortF clasp used and the failure in test A5, respectively 

Figure 3.7 Clasp used in tests A4 and A5 (FortF clasp) (from Holmgren, 1979). 
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Figure 3.8 Failure of test A5. (from Holmgren1979). 
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4. NUMERICAL PUNCHING TEST 

The punching of shotcrete linings can be studied or simulated by different numerical programs. 

The continuum numerical programs are based on the finite difference method, finite element 

method and boundary element method. All these can simulate different constitutive behaviors. 

Many finite element, boundary element and Lagrangian finite difference programs have interface 

elements or “slide lines” that enable them to model a discontinuous material to some extent. 

However, their formulation is usually restricted in one or more of the following ways. Firstly, the 

logic may break down when many intersecting interfaces are used. Secondly, there may not be 

an automatic scheme for recognizing new contacts and thirdly, the formulation may be limited to 

small displacements and/or rotation (see for example 3DEC Manual version.4.10). For these 

reasons, the continuum numerical programs that have interface or slide lines are not 

recommended for modeling rock with joints. 

The Discrete Element Codes (for example UDEC, 3DEC) allow finite displacement and rotation 

of discrete bodies, including complete detachment. They also recognize new contacts 

automatically as the calculation proceeds.  

3DEC model the rock mass as a 3D assemblage of rigid or deformable blocks. It simulates the 

response of discontinuous media (such as a jointed rock mass) subjected to either static or 

dynamic loading. The discontinuous medium is represented as an assemblage of discrete blocks. 

The discontinuities are treated as boundary conditions between blocks; large displacements along 

discontinuities and rotations of blocks are allowed. Individual blocks behave as either rigid or 

deformable material. 

3DEC has several built-in material models, for both the intact blocks and the discontinuities, 

which permit the simulation of response representative of discontinuous geologic or similar 

materials. It is based on a Lagrangian calculation scheme that is well-suited to model large 

movements and deformations of a blocky system 

Since the test setup (shotcrete-rock) used in the laboratory experiments by Holmgren (1978) 

forms intersecting joints (interfaces) between the inner and the outer blocks, 3DEC is considered 

as suitable for the numerical analyses of these experiments.  
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4.1. Model Set-up 

The three dimensional model which has the same geometry as the laboratory experiment 

conducted by Holmgren (1979) is shown in Figure 3.1. The setup consists of three blocks, the 

inner and two outer blocks separated by joints. The model dimensions are 3.7 m x 1.2 m x 0.4 m 

(Figure 4.1). The length of the middle block is 1.5 m and 1.1 m for the outer blocks. The 

thickness of the shotcrete layer is 0.1 m. 

 

Figure 4.1 Shotcrete-rock interaction numerical model. 

The shotcrete layer which is expected to deform more was given a high zone density while the 

rock had a moderate zone density (except close to the interface between the rock and the 

shotcrete). 

There are two methods available I 3DEC to generate the mesh: GEN quad and GEN edge . They 

generate a grid of “quad” zones in cubic, six-sided polyhedral and tetrahedral zones, 

respectively. Both GEN quad and GEN edge v was used in this study. 

 

To improve deformability of the shotcrete and the rock closest to the shotcrete, three layers with 

different zones sizes were introduced. The first layer was the shotcrete layer which had a 

thickness of 0.1 m and a zone size of 1 cm. The second layer consisted of the rock closest to the 

shotcrete and had a thickness of 0.05 m in the rock side and had a zone size of 1 cm. The third 
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layer consisted of the rest of the rock block and had a thickness of 0.25 m and a zone size of 1.6 

cm. Figures 4.2 and 4.3 show the layers and zones in the model.   

