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PREFACE 
 

Although shotcrete (sprayed concrete) has been widely used as rock support in mines and 
in civil engineering projects, the complex interaction between shotcrete and rock has not been 
extensively studied. The main reason is that the performance of shotcrete is influenced by a 
great number of factors. 

Experiences from previous research and past projects show that the unevenness of rock 
surface has a large impact on the number of failures at the interface and in the lining. 
Furthermore, the behaviour of the lining is significantly affected even by small amplitudes of 
surface roughness. Although some experimental and numerical analyses have previously been 
performed, the influence of the complex unevenness of three dimensional shaped surfaces on 
the shotcrete – rock interaction has not been adequately studied. 

This project focuses on the influence of the surface unevenness of a circular opening on the 
support effect of shotcrete. The work carried out using a 3D numerical simulation (3DEC) 
was conducted in two stages. In stage 1, the numerical model was validated by comparison 
with physical model tests by Chang (1994). In stage 2, based on the validated numerical 
model, the influence of unevenness on the support effect of shotcrete was further investigated. 
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1  Introduction 

1.1 Background 
Although shotcrete (sprayed concrete) has been widely used as rock support in mines and in 

civil engineering projects, the support mechanism provided by shotcrete lining has not been 
extensively studied and its design principle is to a great extent based on empirical methods. The 
main reason is that the interaction between rock-shotcrete is very complex and is influenced by a 
great number of factors, such as the unevenness of exposed rock surface, the interface properties 
between rock and shotcrete, the disturbed or damaged zone around the opening, the properties of 
discontinuities and surrounding rock and shotcrete lining (Malmgren et al., 2008). 

Traditionally, the theoretical design of shotcrete support has been based on the assumption that 
the tunnel surface is smooth and circular and the shotcrete lining acts as a structural arch or as a 
series of beam elements acting between point supports provided by rockbolts or cables. 
Correspondingly, the shotcrete lining is numerically simulated by using beam elements with 
smooth interface between rock and shotcrete. However, it is inevitable that the tunnel perimeter 
becomes uneven, when a tunnel is excavated by a drill and blast operation or in a jointed rock 
mass. 

Hoek and Brown (1980) pointed out that in the case of a thin shotcrete lining abrupt changes in 
tunnel profile can induce high stress concentrations in the shotcrete lining causing cracking and a 
significant reduction in the load bearing capacity of the lining. Therefore, the authors did not 
recommend the use of shotcrete as the sole means of excavation support in situations where the 
tunnel profile deviates by more than a few percent from the design profile. 

Chang (1994) investigated the influence of the unevenness of circular tunnel surfaces on the 
support effect of shotcrete in weak rock conditions by using a large-scale laboratory test. The test 
results indicated that the overall ‘peak strength’ and ‘stiffness’ of the shotcreted models are not 
likely to be strongly affected by the doubly waved unevenness models (three dimensional uneven 
surface) compared with the smooth circular model; the doubly waved models are likely to have 
higher residual strength, possibly due to the sliding resistance between the shotcrete-rock interface 
provided by the unevenness after initiation of shotcrete failure. 

Malmgren et al. (2005, 2008) studied the effect of excavation surface roughness at a real drift in 
the Kiirunavaara underground mine by using the 2-D Universal Distinct Element Code (UDEC). 
The studies showed that the number of tensile failures in the shotcrete and the number of shear/ 
tensile failures at the interface is highly dependent on the unevenness of the surface, even when the 
amplitude is small. Because normally a tensile failure in the lining is better than a tensile or shear 
failure at the interface, they concluded that a high bond strength at the interface is favourable at 
least for the investigated stress states. 

Son et al. (2007) also conducted numerical analysis by using UDEC to investigate the effect of 
excavation surface irregularities on the shotcrete lining response. In order to compare with the 
theoretical relationship, the thrust and moment change in shotcrete lining of a circular tunnel with 
smooth surface and one with uneven surface was investigated. The investigation indicated that the 
response of a shotcreted tunnel is highly dependent on the unevenness of the excavation surface, 
the stiffness of the surrounding ground, and the state of earth pressure. 

Lee (2010) further used a sinusoidal function to simulate the uneven circular tunnel perimeter 
and investigated its effects on rock-shotcrete interaction by using FLAC3D. The results showed 
that the axial stress in shotcrete is highly dependent upon the unevenness as the axial stress of 
irregular shotcrete deviates from that of theoretical solution. The shear stress on the interface is 
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highly influenced by the wavelength of liner irregularities. As the wavelength decreases (or the 
liner irregularity increases) the shear stress of irregular shotcrete becomes higher. 

The detailed comparisons of their numerical models among these numerical analyses are listed 
in Table 1-1. 

Table 1-1 Comparisons of the numerical models in literature 

Authors Son et al. (2007) Malmgren et al. (2008) Lee (2010) 
Numerical code UDEC ver3.1 UDEC ver4.0 FLAC3D ver2.1 
Tunnel shape Circle Horse-shoe Circle 

Model’s dimension Two dimensional model 
(Plane strain) 

Two dimensional model 
(Plane strain) 

Three dimensional model 
(Cross section does not 

change along tunnel axis) 
Inner boundary Tunnel perimeter is uneven; 

outer perimeter of shotcrete 
liner is even. 

Tunnel perimeter is uneven; 
outer perimeter of shotcrete 

liner is uneven. 

Tunnel perimeter is uneven; 
outer perimeter of shotcrete 

liner is even. 
Profile of 

unevenness 
Triangular unevenness Mapped according to field 

investigation 
Sinusoidal unevenness 

Thickness of 
shotcrete lining 

Varied along tunnel 
perimeter 

Constant along tunnel 
perimeter. 

Varied along tunnel perimeter 

Interface between 
tunnel surface and 

shotcrete lining 

Yes Yes No 

Element type of 
shotcrete lining 

Solid element Liner element Solid element 

 

It is interesting that results from the researches above show different conclusions. Besides 
physical model tests, experiences from theoretical and numerical analyses showed that the 
unevenness of the rock surface has a large negative impact on the behaviour and load bearing 
capacity of shotcrete lining. Therefore, it is still not clear how the excavation surface unevenness 
affects the mechanical response of shotcrete. Furthermore, the conclusion drawn by Hoek and 
Brown (1980) was based on the assumption that the shotcrete lining behaves as a structural arch. 
The interaction between the shotcrete and surrounding rock is not considered. The numerical 
models all assumed that the unevenness did not vary along the tunnel axis (see Table 1-1), which 
is not true in reality due to the random distribution of joints and complex blast control techniques. 
Some of the numerical models did not consider the interface between shotcrete and rock. It is 
known that thin layers of shotcrete often do provide effective support and a common comment 
heard to the effect is that ‘the rock starts to behave when it sees the shotcrete’ (Stacey et al., 2004). 
Therefore, the questions that arise here are 

 How does shotcrete lining behave when the excavation surface is uneven? 

 Should we consider the unevenness of shotcrete lining in future analyses to reach a rational 
shotcrete design? 

 

1.2 Objective 
In order to answer the questions, the interaction between rock and shotcrete and the support 

mechanism of shotcrete, when the excavation surface of an opening is uneven, need be further 
studied. This project here has focused on the influence of the three dimensional unevenness of the 
excavation surface on the response of a shotcreted tunnel and on the interaction between shotcrete 
and rock. 
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The objectives of the project were to 

 Improve understanding of the effect of the excavation surface unevenness on shotcrete – rock 
interaction. 

 Identify important factors controlling the interaction between uneven tunnel surfaces and 
shotcrete. 

 Give recommendation on the necessity of considering the tunnel surface conditions (2D or 3D 
unevenness) for the design of shotcrete. 

 

1.3 Research methods 
As previously mentioned, the theoretical relationship for the rock-shotcrete interaction is based 

on the assumption that the excavation surface is smooth with no unevenness. It is impossible to 
consider the stress concentration along the excavation perimeter due to the unevenness in a 
theoretical model at the present time. Therefore, the numerical analyses were performed using the 
3D Distinct Element Code (3DEC 4.1, 2011) in order to consider the three dimensional uneven 
tunnel surfaces and the important shotcrete-rock interface. 

In order to check the validity and reliability of the numerical models, the physical model tests 
conducted by Chang (1994) were chosen as reference. This means that the numerical models have 
the same geometrical size and material properties as the physical models. After the numerical 
models were validated, the effects of various parameters on the response of a shotcreted circular 
tunnel with uneven excavation surface were investigated. 
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2  Physical model tests description 

2.1 Model geometry and test method 
In Chang’s model test (1994), the dimensions of the model were 1.6 m  1.6 m  0.5 m and the 

radius of the ‘tunnel’ was chosen as 0.4 m. The cross-section was circular and the load was 
uniformly distributed on the outer boundaries. Therefore, only one quarter of a circular was made 
in his model according to the axis-symmetrical principle. Furthermore, in order to maintain the 
plane strain condition as assumed in most theories, a constriction was applied along the tunnel axis 
direction by two steel plates and a nut. 

The loading frame consisted of two movable inner steel plates and four outer steel beams that 
were firmly connected end to end. The load acting on the model was generated by six jacks 
attached to the two movable steel plates, three on each side. Cyclic loading was used because of 
the short loading length of the jacks. Instrumentation during the tests consisted of devices for 
measuring the oil pressure in the loading system and the radial displacement of tunnel. Four 
convergence meters were installed but only the two in the middle of the tunnel were used for 
analysis due to the boundary effects. 

The model with smooth tunnel surface is shown in Figure 2-1(a). To investigate the influence of 
the tunnel surface unevenness, two types of surfaces were tested as shown in Figure 2-1(b), (c). 
One uneven surface was one dimensionally ‘waved’ so that the shape of the tunnel cross-section 
remained the same along the tunnel axis. The other surface was two dimensionally ‘waved’. A 
total of seven models were tested and listed in Table 2-1. 

 

 
(a) Smooth surface                      (b) Simply waved uneven surface            (c) Doubled waved uneven surface 

Figure 2-1 Tunnel surface in the model tests (Chang, 1994). 

Table 2-1 Seven tests performed in the laboratory investigation (Chang, 1994) 

Number Type of test Comments 
1 Smooth, unlined  
2 Smooth, lined with plain concrete (2 cm) Lining was too thick 
3 Smooth, lined with plain concrete (1 cm)  
4 Simple waved, lined with plain concrete (1 cm)  
5 Simple waved, lined with steel-fibre reinforced concrete (1 cm)  
6 Doubly waved, lined with steel-fibre reinforced concrete (1 cm) Lining cracked at low load 
7 Doubly waved, lined with steel-fibre reinforced concrete (1 cm)  

 

2.2 Materials and material properties 
Two materials were used in the model test. One was ‘rock’ material simulating soft rock and 

another was ‘lining’ material simulating the tunnel lining. The rock material was made from 
cement, bentonite, sand and water and its mechanical properties are listed in Table 2-2. The lining 
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material consisted basically of cement, sand and water, while steel fibres of dramix 30/50 were 
incorporated 3% by weight for some models. The properties of the lining material are listed in 
Table 2-3. 

Table 2-2 Properties of the rock material 

Item Quantity Unit 
Young’s modulus 80-100 MPa 
Poisson’s ratio 0.2  
Uniaxial compressive strength 0.7-0.9 MPa 
Friction angle 15-20 
Cohesion 0.2-0.3 MPa 
Dilation angle 20 

 

Table 2-3 Properties of the shotcrete lining material 

Item Plain concrete Steel-fibre reinforced concrete Unit 
Uniaxial compressive strength 35 40 MPa 
Young’s modulus 10 2.0 GPa 
Flexural strength  6.5 MPa 

 

2.3 Test results and conclusions 
The effects of tunnel surfaces unevenness were investigated by comparing the test results from 

the models with different configurations, as seen in Figure 2-2. The conclusions were summarized 
as following by Chang (1994). 

(1) The simply waved model has little support effect concerning the stiffness and strength of the 
model. The observations from the model tests show that tensile cracks are presented at the apexes 
at quite low load levels, indicating maximum bending moments acting in the apexes and recesses. 
Such local cracking has caused deterioration of the lining system as a whole. 

(2) The support effect of the doubly waved model is greater than that of the simply waved 
model. Both the stiffness and strength are improved. 

(3) The doubly waved model has higher residual strength than the circular one, while the 
‘stiffness and strength’ are almost the same. 

 

 
               (a) Smooth surface                   (b) Simply waved uneven surface               (c) Doubled waved uneven surface 

Figure 2-2 Failure modes for different models. 
 

The details of the tests and the corresponding results can be found in Chang (1994). 
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3  Numerical model description 

3.1 Numerical code 
From the observations of the model tests, it can be seen that the unevenness of the tunnel 

surface has a significant influence on the interaction between rock mass and shotcrete lining. 
Furthermore, the interface between rock surface and shotcrete plays an important role in the 
interaction. After the local failure occurs, the resistance provided by the irregular interface is 
significant (Chang, 1994). Therefore, in order to consider the influence of the interface between 
rock surface and shotcrete lining and the three dimensional uneven rock surface, a commercial 
geo-mechanical numerical code, three Dimensional Distinct Element Code (3DEC, Ver4.1) was 
used (Itasca, 2011). 

3DEC can simulate discontinuous as well as continuous media by using the deformable blocks 
(Itasca, 2011). Therefore, the interface between rock surface and shotcrete can be simulated by 
treating it as discontinuity and applying the corresponding mechanical parameters in the 3DEC 
model. 

3.2 Model geometry and boundary conditions 
The numerical model has the same dimensions as those of the physical model. That is 1.6 m  

1.6 m  0.5 m. The rock tunnel was modelled as a 3D assemblage of deformable blocks. The 
element/zone sizes and aspect ratios are minimised near the tunnel boundary and gradually 
increased outwards. Tunnel meshes with three different inner surfaces as given in Figure 2-1 are 
shown in Figure 3-1 (a), (b) and (c). The first case (cylindrical smooth surface) was used as a 
reference, see in Figure 3-1 (a). The radius of the circular tunnel was set to 0.4 m, and the same 
radius was used for the reference circles of other uneven tunnel peripheries. The simply waved 
tunnel surface is shown in Figure 3-1 (b) in which the wavelength of the unevenness is 15.7 cm 
and the amplitude is 3.5 cm along the circumferential direction. The shape of the tunnel cross-
section remains the same along the tunnel axis. The doubly waved tunnel surface is shown in 
Figure 3-1 (c). In this model, the wavelength and the amplitude of the unevenness along the 
circumference is the same as the simply waved one. However, the wavelength of the unevenness is 
20.0 cm and the amplitude is 3.0 cm along the tunnel axis. The detailed geometry of tunnel surface 
for different models is shown in Figure 3-2. 