Figure 4.2 Layers on block model 

 

Figure 4.3 Model after discretization with zones 

History points were used to monitor and evaluate the performance of the model. The maximum 

unbalanced forces which shows if the model reached to the equilibrium or not, was monitored as 

well. Other histories show how the normal stress varies with the normal displacement and shear 

stress versus shear displacement The variation of stress and displacement shows the deformation 

and failure of the shotcrete. Figure 4.4 shows the history points A, B, C, D, E, F and G at the 

outer and mid-blocks. The distances from the joint for each point are listed in Table 4.1, 
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Figure 4.4 Histories points in a block 

Table 4.1 Distances between history points and joint slit 

Point Distance from 
joint slit in 

(cm) 

A 55 

B 27.5 

C 11 

D 10 

E 3 

F +27.5 

G +55 

 

The interaction between the shotcrete, the rock and the rock bolts was also modelled. The block 

and zone sizes were not changed. Figure 4.5 shows the rock block, shotcrete and axial reinforced 

bolts. 
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Figure 4.5 Block model with rock bolt. 

In the third set of analyses the shotcrete layer was emulated by the liner structural element. In 

this analysis the model was meshed using the edge command in order to reduce the calculation 

time, see Figure 4.6. 

Figure 4.6 Rock block with liner on top. 
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4.2. Input Parameters 

After the mesh was created the boundary of the outer blocks were assigned zero velocities, to 

prohibit movement. The middle block was assigned an upward boundary velocity of 1⋅10-4 m/s. 

Figure 4.3 shows the boundary conditions applied. The upward velocity generated the pushing 

stress. 

In the first analysis the rock and shotcrete were considered as isotropic elastic materials hence 

assigned as an elastic model. In the second analysis both the shotcrete and rock material was 

considered to be linear elastic perfectly plastic and the Mohr-Coulomb plastic model was 

assigned. 

For the elastic model, the required properties are (i) density, (ii) bulk modulus and (iii) shear 

modulus, while the Mohr-Coulomb plasticity model requires the following properties (i) density, 

(ii) bulk modulus, (iii) shear modulus, (iv) friction angle, (v) tensile strength, (vi) dilation angle 

and (vii) cohesion. 

If any of these properties is not assigned, its value is set to zero by default. Table 4.2 shows the 

required input properties of rock, shotcrete and interface. The shear, G, and bulk, K, moduli are 

defined as  

)21(3 ν−
=

E
K            (4.1) 

)1(2 ν+
=

E
G            (4.2) 

where E is Young’s modulus and ν is Poison’s ratio. 

The required input parameters for both elastic and linear elastic perfectly plastic models are 

given though some are estimated from Table 4.3 (Goodman, 1989). 
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Table 4.2 Rock, shotcrete and interface properties. 

Parameters Values 

Rock Shotcrete Interface 

Young’s Modulus [GPa] > 60 19  

Poison ratio  0.2 0.15  

Density [kg/m3] 2750 2200 
 

Cohesion [MPa] 25.9 1.8 0.6 

Tensile strength [MPa]  11.1 3.8 0.6 

Friction angle [°] 64 39 35 

Dilation angle  - - - 

Bulk modulus [GPa] 33 9.1  

Shear modulus [GPa] 25 8.3  

Normal stiffness [GPa/m]   250 

Shear stiffness [GPa/m]   1 

 

From Table 4.3 the ratio of compressive to tensile strength of the fine to medium grained granite 

was obtained as 19. The cohesion and the tensile strength are obtained from the equations 

φ

φ
σ

sin1

cos2

−
=

c
c            (4.3) 

φ

φ
σσ

sin1

cos2
3

+
=−=

c
t            (4.4) 
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Table 4.3 USC and UCS-tensile strength ratio (Goodman, 1989) 

 

The properties of the rock bolt in the analysis of the punching test of the shotcrete anchored with 

rock bolts in the outer blocks, the properties, are shown in Table 4.4. The local reinforcement 

elements used in 3DEC require the following input parameters: 

• axial stiffness [force/length]; 

• ultimate axial capacity [force]; 

• 1/2 active length [length]; 

• extensional failure strain (default = infinite) 

• shear failure strain (default = infinite)  

Since the properties of the bolt used in the laboratory experiment was not given, they were 

assumed based on an example in the 3DEC manual.  
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Table 4.4 Properties of the axial bolt 

Axial reinforced parameters required Values in specific unit. 