In order to consider the complex geometry of shorcrete on uneven surface, shotcrete lining was 
modelled by deformable zones/elements. The segmental tunnel shorcrete was established as a very 
dense radial grid with 5 zones over the thickness (1 cm). The choice of 5 zones was investigated 
by simulating a cantilever beam with different zone numbers. By comparing with the analytical 
solution, the result showed that the numerical error is reduced to less than 6% when the beam is 
discretized by more than 5 zones. Therefore, 5 zones along the thickness of the shotcrete were 
chosen in order to avoid excessive computation time while remaining reasonable model accuracy. 
The interface between rock and shotcrete is included to allow for possible interface opening and 
slip. The interface between tunnel surface and shotcrete is treated as a discontinuity/contact. The 
number of grid zones representing the shotcrete is defined with an aspect ratio close to one. This 
ratio serves to reduce numerical calculation inaccuracies. According to the inner surface shape of 
the physical model, the circular smooth, simply waved and doubly waved tunnel surface are set up 
in Figure 3-2 respectively. The black box marked on the surface is the region chosen for later stage 
analysis of the contact stresses on the interface. The total number of zones and contact elements in 
the models are summarized in Table 3-1. As can be seen from Table 3-1, there are a substantial 
number of zones in the models due to the very fine grid despite the small dimensions of the 
physical model. 
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According to the physical model test, the left surface of the numerical model shown in Figure 3-
3 (a) was fixed in the X direction, the bottom surface was fixed in the Z direction, the front and 
back surfaces were fixed in the Y direction (Figure 3-3 (b)), and the right (X direction) and top 
surface (Z direction) were free for loading. 

 

 
(a) Model mesh with smooth tunnel surface 

 

 
(b) Model mesh with simply waved uneven tunnel surface 

 
 

(c) Model mesh with doubled waved uneven tunnel surface 

Figure 3-1 Numerical models with different tunnel surfaces (black dot is the monitoring point). 
 

                     
(a) Smooth surface                          (b) Simply waved uneven surface            (c) Doubled waved uneven surface 

Figure 3-2 Geometry of tunnel surface for different models. 

Z Z 

Y X 

Z 

X 

Z 

Y 
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Table 3-1 Parameters of the 3DEC models. 

Item Smooth surface Simply waved surface Doubly waved surface 
Number of blocks 258 248 294 

Number of subcontacts 224459 214855 218219 
Number of zones 4094581 4124872 4178419 

 

                  
(a)Front view                                                                           (b)Side view 

Figure 3-3 Boundary condition. 
 

3.3 Material properties 
The material constitutive models used for the rock and shotcrete lining are linear elastic and 

elastic perfectly-plastic respectively. For the elastic perfectly-plastic model, a Mohr-Coulomb 
failure criterion is applied to simulate the possible plastic behaviour of rock material and shotcrete. 
The mechanical parameters of the rock material used were derived from laboratory test by Chang 
(1994). However, according to Chang’s theoretical analysis, the tested modulus of elasticity and 
uniaxial compressive strength of the lining was too high to match the results from the tests. 
According to Chang (1994) this was probably due to the boundary effects of the lining and the 
variation of the lining thickness over the tunnel surface caused by manually placing the lining, 
making the lining somewhat ‘softer’ than it should be. Therefore, the reduced modulus of elasticity 
and uniaxial compressive strength of the lining used by Chang (1994) were adopted in the current 
models as well. Furthermore, in Chang’ thesis (1994), only uni-axial compressive strength of 
shotcrete concrete was available. In order to run the elastic perfectly plastic model, cohesion was 
calculated by assuming an internal friction angle of 30.0°. The normal and shear stiffness of the 
interface were not tested in their original work (Chang, 1994). They were instead calculated by 
assuming that the stiffness of the interface is proportional to the modulus of the adjacent material. 
By means of the modulus ratio and the tested value of joint stiffness (Saiang et al., 2005), the joint 
normal and shear stiffness were calculated and listed in Table 3-2. 

Z 

Y 

Z 

X 

P 
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Table 3-2 Properties of the rock and shotcrete material 

Item Rock Shotcrete Interface between 
rock and shotcrete 

Unit 

Young’s modulus 100 4000  MPa 
Poisson’s ratio 0.2 0.25   

Cohesion 0.3 7.0 0.45 MPa 
Friction angle 25.0 30.0 30.0  

Tensile strength 0.15 5.4 0.45 MPa 
Joint normal stiffness   1400 MPa/m 
Joint shear stiffness   5.6 MPa/m 

 

3.4 Research schemes 
Since shotcrete has been widely used for more than one century in engineering practice, its 

properties and behaviour have attracted the attention of many researchers. They are several 
different opinions on how to use it in practical implications, especially related to adhesion/bond 
strength. Kaiser (1993) mentioned that ‘It is important to maintain the tensile strength of the 
shotcrete during large displacements and to maintain interlock and contact between the shotcrete 
and the rock (friction and interlock). Adhesion of shotcrete to rock is highly beneficial but not 
crucial. Shotcrete remains effective as long as it is kept in good physical contact with the fractured 
rock’. Brown (1999) has developed a set of principles to guide support and reinforcement practice. 
In one of his principles, he pointed out that ‘There should be good contact between the rock mass 
and the support and reinforcement’. Stacey (2001) further highlighted the loading mechanisms of 
membrane support in one of his review papers, and stated that ‘The localization of deformation of 
a well-bonded membrane may result in failure after a total opening of only a few millimetres. In 
such cases, it may be preferable for the rock-membrane bond to be less effective, to allow some 
shear to take place on the interface, and hence for the deformation to less localized’. Based on the 
discussion above, it seems that the value of bond strength between rock and shorcrete is still 
questionable. Therefore, different bond strength/adhesion parameters were used in order to study 
the real role of adhesion on the interaction between shorcrete and rock. 

Furthermore, in Chang’s model test, the shotcretes was applied on the entire inner tunnel 
boundary. In reality, most of the tunnel surface is covered by shotcrete but the lower corners on the 
wall are excluded. In order to consider the effect of differences in shotcrete application, closed 
(full coverage of shotcrete) and non-closed (corner without coverage) shotcrete rings were studied 
in the current analyses (see Figure 3-4). The detailed research schemes are listed in Table 3-3 and 
the corresponding interface parameters for different schemes are listed in Table 3-4. 

Table 3-3 Research schemes 

 Circular surface 
(Smooth) 

Simply waved surface 
(2D unevenness) 

Doubly waved surface 
(3D unevenness) 

Scheme 1 Without shotcrete 
Scheme 2 Poor interface bond (tensile strength) between shotcrete and rock (shotcrete ring is closed) 
Scheme 3 Good interface bond (tensile strength) between shotcrete and rock (shotcrete ring is closed)  
Scheme 4 Poor interface bond (tensile strength) between shotcrete and rock (shotcrete ring is non-closed) 
Scheme 5 Good interface bond (tensile strength) between shotcrete and rock (shotcrete ring is non-closed) 
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Table 3-4 Interface parameters for different schemes 

 Cohesion /MPa Friction angle / Tensile strength /MPa Remarks 
Scheme 1 / / /  
Scheme 2 0.45 30.0 0.45 Real parameters 
Scheme 3 Infinite high 30.0 Infinite high  
Scheme 4 0.45 30.0 0.4 5 Real parameters 
Scheme 5 Infinite high 30.0 Infinite high  

 

         
(a) Closed shotcrete ring                                 (b) Non-closed shotcrete ring 

Figure 3-4 Geometry of the closed and non-closed shotcrete ring attached on an uneven tunnel 
surface. 
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4  Numerical results 

4.1 Validation of numerical models by physical model tests 
Since only radial displacement on the tunnel surface was recorded and final failure shape was 

photographed in the physical model tests, the validation was performed by comparing the 
displacement and failure shape between the physical model test and the numerical analysis. 