Axial stiffness (rkax) 0.1GPa 

Ultimate axial capacity (rult) 0.1GPa 

Half of active length (rlength) 0.124 m 

Extensional failure strain Default = infinite 

Shear failure strain  Default = infinite 

 

4.3. Result of Numerical Tests 

After the initial run the unbalanced forces show that the model is in equilibrium. The model is 

always in equilibrium when the net nodal force vector at each centroid of rigid blocks, or grid-

point of deformable blocks, is zero (3DEC Manual version 4.1). For a numerical analysis, the 

out-of-balance force will never reach exactly zero. It is sufficient, though, to say that the model 

is in equilibrium when the maximum unbalanced force is small compared to the total applied 

forces in the problem. The stress and displacement (deformation) from the selected points in the 

model block as indicated in the histories shows the displacement change with stress. 

The results of the two material models, the first is when the elastic model is used and the second 

is when the linear elastic perfect plastic (Mohr Coulomb) model is used, are described below. 

4.3.1. Elastic Model 

The model used a material model for both shotcrete and rock that assumed elastic conditions 

(cons = 1) which is default in 3DEC. The tests included shotcrete as sole support, rock-bolts 

together with shotcrete and liner structural element as support. 

Punching test with plain shotcrete  

Deformation occurred at the rock-shotcrete interface and the joint between blocks. At the slit 

between the blocks (inner and outer) large deformations occurred and decreased with increasing 

distance from the slit. At point C, which is about 11 cm from the slit failure in the interface 

between the rock and the shotcrete was observed. Figure 4.7 shows the stress-deformation curve 

while Figure 4.8 shows the contours of the displacement magnitude. 
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Figure 4.7 Normal stress – displacement at point C 

 

Figure 4.8;Displacement vector and displacement magnitude
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Punching test with shotcrete and axial reinforcement bolt 

At point C which is 11 cm away from the slit the interface breaks when the tensile stress reaches 

the peak stress and propagation of adhesion cracks is observed as seen in Figure 4.9. Figure 4.10 

below shows the elasticity state of the elastic model after failure. The elasticity state of model 

does not give stress changes information as plasticity state of model. 

 

Figure 4.9 Normal stress- normal displacement at point C 

 

 

Figure 4.10 Elasticity state of the model 
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Punching test with structural liner as shotcrete. 

During this analysis, the stresses at the history points at the top of rock block and on the liner 

were recorded as zero. The stress was obtained from the history points at the bottom of the inner 

block. The displacement versus applied stress curves could then be established. Figure 4.11 

shows how the stress applied on the bottom of mid-block versus displacement of the liner near 

the joint slit. Figures 4.12 and 4.13 show that the deformation of the liner is governed by the 

deformation of rock block, since the rock is hard (stiff). The middle part of the liner has the same 

deformation as the rock block. Figure 4.12 also shows the deformation along the joint between 

the middle block and outer block. 

 

 

Figure 4.11 Stress-displacement curve of liner 
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Figure 4.12  Displacement of rock block. 

 

Figure 4.13 Liner vertical displacement. 
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4.3.2. Linear elastic perfect plastic 

The model used has the same dimensions and boundary conditions as the elastic model used in 

the previous analyses. The only difference is the zone discretization of the rock block. The model 

has three layers in the rock block as shown in Figure 4.14. The first layer has the same zone 

height as the shotcrete layer. In the next two layers the zone size increases from one layer to 

another.  

Figure 4.14 Zones sizes of the block 

Punching with plain shotcrete 

Figures 4.15 and 4.16 shows that the interface fails in the same way for both elastic and linear 

elastic perfectly plastic models. This indicates that the interface failure is not affected by 

elasticity or plasticity of the materials. 