According to the model test, the radial displacement recorded by convergence meters No.1 and 
No.2 (shown in the Figure 4-1) in the middle of the tunnel gave consistent readings and the 
average reading was presented as curve for each model test in appendix A. In the numerical model, 
the point located in the middle of the surface was chosen and used for comparison. For simply and 
doubly waved tunnel surfaces, this means that the monitoring point (in 3DEC, history point) was 
located at an apex, see Figure 3-1 (black dot). 

 
Figure 4-1 Placement of convergence meters (Chang, 1994). 

 

4.1.1 Unlined tunnel with smooth tunnel surface (Physical model test 1) 
The average displacement recorded by the two convergence meters in the middle of the tunnel 

in the physical model is appended in Figure A-1 in relation to the pressure applied on the model 
boundary. The curve indicates that the rock become plasticized at a load level of 0.4 MPa. Visible 
cracks on the tunnel surface were observed at 0.6 MPa. When the pressure increased to 0.8 MPa, a 
progressive fracturing around the tunnel took place and an ‘aggressive’ creep was observed. The 
extent of fracturing at the final stage was about 8 cm, see Figure 4-2 (a) (Chang, 1994). 

The radial displacements calculated by 3DEC at two different loading levels are listed in Table 
4-1. When the load was low (P=0.4 MPa), the rock material was still in an elastic state except at 
some points where the tunnel surface was not smoothly created, therefore the results from the 
physical and numerical model tests were close (see Figure 4-2 (b)). When the load was increased 
to a quite high level (P=0.6 MPa), the rock become plasticized and large plastic region appeared at 
this stage. There were large differences in radial displacement between the physical and numerical 
models (see Figure 4-2 (c)). Since the numerical model adopts the perfectly plastic constitutive 
model for both rock and shotcrete, the post-peak failure process cannot be well simulated and 
hence the displacement calculated by 3DEC was lower than those recorded in the physical model. 

By comparing Figure 4-2 (a) and (d), it seems that the plastic region calculated by the numerical 
code could be used to estimate the failure or the fractured zone. The depth of the plastic region 
calculated by the numerical model was 7.8 cm which is a slightly smaller than 8.0 cm observed in 
the physical model indicating that the plastic region can further on be used to analyse the location 
and depth of the failure zone. 
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(a) Physical model (final stage)                                 (b) Numerical model (P=0.4 MPa) 

   
 

(c) Numerical model (P=0.6 MPa)                                  (d) Numerical model (P=0.8 MPa) 

Figure 4-2 Results for physical and numerical models. 
 

Table 4-1 Comparison of radial displacement in the middle of the tunnel between physical 
and numerical models (Unit: mm) 

Tunnel surface Physical model Numerical model 

 P=0.4 MPa P=0.6 MPa P=0.4 MPa P=0.6 MPa 
Smooth (Unlined) 2.92 7.69 3.20 4.87 
Smooth (Lined) 1.85 (1.28)** 3.10 (1.90)** 1.23/1.29* 1.80/1.93* 

Simply waved (Lined) 4.75  9.08 3.81 6.19 
Doubly waved (Lined) 1.59 2.40 2.91 4.75 

* The values before and after slash are calculated by using the real interface strength parameters and by removing 
interface (i.e. the interface has infinite large strength) respectively. 
** The value in the bracket is obtained by subtracting the residual displacement from the tested load- displacement 
curve. 

 

4.1.2 Lined tunnel with smooth tunnel surface (Physical model test 3) 
Before the load reached 0.6 MPa, the response of the model was elastic. When the load reached 

0.6 MPa, a crack perpendicular to the tunnel axis was gently formed in the lining. After fifteen 
minutes of static loading, starting at crack initiation, a shear failure of the lining occurred with a 
popping sound, accompanied by a considerable load drop. The load-displacement curve is 
appended in Figure A-2. The lining failure observed in the model test is shown in Figure 4-3 (a) 
(Chang, 1994). 
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As can be seen in the numerical simulation in Figure 4-3 (b), when the load reaches 0.6 MPa, 
large stress concentrations can be observed within the shotcrete. This is because shotcrete is much 
stiffer than rock (ratio of modulus of elasticity between shotcrete and rock is 40) and some parts 
without smooth connection are yielded in shear (within the red rectangle in Figure 4-3 (b)). This 
was also why a crack was observed in the physical model test. 

The radial displacement calculated by the numerical model was smaller than those of the 
physical model test at two different loading levels (see Table 4-1). Since the model test was 
conducted using cyclic loading due to short loading length of the jacks, there was residual 
displacement even when the rock and shotcrete were still in an elastic state (see Appendix Figure 
A-2). Therefore, it is reasonable to remove this residual displacement from the total displacement 
in order to obtain the correct value. After the residual displacement was subtracted from the tested 
load-displacement curve (see values in bracket in Table 4-1), the results of the physical and 
numerical models showed very good correlation. When the interface was further investigated in 
the numerical model, grid overlapping was found between rock and shotcrete due to high 
compressive stress on the interface (see Figure 4-3 (c)). The principle of simulating interfaces 
between two blocks in 3DEC is based on block’s contact, and overlapping is allowed when 
calculate the normal compressive stress even though it is not a true representation of a physical 
problem. Since there is no slipping or opening type failures occurring on the interface, the 
interface can be removed without affecting the mechanism. When the interface is removed, it 
means that interface is given infinite strength and no failure occurs. The displacement in this case 
is added behind the slash in Table 4-1. As it is shown in the table, the results of numerical 
modeling and physical model test are extremely close. 

    
(a) Physical model (final stage)                          (b) Numerical model (plastic region, P=0.6 MPa) 

 
(c) Numerical model (grid overlapping, P=0.6 MPa) 

Figure 4-3 Results for physical and numerical models. 
 

Shotcrete

Rock 

Grid overlapping between 
rock and shotcrete 
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4.1.3 Lined tunnel with simply waved tunnel surface (Physical model test 4) 
At a pressure level of 0.3 MPa, tensile cracks were clearly seen at one of the apexes; at 0.5 MPa 

cracks were observed at all apexes. At 0.6 MPa, a sudden loud popping occurred at one apex. The 
lining at the apex was split from the rock surface throughout the whole thickness of the model 
(Figure 4-4 (a)). At this moment, the rock behind the lining was fairly unaffected; no visible cracks 
were observed on the rock surface. When the load was increased to 0.7 MPa, a piece of rock was 
squeezed out of the ‘mother’ body (Figure 4-4 (b)). This indicates that the rock is adjusting and 
forms an arch (Chang, 1994). The load-displacement curve is appended in Figure A-3. 