The joint experience both normal and shear deformation (displacement). Figure 4.15 shows that 

the normal displacement was high at the interface just near the slit (joint of middle and outer 

blocks). It decreases with increasing distance from the slit. This means that if the middle block 

keeps moving the whole interface will break.  
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Figure 4.15; Normal stress –normal displacement 

 

Figure 4.16; Z-displacement of the elastic-plastic model 

Shotcrete 

Outer Rock block 
Mid Rock 

block 

Interface 

block 



29 

 

Punch on shotcrete reinforced by axial bolt 

Figure 4.17 shows that the failure curve is the same as in elastic model Figure 4.9. The stress 

increases with displacement. When stress reach the interface tensile strength the bound 

(interface) breaks and stress drops to zero. The debonding between the shotcrete and the block 

propagates at zero stress. This occurs at a point which is about 10 cm away from the joint slit. 

 

Figure 4.17; Stress-displacement (bolt+shotcrete) 

The plasticity state of this model is shown in Figure 4.18. The shotcrete layer at the top and the 

rock block has different failure modes. They have experienced both tension and shear failure. 

The symbol n stand for now and p stand for past. 
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Figure 4.18 Plasticity state of the model 

4.3.3. Residual strength in the linear elastic perfectly plastic model 

In this study the interface strength was assigned residual values greater than zero in order to 

study the influence of a non-zero residual strength. This was done because in the laboratory tests 

the interface strength drops from the peak value to one third of the peak strength. Table 4.5 

shows the assumed residual interface values.  

Table 4.5 Residual values for parametric studies 

Residual Properties Values 
Cohesion 0.3MPa 

Tensile strength 0.25MPa 

 

Figure 4.19 shows the normal stress versus normal displacement for the case with a non-zero 

residual strength of the interface. The stress drops to residual values and propagates throughout. 

The Figure 4.20 shows the plasticity of the residual model. The symbol n and p represent now 

and past, respectively.  
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Figure 4.19 Residual value of the Normal Stress against Normal Displacement. 

 

Figure 4.20 Plasiticy state of the model. 
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5. DIRECT SHEAR TEST OF SHOTCRETE ROCK INTERFACE 

5.1. Introduction 

The shotcrete - rock interaction is affected by loss of shear strength among other factors. 

Through direct shear tests the interface strength parameters can be determined. Adhesion or 

tensile strength of an interface can be measured by pulling tests where the result provides 

important information about the quality of the shotcrete applied and competency of the 

underlying rock. The quality of the shotcrete and the competence of the rock are the factors 

which govern the adhesion as suggested by Brad Seymour (2011). Malmgren and Nordlund 

(2008) showed that cleaning the rock surface with water provide better bonding and higher 

interface strength. 

5.2. Laboratory direct shear test 

In the laboratory test performed at Luleå University of Technology by Saiang (2005) two 

different rock materials, magnetite and trachyte were used to form a bond with shotcrete. The 

specimen was cylindrical with diameter of 180 mm. In the numerical modeling the trachyte rock 

and shotcrete interaction was studied. The normal load applied was 0.23 MPa while the shear 

displacement speed was about 2x10-6 m/sec. Figure 5.1 shows the cylindrical sample of 

shotcrete-rock cemented together. 

Figure 5.1a Rock-shotcrete interaction on laboratory test (from Saiang 2005) 
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Figure 5.1b     Direct shear test sample (from Saiang 2005) 

 

5.2.1. Result of laboratory Test  

The result of the laboratory tests presented in Figure 5.2 shows that the peak shear stress of 0.34 

MPa is reached at a deformation of 1.11 mm, and that the strength drop to residual values at 

about 0.28 MPa. 

Figure 5.2 Laboratory direct shear test result by Saiang (2005) 
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5.3. Numerical model - Linear elastic block properties 

A simple model of the direct shear test was created with 3DEC. The model consists of two 

deformable blocks with a defined interface between them. A normal stress of 0.23 MPa was 

applied on the top block (shotcrete) and the shear force was generated by applying a constant 

velocity of 0.0002 m/s in the horizontal direction to the upper block (shotcrete). 

The model geometry is given in Figure 5.3. The upper block’s dimensions are 0.2 meters in 

length 0.2 meters in width and 0.05 meters in height. The lower block’s dimensions are 0.4 

meters in length, 0.2 meters in height and 0.2 meters in width. The upper block represents 

shotcrete while the lower block represents trachyte rock.  

The deformable blocks have zones of different size, where the shotcrete has a zone size of 1 cm 

while the rock block has a zone size of 2.86 cm. 

Figure 5.3 Direct shear test model 

The idea of having a large block at the bottom is because it is easier to fix (holding firm), since it 

should not move while the top block (shotcrete) is moving in shear as in the real laboratory test.  
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While the numerical model continues running, the average normal stress, average shear stress, 

average normal and shear displacements were monitored. For the measurement purposes, the 

average values of the nodes in the contact are taken by a simple FISH function.  

The numerical model was run with two different material behavior. First the model was run with 

elastic material for both shotcrete and rock block and contact Coulomb slip model for the joint. 

By default all deformable blocks are assigned a linear elastic constitutive model and all 

discontinuities are assigned a plastic Coulomb slip model. The elastic block model only requires 

three material parameters: mass density, bulk modulus and shear modulus while Coulomb slip 

model requires six parameters: normal and shear stiffness, friction angle, cohesion, tensile 

strength and dilation angle. (3DEC Manual. Version 4.1). 

In the second run the analysis both shotcrete and rock was considered to be linear elastic 

perfectly plastic materials and the joint contact behavior governed by the Coulomb slip model. 

The elastic-plastic model requires seven material parameters which are mass density, bulk and 

shear modulus, cohesion, tensile strength, friction angle and dilation angle. The interface 

properties were estimated from the lab results shown in Figure 5.4(a) and 5.4(b). 

Figure 5.4 Interface properties from laboratory test by Saiang (2005). 

(a) Peak shear strength plot for shotcrete/trachyte joints 

(b) Residual shear strength plot for shotcrete/rock joints 

The boundary condition and input values parameters used are listed in Table 5.1 and Table 5.2 

below. 
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Table 5.1 Applied boundary condition and interface properties 

Parameters Value 
Horizontal velocity (VEL) 0.0002m/s 

Normal Stress  (NS) 0.23MPa 

 

Table 5. Trachyte rock, shotcrete and interface properties  

Parameters Values 
Rock Shotcrete Interface 

Young’s Modulus [GPa] 68 19  

Poison ratio  0.3 0.15  

Density [kg/m3] 2778 2200  

Cohesion [MPa] 37.7 1.8 0.09 

Residual Cohesion [MPa]   0.08 

Tensile strength [MPa]  21.3 3.8  

UCS [MPa] 267.3   

Friction angle [°] 58.5 39 47˚ 

Residual Friction angle [°]   39˚ 

Dilation angle  - - - 

Bulk modulus [GPa] 56 9.1  

Shear modulus [GPa] 26 8.3  

Normal stiffness [GPa/m]   250 

Shear stiffness [GPa/m]   1 

 

The cohesion and friction angle of the rock material was calculated using from Mohr-Coulomb 

failure criteria equation, Equations (4.3) and (4.4). 

5.3.1. Result  

The shear stress – shear displacement along the interface is shown in Figure 5.6. The bond 

strength of the shotcrete-rock interface breaks when the shear stress reaches the peak strength of 

0.31 MPa, which is the sum of the cementing bonding strength of the two blocks (shotcrete and 

rock) together and the frictional resistance of the interface. As the displacement continues the 

shear stress is reduced to 0.27 MPa residual stress which remains constant throughout. 
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Figure 5.5 Shear-displacement curve in direct shear test. 