When the external load was applied on the numerical model boundary, tensile stresses were 
generated at the apexes in the numerical model even at low loading level. When the loading level 
reached 0.3 MPa, tensile stresses had accumulated and started to exceed the tensile strength of the 
shorcrete material and thus caused tensile failure at the apexes shown in Figure 4-4 (c). At the 
same time, the interface opened slightly near the apexes shown in Figure 4-4 (d). With an increase 
of loading to 0.6 MPa, the opening between shotcrete and rock at the apexes became obvious (see 
Figure 4-4 (e-f)). Simultaneously, the region of tensile failure within the shotcrete increased (see 
Figure 4-4 (g)). When the shotcrete has failed in tension and become separated from the rock 
material, the load initially carried by shotcrete has to transfer to the rock and large areas of shear 
failure are formed in the rock shown in green and light blue in Figure 4-4 (g). When the load 
increased to 0.7 MPa, there was clear separation between shotcrete and rock and the plastic regions 
within the rock were connected and formed a pressure arch shown in Figure 4-4 (h). The rock 
material between two recesses was no longer supported by the shotcrete and hence no longer 
carried any part of the load. Since the numerical code could not explicitly simulate the fracture 
initialization and propagation process, it was impossible to simulate this detachment and 
separation in the rock material. However, based on the numerical analysis, it is reasonable to 
conclude that the rock material between two recesses will be sheared off and squeezed out of the 
matrix material as the rock material behind the apexes has become severely plasticized. 

The radial displacement calculated by the numerical model was smaller than that of the physical 
model test at P=0.4 MPa. When the load increased to 0.6 MPa, this difference became more 
pronounced (see Table 4-1). The reason for this difference could be due to inappropriately applied 
constitutive models for rock and shotcrete, incorrect use of interface deformation parameters, and 
inherent limitations in 3DEC related to the simulation of failure if there are no any measurement 
errors. 

          
(a) Physical model (lining splitting)                            (b) Physical model (final stage) 
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(c) Numerical model (lining failure, P=0.3 MPa)     (d) Numerical model (interface failure, P=0.3 MPa) 

     
(e) Numerical model (lining splitting, P=0.6 MPa)           (f) Numerical model (interface failure, P=0.6 MPa) 

   
(g) Numerical model (plastic region, P=0.6 MPa)                   (h) Numerical model (plastic region, P=0.7 MPa) 

Figure 4-4 Results for physical and numerical models. 
 

4.1.4 Lined tunnel with doubly waved tunnel surface (Physical model test 7) 
The load-displacement curve is appended in Figure A-4. In the first loading cycle, the model 

showed elastic behaviour up to a load level of 0.65 MPa. Then violent shear failure occurred at the 
recesses with a loud sound. The failure load was relatively high and the shear failure occurred 
suddenly. As the load increased, the lining started to separate from the tunnel surface and a 
splitting opening could clearly be observed along the bonding surface. At the final stage, the lining 
became completely separated from the tunnel surface and cracks were observed at some of the 
apexes behind the lining; some of them were even sheared out (Chang, 1994). 

Tensile failure 
(in red) 
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In the numerical model, the gradual deformation and progressive failure process was simulated 
rather well. Even when the load was as low as 0.3 MPa, the shotcrete did not behave elastically 
and tensile failure occurred on the apexes in the shotcrete as shown in Figure 4-5 (b). With the 
increase of load, the areas with high tensile stress concentration, near the shotcrete apexes, as well 
as with high compressive stress concentration, near the shotcrete recesses, became larger. That was 
the cause of the violent shear failure observed at the recesses in the physical model test when the 
load reached 0.65 MPa. At the same time, the separating area on the interface increased and the 
gap between rock and shotcrete became more distinct, as shown in Figure 4-5 (c). As the shotcrete 
gradually lost its loading capacity, the rock behind the shotcrete started to carry more and more 
load which is characterized by an increase of the plastic region within the rock, as seen in Figure 
4-5 (d). When the load increased to 0.8 MPa, there were significant tensile failures on the interface 
which imply that he shotcrete had become completely separated from the tunnel surface as shown 
in the physical model test. The plastic region (in shear) within the rock intersected with the rock-
shotcrete interface which suggests that the irregularity (rock material between two recesses) would 
be sheared out which was also observed in the physical model test (Figure 4-5 (e-f)). 

There were large differences in radial displacement between the physical model and the 
numerical model with ‘real’ interface strength when the tunnel surface was doubly waved and 
lined. The displacement obtained by the physical model was much lower than that in the numerical 
model which is controversial since numerical models normally underestimates displacement 
compared to physical models based on the previous analysis. Even when the interface was 
removed, i.e. infinite interface strength, the displacement calculated by the numerical model was 
still larger than that of the physical model. The only information given by Chang (1994) regarding 
the placement of the convergence meters was that they were placed in the middle of the tunnel. As 
it was difficult to place instruments on an apex, when the surface was doubly waved, it is 
reasonable to assume that the displacement obtained in physical model was measured on or near a 
recess. Based on this extrapolation, the displacement on the recesses in the numerical model were 
recorded and listed in Table 4-2. As seen in Table 4-2, the displacement at the recesses was quite 
close between the numerical and physical models, especially when load was 0.6 MPa. 

   
(a) Physical model (final stage)         (b) Numerical model (lining failure, P=0.3 MPa) 

Tensile failure 
(in red) 



 17

     
(c) Numerical model (lining splitting, P=0.6 MPa)                   (d) Numerical model (plastic region, P=0.6 MPa) 

     
(e) Numerical model (interface failure, P=0.8 MPa)                   (f) Numerical model (plastic region, P=0.8 MPa) 

Figure 4-5 Results for physical and numerical models. 
 

Table 4-2 Comparison of radial displacement in the middle of the tunnel between physical 
and numerical models for lined, doubly waved tunnel surface 

Tunnel surface Schemes Location of 
monitoring point 

Radial displacement /mm
  P=0.4 MPa P=0.6 MPa 

Physical model 
Test 7 Uncertain 1.59 2.40 
Test 6 Uncertain 1.29 3.13 

 Real interface strength At apex 2.91 4.75 
Numerical model Infinite interface strength At apex 2.62 3.94 

 Real interface strength At recess 2.00 3.18 

 

4.1.5 Summary 
Based on the above detailed analysis, it can be observed that the numerical models could 

simulate the failure and deformation process which has been observed in the physical model test 
rather well. It also indicates that the numerical model is correctly constructed and the parameters 
and failure criterion applied in the numerical models are appropriate. Therefore, in the following 
analysis, these models and parameters are further used to investigate the interaction between 
uneven tunnel surface and shotcrete. 
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4.2 Influence of unevenness on the support effect of shotcrete 
At the end of Chang’s thesis (1994), he concluded that ‘The large-scale laboratory investigation 

conducted in this study is an important contribution to our understanding of the influence of 
irregularities on the support effect of shotcrete linings, even though the number of the tests is 
limited so that quantitative conclusions cannot be made’, ‘More detailed studies will have to be 
carried out’. Because of the advantage of numerical methods, the influence of unevenness on the 
support effect of shotcrete was further investigated in this section by using the validated numerical 
models. Since the focus is on the difference among different numerical models with smooth, 
simply waved and doubly waved tunnel surfaces, the loading level applied on the model boundary 
could be fixed for comparison among different schemes. The loading should be applied at such a 
level that some failures on the interface as well as in the shotcrete can occur, but at the same time 
those failures must not be too extensive for the difference between different models to be clear. In 
virtue of some preliminary analysis, the loading level 0.6 MPa was chosen in the following 
analyses. 

4.2.1 Without shotcrete 
Figures 4-6 and 4-7 show the plastic region in a cross-section as well as on the rock surface 

among different models. As can be seen from Figure 4-6 (a), the plastic region with thickness 4.3 
cm was uniformly distributed along the tunnel boundary when the tunnel surface was smooth. In 
this analysis, the tunnel had a circular shape and in-plane stresses were equal in two directions, 
therefore both the circumferential and radial stresses were dependant only on the distance from the 
centre, not the relative angle, i.e. the same on the boundary. For simply and doubly waved tunnel 
surfaces (Figure 4-6 (b-c)), the plastic regions at the cross-section looked like ‘caps’ with shallow 
thickness around the recesses and deep thickness behind the apexes. The regions were 
discontinuously distributed along the tunnel boundary. On the rock surface (Figure 4-7), the plastic 
regions were mainly concentrated on the recess for simply and doubly waved tunnel surfaces but 
distributed on the whole surface for the smooth tunnel surface. This indicates that the plastic 
region has transferred into the rock located further from the tunnel boundary due to the unevenness. 
The distribution of minor principal stresses (compression is minus in 3DEC) further explains the 
stress transfer due to the unevenness. As seen in Figure 4-8, for smooth surface, the maximum 
minor principle stresses (the greatest compressive) or the pressure arch (dark blue) has moved 
outward uniformly and the rock between the arc and free surface has failed. For simply and doubly 
waved surfaces, the stress transfer is uneven and the pressure arch resembles a wave. In 
comparison with a simply waved surface, the pressure arch for doubly waved surface is clearer 
which implies that doubly waved surface has slightly larger effect on tunnel stability than simply 
waved surface. The number of zones in the plastic regions of a segment (Table 4-3) also shows 
that there are fewer failures in the rock for simply and doubly waved tunnel surfaces compared to 
the case with smooth tunnel surface. This is a good indicator showing that the recesses can behave 
as a local support and hence strengthen the rock slightly if no failure occurs. 

Table 4-3 Comparison of the number of zones in the plastic region of a segment (y=0.25 – 
0.35 m) 

Tunnel surface In rock In shotcrete 
Smooth (Unlined) 293754 / 

Simply waved (Unlined) 207717 / 
Doubly waved (Unlined) 202494 / 
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(a) Smooth tunnel surface 

    
(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-6 Plastic regions at a cross-section (Y=0.25 m). 
 

 
(a) Smooth tunnel surface 
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(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-7 Plastic regions on the rock surface. 
 

 
(a) Smooth tunnel surface 

   
(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-8 Minor principal stress at the middle cross-section (Y=0.25 m). 
 

4.2.2 Closed shotcrete ring 
(a) Poor interface bond between shotcrete and rock 
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Figures 4-9−4-13 show the plastic region, distribution of minor principal stresses in rock and 
shotcrete and failure on the interface for three different tunnel surfaces when the shotcrete ring is 
closed and when the real interface parameters are applied. The number of zones in the plastic 
region, the number of sub-contacts in failure and radial displacement in the middle of the tunnel 
are listed in Tables 4-4 – 4-5, 4-10. 

When shotcrete is sprayed on a smooth tunnel surface, the plastic region in the rock is almost 
non-existent but occurs in the shotcrete along a line where the linear segment intersects. This is 
caused by the tunnel boundary (arc) being generated by using short linear segments. Since the 
modulus ratio between shotcrete and rock is rather large (40), large amount of stresses have 
transferred to the shotcrete and hence induces compressive failure on the linear segments’ 
intersection. Since the tunnel is circular and in-plane stresses are equal, the stress on the interface 
becomes compressive therefore no failure was observed on the interface. 

Due to the presence of unevenness, the failures (shown by the plastic region) appeared in both 
shotcrete and rock for simply and doubly waved surfaces. Normally, there are compressive failures 
near the recesses and tensile failures near the apexes. The failure is uniformly distributed along the 
Y axis for simply waved but discontinuously distributed for doubly waved. There are significantly 
fewer failures occurring in the rock and shotcrete for doubly waved model in comparison with 
simply waved. The pressure arch created in the doubly waved model is closer to the boundary than 
in the simply waved model, which indicates that shotcrete has a stronger support capacity and has 
shifted the load closer to the boundary. The interface fails in tension for both the simply and 
doubly waved models, again the doubly waved model suffers less failures on interface. 

Table 4-4 Comparison of the number of zones in the plastic region of a segment (y=0.25 – 
0.35 m) 

Tunnel surface In rock In shotcrete 
Smooth (Unlined) 97 91441 

Simply waved (Unlined) 138325 223723 
Doubly waved (Unlined) 76828 194521 

 

Table 4-5 Comparison of the number of sub-contacts in failure 

Tunnel surface Open At slip Slip in past 
Smooth (Lined) 0 0 0 

Simply waved (Lined) 100894 0 16 
Doubly waved (Lined) 59382 0 5 
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(a) Smooth tunnel surface 

   
(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-9 Plastic regions at the middle cross-section (Y=0.25 m). 
 

 
(a) Smooth tunnel surface 

   
(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-10 Plastic regions on the rock surface. 
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(a) Smooth tunnel surface 

   
(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-11 Plastic regions on the shotcrete surface. 
 

 
(a) Smooth tunnel surface 
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(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-12 Minor principal stress at the middle cross-section (Y=0.25 m). 
 

 
(a) Smooth tunnel surface 

   
(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-13 Failure at the interface. 
 

(b) Good interface bond between shotcrete and rock 

Figures 14-17 show the plastic region, distribution of minor principal stress in rock and 
shotcrete and failure on the interface for three different tunnel surfaces when the shotcrete ring is 
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closed. In this scheme, the interface strength parameters are set to ‘infinitely’ high values which 
mean that no relative movement at the interface is allowed. This analysis simulated very well 
bonded interface between shotcrete and rock. The number of zones in the plastic region and the 
radial displacement in the middle of the tunnel are listed in Tables 4-6, 4-10. 

For the smooth surface, change of the interface strength parameters did not affect the results in 
comparison with the results of real interface strength parameters. This was caused by the normal 
stress on the interface being compressive with shear stress close to zero due to the circular tunnel 
shape and the equal in-plane stresses applied in the model. Therefore, the strength parameters have 
little influence as there is no tensile or shear failures occurring on the interface. 

For both simply waved and doubly waved surfaces, there was a significant decrease of plastic 
regions in the shotcrete while at the same time the plastic regions in the rock significantly 
increased compared to the results of real interface strength parameters. When the bond between 
shotcrete and rock was weak, the shotcrete failure was caused by stress concentration as well as 
separation from the rock surface with corresponding bending. When shotcrete and rock is glued 
together (good bond), the stress concentration induces the failure and thus the plastic region was 
greatly reduced in the shotcrete. At the same time, the load was transferred to the rock, causing the 
number of zones in the plastic region to increase in the rock. However, the depth and extent of the 
plastic region did not increase and the increase in the number of zones in the plastic region was 
related to the area near the shotcrete where the rock did not carry significant load when the real 
interface strength was applied. Compared with simply waved surface, there were more zones in the 
plastic region in the shotcrete for doubly waved surface. It is clearly shown in Figure 4-16 that 
there were more tensile failures around the apexes for doubly waved surface since there were 
markedly higher stress concentrations around the apexes due to the 3D conical shape. 