Figure 5.6 shows the displacement vectors in the shear test blocks, i.e., the direction of the 

applied velocity (shear load). The direction of the shear stress is the vector direction of 

displacement. This proof that only the shotcrete layer was subjected to shear stress and the block 

remains stationary. The shear stress versus shear displacement along the interface is plotted in 

Figure 5.5, and the average normal displacement versus shear displacement is plotted in Figure 

5.7. These plots indicate that joint slip occurs for the prescribed model properties and conditions. 

The loading slope in Figure 5.5 is linear until a peak shear strength of approximately 0.31 MPa is 

reached. As. Figure 5.7 shows interface (joint) closure as normal displacement increases at zero 

shear displacement, then joint begin to dilate when the interface (joint) fail in shear at randomly 

0.02 mm shear displacement. Dilation occurs until the limiting shear displacement is reached at 

0.3 mm shear displacement. 
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Figure 5.6 Displacement vector and displacement magnitude. 

Figure 5.7 Normal Displacement versus Shear Displacement 
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The residual shear stress which was 0.27 MPa as listed in Table 5.3, depends on the residual 

frictional angle and normal stress. The joint model considers residual cohesion (Manual 3DEC 

Version 4.10). So the residual shear strength is due to values of residual friction angle of the 

interface and normal stress.  

An analytical calculation of the peak shear strength can be done using the Mohr-Coulomb 

equation for the peak strength 

peaknpeakpeak c φστ tan+=          (5.1) 

and for the residual shear strength 

resnres φστ tan=           (5.2) 

where  τpeak is the peak shear strength, cpeak is the peak cohesion, σn is the normal stress acting on 

the interface, φpeak is the peak friction angle, τres is the residual shear strength and φres is the 

residual friction angle. The peak and residual shear strength calculated using equations (5.1) and 

(5.2) are presented in Table 5.3. The numerical model result is about 7.5% lower than analytical 

and 8.8% lower than laboratory peak shear results. The numerical modeling residual shear is 

about 7% higher than analytical result and 5% lower than laboratory residual shear result.  

Table 5.3 Comparison of result values from different approach. 

Shear values Analytical Analysis Laboratory 
experiment 

Numerical Modeling 

Peak shear values 0.34 MPa 0.34MPa 0.31MPa 

Residual shear values 0.19MPa 0.28MPa 0.27MPa 

 

The value from the numerical model are lower than those obtained through the laboratory test. In 

the laboratory tests the peak shear stress was about 0.34 MPa with a residual shear strength of 

about 0.28 MPa, as shown in result summary in Table 5.3. The agreement is good between the 

laboratory tests and the 3DEC results. The properties of the trachyte rock used are not exactly the 

same as those of the rock blocks used in the laboratory tests. However parameters like cohesion 

and friction angle of the interface are approximately the same, and they are the factors governing 

the peak shear strength. 
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Figures 5.9 - 5.11 show the displacement of the block in different directions. The stationary 

bottom rock block had not deformed in anyway while the shotcrete top layer deforms in x and z 

directions. The x and z are the directions of the shear stress in form of velocity and the normal 

stress applied at shotcrete, respectively. In the y-direction neither the bottom rock block nor the 

shotcrete top layer deforms.  

Figure 5.9 Displacement along the z- direction. 
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Figure 5.10 Displacement along  the x-direction. 

 

Figure 5.11 Displacement along the y-direction. 
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5.4. Linear elastic-plastic block properties - Direct shear test simulation 

The model used in these simulations is the same as in section 5.3 (elastic block properties), but 

with another constitutive model for the shotcrete and the rock, i.e., the linear elastic perfectly 

plastic Coulomb model. The input parameters are listed in Tables 5.1 and 5.2. The interface 

properties remain the same as for the elastic model (section 5.3). The same boundary conditions 

are applied as in elastic model. The properties of the interface and the boundary condition are 

listed in Table 5.1. 