When rock and shotcrete is glued together and the interface strength is very high, the difference 
between simply and doubly waved surfaces has been reduced when studying the plastic region in 
the rock and distribution of minor principal stresses, see Figures 4-14 and 4-17. 

Table 4-6 Comparison of the number of zones in the plastic region of a segment (y=0.25 – 
0.35 m) 

Tunnel surface In rock In shotcrete 
Smooth (Unlined) 45 93031 

Simply waved (Unlined) 268400 95341 
Doubly waved (Unlined) 251964 100782 

 

 
(a) Smooth tunnel surface 
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(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-14 Plastic regions at the middle cross-section (Y=0.25 m). 
 

 
(a) Smooth tunnel surface 

   
(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-15 Plastic regions on the rock surface. 
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(a) Smooth tunnel surface 

   
(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-16 Plastic regions on the shotcrete surface. 
 

 
(a) Smooth tunnel surface 
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(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-17 Minor principal stress at the middle cross-section (Y=0.25 m). 
 

4.2.3 Non-closed shotcrete ring 
(a) Poor interface bond between shotcrete and rock 

In practice, the shotcrete ring is normally not closed around the excavation boundary; therefore 
the analysis with non-closed shotcrete ring is arguably closer to the reality. Figures 4-18−4-22 
show the plastic region, distribution of minor principal stresses in the rock and shotcrete as well as 
failure on the interface for three different tunnel surfaces when the shotcrete ring is non-closed and 
the real interface parameters are applied. The number of zones in plastic state, the number of sub-
contacts in failure and radial displacement in the middle of the tunnel are listed in Tables 4-7 – 4-8, 
4-11. 

For smooth surface, there was a remarkable increase of interface failures and displacement in 
comparison with the closed shotcrete ring. However, the number of zones in the plastic region in 
the shotcrete was reduced. Correspondingly, the number of zones in the plastic region in the rock 
was increased. The reason for this change was that the structural ring effect is diminished as well 
as the relative movement between rock and shotcrete occurs when the shotcrete ring is not closed. 
Therefore, tensile and shear failures were caused on the interface which further relieved the stress 
concentration in the shotcrete. In fact, these stresses were transferred to the rock which in turn 
caused an increase of failures in the rock. 

The changes noted for smooth surface model also occurred for simply and doubly waved 
models as well but not as extensively. In the end, the support capacity of shotcrete on different 
tunnel surfaces can still be ranked as smooth surface, doubly waved surface and simply waved 
surface in descending order by investigating the plastic regions in both shotcrete and rock, 
interface failure and displacement. 

Table 4-7 Comparison of the number of zones in the plastic region of a segment (y=0.25 – 
0.35 m) 

Tunnel surface In rock In shotcrete 
Smooth (Lined) 14573 152 

Simply waved (Lined) 158732 146947 
Doubly waved (Lined) 136697 118106 
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Table 4-8 Comparison of the number of sub-contacts in failure 

Tunnel surface Open At slip Slip in past 
Smooth (Lined) 13766 2 3196 

Simply waved (Lined) 85008 0 71 
Doubly waved (Lined) 56493 2 408 

 

 
(a) Smooth tunnel surface 

   
(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-18 Plastic regions at the middle cross-section (Y=0.25 m). 
 

 
(a) Smooth tunnel surface 



 30

   
(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-19 Plastic regions on the rock surface. 
 

 
(a) Smooth tunnel surface 

   
(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-20 Plastic regions on the shotcrete surface. 
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(a) Smooth tunnel surface 

   
(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-21 Minor principal stress at the middle cross-section (Y=0.25 m). 
 

 
(a) Smooth tunnel surface 
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(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-22 Failure at the interface. 
 

(b) Good interface bond between shotcrete and rock 

Figures 4-23−4-26 show the plastic region and distribution of minor principal stresses in rock 
and shotcrete for three different tunnel surfaces when the shotcrete ring is non-closed and when the 
interface has infinite high strength. The number of zones in plastic state and radial displacement in 
the middle of the tunnel are listed in Tables 4-9, 4-11. 

For smooth surface, there was still a remarkable increase of displacement in comparison to the 
closed shotcrete ring even the interface strength was infinite large. Again, the number of zones in 
the plastic region in the shotcrete was reduced but increased in the rock due to the diminishing 
structural arch effect. The changes which occurred for the smooth surface also applied to simply 
and doubly wave surfaces but not as extensively. 

Table 4-9 Comparison of the number of zones in the plastic region of a segment (y=0.25 – 
0.35 m) 

Tunnel surface In rock In shotcrete 
Smooth (Lined) 98740 17898 

Simply waved (Lined) 265380 67415 
Doubly waved (Lined) 258255 71817 

 

 
(a) Smooth tunnel surface 
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(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-23 Plastic regions at the middle cross-section (Y=0.25 m). 
 

 
(a) Smooth tunnel surface 

   
(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-24 Plastic regions on the rock surface. 
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(a) Smooth tunnel surface 

   
(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-25 Plastic regions on the shotcrete surface. 
 

 
(a) Smooth tunnel surface 
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(b) Simply waved tunnel surface                         (c) Doubly waved tunnel surface 

Figure 4-26 Minor principal stress at the middle cross-section (Y=0.25 m). 
 

Table 4-10 Comparison of radial displacement in the middle of the tunnel with closed 
shotcrete ring among different numerical models (Unit: mm) 

Tunnel surface At recess At apex 

 Scheme 1 Scheme 2 Scheme 3 Scheme 1 Scheme 2 Scheme 3 
Smooth 4.88 1.79 1.93 4.87 1.80 1.93 

Simply waved 4.76 3.94 3.07 5.19 6.19 4.36 
Doubly waved 4.70 3.18 2.88 5.06 4.75 3.94 

 

Table 4-11 Comparison of radial displacement in the middle of the tunnel with non-closed 
shotcrete ring among different numerical models (Unit: mm) 

Tunnel surface At recess At apex 

 Scheme 1 Scheme 4 Scheme 5 Scheme 1 Scheme 4 Scheme 5 
Smooth 4.88 3.76 3.79 4.87 4.10 3.70 

Simply waved 4.76 4.04 3.79 5.19 5.66 4.82 
Doubly waved 4.70 3.77 3.74 5.06 5.12 4.72 
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5  Conclusions 
Based on the analyses, the following conclusions can be drawn: 

1. The three-dimensional numerical analysis conducted by 3DEC shows good agreement with 
the physical model tests by investigating the deformation and failure shape. It indicates that 
the constructed numerical model could be used to further investigate the influence of 
unevenness on the support effect of shotcrete. 

2. The unevenness of the tunnel surface in general has negative effects as stress concentrates 
on recesses and apexes under external loading. However, the local recesses of an uneven 
tunnel surface behave like local support (‘bolting’) which therefore can further create certain 
pressure arch around the excavation boundary and help rock take more external load. In the 
case of circular tunnels and when the in-plane stresses are equal, this effect is less noticeable 
since the pressure arch for a smooth surface has already created around the excavation 
boundary. 

3. Observations from the numerical analyses are in agreement with those from physical model 
tests. Both show that the apexes are the weak points of the shotcrete and the shotcrete at 
these points is likely to crack or split from the rock surfaces. Therefore, it is recommended 
that bolts should be installed at the apexes to reduce tensile stress concentrations in the 
shotcrete as well as increase the connection between the shotcrete and the rock surface. 