After model run for reasonable number of steps, the outputs from the established histories were 

recorded. The shear stress versus shear displacement is shown in Figure 5.12. The peak shear 

stress is about 0.28 MPa as indicated in Figure 5.12. This value is less than that of the elastic 

model. This difference could be due to plastic deformations in the shotcrete, which is not taking 

place in the elastic model. Figures 5.12 - 5.16 show the results from the elastic - plastic analysis. 

The peak shear strength is not sharp because of the elastic-plastic material behavior of the block 

material. There is z-displacement mainly in the shotcrete layer due to applied normal stress. 

Figures 17 and 18 show the plasticity of the shear block in the direct shear test. The figures show 

that only the shotcrete layer yield.  
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Figure 5.12 Shear stress versus shear displacement in the elastic-plastic materials model. 

Figure 5.13 Displacement magnitude and displacement vector in elastic-plastic materials 

model. 
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Figure 5.14 Displacement along y-direction. 

Fig 5.15 Normal displacement versus shear displacement in elastic-plastic materials model. 
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Figure 5.16 Displacement in z- direction in elastic-plastic materials model 

Figure 5.17 Plasticity of the shear block 



46 

 

Figure 5.18 Plasticity of the shear block(rear view of the block) 
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6. DISCUSSION 

This chapter discusses the result of numerical analyses which simulate the laboratory experiment 

of punch-loaded shotcrete linings on hard rock by Holmgren (1979) and the direct shear tests by 

Saiang (2005). The results of the numerical tests are compared with the laboratory results. The 

input data and results are listed in tables and figures in previous chapters. The discussion and 

comparisons of the numerical and laboratory results are divided into two parts, punch-loading 

test and direct shear test. 

6.1. Punching test. 

The numerical punching analysis comprises three models, plain shotcrete, shotcrete together with 

rock bolt and when liner structural element was used as shotcrete. The result of the numerical 

punching test shows that both material models (elastic and linearly elastic perfectly plastic 

materials) behave similar. The result taken at point C and D which are located close to the joint 

slit (joint between middle and outer blocks) shows that when the stress reach 0.60 MPa, which is 

the tensile strength of the interface, adhesion failure occurs and the stress drops in brittle failure 

to zero. Since the middle block was moving the cracks keeps propagating by shotcrete 

detachment from the rock blocks. The laboratory result shows that once the stress reach the 

tensile strength of the interface, adhesion failure occur and the load drops to one third of the peak 

value, then the adhesion crack propagates until flexural cracking occur. The maximum 

deformation when adhesion bond breaks was small which could be due to the hard rock having 

high stiffness as suggested by Holmgren (1979). 

By default 3DEC assign residual properties of the interface as zero if not specified by the user 

(3DEC Manual version 4.10). If the residual parameters of the interface are non-zero the failure 

mode is changed in the numerical model. In the numerical results a adhesion crack is observed 

after the stress reaches the tensile strength of the interface then the stress drops to the residual 

value (0.25 MPa) and cracks propagates throughout.  

The use of bolts together with the shotcrete increases the strength of the interface. The laboratory 

results clearly showed that the bearing capacity has increased and it regains some amount of 

strength after failure of bond. The regaining of strength was differing from each bolt type used. 
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The numerical result differs from the laboratory result. In the numerical model, the result shows 

that the strength of the interface (bearing capacity) did not increase after introducing the axial 

reinforcement bolt, also there was no regaining of strength after initial failure. These differences 

could be caused by a number of factors; (i) the bolt properties used in the laboratory tests are not 

reported, so the rock bolt properties had to be assumed for the numerical analysis, (ii) in the 

laboratory clasps and washers were used together with the bolt. This not easily simulated in 

3DEC. Since the washers (and clasps) are important for the interaction between the shotcrete and 

the bolts (Malmgren, 2005), the lack of washers in the 3DEC model may have resulted in a 

different behavior in the model than in the laboratory test. In this case the usage of axial 

reinforcement bolts has not changed the interface strength. The failure of the interface shows that 

the interface strength depends much (heavily) on shotcrete itself and not axial bolt 

The result when liner structural element was used to simulate the shotcrete shows that 

displacement linearly increases as stress increases. The stress increases even when it has 

exceeded the interface tensile strength. This is because the liner is a linear elastic structural 

element, which cannot yield or fail in 3DEC. The following are shortcomings of liner element in 

3DEC. (3DEC Manual version.4.10) 

• While the interface between the rock surface and the liner can slip or detach, the liner element 

itself is linearly elastic and cannot yield or rupture. 

• The liner placement logic cannot be used to line tunnel intersections. 

• Block zone discretization must be sufficiently small, so that each node of the structural liner 

will fall in a different zone. 

• Liners have no contact detection logic. Blocks which have no liner nodes attached may pass 

through the liner. 

For all these reasons liner in 3DEC is not suitable to use when modeling the interaction of 

shotcrete and rock where breakage of the interface is expected. 
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6.2. Direct Shear test 

In this numerical study the laboratory direct shear test done at Luleå university laboratory 

Saiang, 2005has been simulated. The input data for the numerical analysis are from the result of 

the laboratory test. The numerical input data used are the following interface properties: 

cohesion, frictional angle and their residual values.  

Comparison of the laboratory and numerical shear test results show that the slope ks (shear 

stiffness) in laboratory tests is not smooth and straight, which is the case for the numerical 

simulations. This is because the numerical model assumes linear elastic stress-displacement 

behavior (Brady and Brown, 1985). Also, the residual peak strength from the laboratory tests is 

undulating while the numerical analysis gives a smooth and straight line. 

In this numerical model the peak shear strength of the trachyte rock - shotcrete interaction 

basically depends on the cohesion (bond strength) and the friction angle of the interface. The 

failure of the interface in shear occurs when the shear stress exceeds the cohesive and frictional 

shear resistance of the interfaces. The dilation angle which describes the roughness of both 

bonding materials (rock and shotcrete) and the interface surfaces were assigned to zero, which 

means that the surfaces are smooth with no asperities. Since the interface has no dilation angle 

and a cohesion (bond strength) which is less than the bounding materials (rock and shotcrete) so 

the bond break and the top block (shotcrete layer) slide when shear loading is applied. 

The peak shear stress from the numerical analysis is close to that of the laboratory test. The small 

difference could be due to under estimation of the cohesion value in the numerical analysis.  

When the material model was changed to linearly elastic perfectly plastic the peak shear strength 

was reduced to some extent, probably due to plastic deformation in the shotcrete which caused 

the redistribution of the stress. The shear stress increases linearly (elastic) and when it reached 

about 0.22 MPa there was transition to plastic state (yield point). Then shearing continuous until 

it reaches the peak at 0.27 MPa where after it drops to residual values and shearing at constant 

stress. 
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7. CONCLUSION AND RECOMMANDITION 

The following conclusions can be made from this study. 

• The punching test of shotcrete rock interaction where plain shotcrete used as sole support 

can be modeled 3DEC and produce reasonable result given that the input data are of good 

quality. The punch interaction is much depending on interfaces properties and hence 

good quality of inputs data is required. 

• The liner structural element cannot mimic the real behavior since it cannot undergo 

material failure only interface failure. 

• The Direct shear test can be modeled by 3DEC, but the quality of the input data is 

important. 

• When rockbolts are used together with shotcrete, careful simulating of the washers or 

clasps is required since they contribute to the bonding of the two materials. 

 

7.1. RECOMMENDATION FOR FURTHER STUDIES. 

• More studies with 3DEC when rock bolts on the interaction between shotcrete and rock 

bolts. 

• Since all these analyses were carried out with static loading conditions, the same studies 

should be conducted with dynamic loading condition, which is another kind of loading 

condition in deep mines. 
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