4. Shotcrete sprayed on a smooth surface of a circular tunnel has significantly increased 
support capacity compared to shotcrete sprayed on simply waved or doubly wave tunnel 
surfaces by investigating the failure in shotcrete, failure on rock-shotcrete interface and rock 
deformation. Correspondingly, shotcrete sprayed on a doubly waved surface of a circular 
tunnel has better support capacity compared to shotcrete sprayed on a simply wave tunnel 
surface. 

5. The tunnels in these analyses were circular and the in-plane stresses were equal in two 
directions. Therefore, the main support mechanism of the shotcrete was a structural ring. 
Due to this reason, smooth tunnel surface is very beneficial with respect to the support 
capacity of shotcrete in comparison with simply waved or doubly waved tunnel surfaces. 
For other tunnel shapes, the effect of unevenness need be further investigated. 

6. When tunnel surface was uneven, failure in the shotcrete occurred due to stress 
concentration as well as separation from the rock and associated bending. When shotcrete 
and rock are glued together (good bond) at the interface, the stress concentration solely 
creates the failure. Differences in the support effect of shotcrete between simply waved and 
doubly waved surfaces are small. It also indicates that the interface is a crucial element 
when the interaction between rock and shotcrete is to be simulated. However, in most of 
numerical analyses, the interface is ignored which may result in incorrect output. 

7. When shotcrete is not installed as a close ring along the whole excavation boundary, the 
support capacity of the shotcrete is significantly reduced, especially so for smooth tunnel 
surface. For simply waved and doubly waved tunnel surfaces, the difference in support 
capacity between non-closed and closed installation is quite small. 

8. The influence of unevenness on the support capacity of shotcrete is affected by the modulus 
ratio between shotcrete and rock (see Appendix B, shotcrete-rock modulus ratio is 1 and 
P=0.6 MPa). If the rock is soft, the modulus ratio will be high. More stresses will be carried 
by the shotcrete, hence there will be stress concentrations in the shotcrete which could 
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induce local tensile and compressive failures. If the rock is hard, the modulus ratio will be 
low. There are then less stress concentrations and subsequently less failures occurring in the 
shotcrete. In general, shotcrete with low modulus and high tensile strength is recommended 
for use on an uneven surface to avoid failures in the shotcrete. 

9. In Scandinavian countries, most rocks can be considered hard and stiff and the shotcrete-
rock modulus ratio is thus often smaller than 5 for moderately fractured and massive rock 
mass (RMR>50). For a shallow tunnel, where the stresses (in-situ or secondary stress) acting 
on the rock and shotcrete are relatively low, the stress concentration at the apexes/recesses is 
not large enough to induce failure in the shotcrete despite the tunnel surface being uneven. 
In this case, the primary role of shotcrete is to avoid direct environmental exposure of the 
rock to environment and provide confinement to the surrounding rock mass. Therefore, good 
bond between rock-shotcrete is recommended. However, when the tunnel is deeply located 
(e.g. 4.01 c ) or will be subject to high stress disturbances (e.g. mining activities), the 

rock mass near the tunnel boundary will become fractured and thus the modulus will be 
reduced. In this case, the rock mass will deform significantly and it is very hard to keep the 
shotcrete and rock bonded without damaging the shotcrete. Under these conditions, the role 
of the shotcrete together with bolts is to retain the fractured rock. According to Swan et al. 
(2012), the surface support must first debond from the affected rock surface and then deform 
at an initially high strain rate under bursting conditions. Surface support with such 
mechanical properties as limited adhesion prior to rock failure, high toughness and high tear 
resistance is therefore recommended. 

10. As most tunnel surfaces are uneven due to current blasting techniques and naturally existing 
discontinuities, shotcrete based surface support has to be able to cope and interact with 
uneven surfaces. As is shown by the analyses above, the simulation of 3D unevenness is 
complex and therefore not recommended for use in routine numerical modelling. Instead, 
2D unevenness could be considered in a numerical model in order to include the effect of 
unevenness as the results show that difference between 2D and 3D modelling is negligible. 
No matter which model (2D or 3D) is chosen, the interface between rock and shotcrete 
should be considered in order to investigate the interaction correctly. 
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Appendix A 
 

The load displacement curves from Chang’s tests which have been used as a reference for 
comparison are listed here. For more detailed information, the Chang’s thesis (1994) can be 
referred. 

 
Figure A-1 Load displacement curve of physical model test 1 (smooth and unlined tunnel 
surface). 

 

 
Figure A-2 Load displacement curve of physical model test 3 (smooth and lined tunnel surface). 
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Figure A-3 Load displacement curve of physical model test 4 (simply waved and lined tunnel 
surface). 

 

 
Figure A-4 Load displacement curve of physical model test 7 (doubly waved and lined tunnel 
surface). 
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Appendix B 
In order to study the effect of modulus ratios between shotcrete and rock, additional analyses 

have been performed with reduced shotcrete modulus (shotcrete modulus=rock mass modulus=100 
MPa, the external load was kept at 0.6 MPa). The other parameters were the same as previous 
analyses. The schemes are listed in Table B-1 and B-2. The numerical results are plotted in Figures 
B-1−B-13. 

Table B-1 Research schemes 

 Circular surface 
(Smooth) 

Simply waved surface 
(2D unevenness) 

Doubly waved surface 
(3D unevenness) 

Scheme 1 Without shotcrete 
Scheme 6 Poor interface bond (tensile strength) between shotcrete and rock (shotcrete ring is closed) 
Scheme 7 Good interface bond (tensile strength) between shotcrete and rock (shotcrete ring is closed)  
Scheme 8 Poor interface bond (tensile strength) between shotcrete and rock (shotcrete ring is non-closed) 
Scheme 9 Good interface bond (tensile strength) between shotcrete and rock (shotcrete ring is non-closed) 

 

Table B-2 Interface parameters for different schemes 

 Cohesion /MPa Friction angle / Tensile strength /MPa Remarks 
Scheme 1 / / /  
Scheme 6 0.45 30.0 0.45 Real parameters 
Scheme 7 Infinite high 30.0 Infinite high  
Scheme 8 0.45 30.0 0.4 5 Real parameters 
Scheme 9 Infinite high 30.0 Infinite high  
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(a) Plastic region on rock surface without shotcrete (scheme 1) (b) Legend for plastic region (c) Plastic region on rock 
surface with shotcrete and poor interface (scheme 6) (d) Plastic region on shotcrete surface with shotcrete and poor 

interface (scheme 6) (e) Plastic region on rock surface with shotcrete and good interface (scheme 7) (f) Plastic region 
on shotcrete surface with shotcrete and good interface (scheme 7) 

Figure B-1 Smooth tunnel surface without and with closed soft shotcrete. 
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(a) Plastic region in a cross section without shotcrete (scheme 1) (b) Minor principal stress in a cross section without 
shotcrete (scheme 1) (c) Plastic region in a cross section with shotcrete and poor interface (scheme 6) (d) Minor 

principal stress in a cross section with shotcrete and poor interface (scheme 6) (e) Plastic region in a cross section with 
shotcrete and good interface (scheme 7) (f) Minor principal stress in a cross section with shotcrete and good interface 

(scheme 7) 

Figure B-2 Smooth tunnel surface without and with closed soft shotcrete. 
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(a) Plastic region on rock surface without shotcrete (scheme 1) (b) Legend for plastic region (c) Plastic region on rock 
surface with shotcrete and poor interface (scheme 8) (d) Plastic region on shotcrete surface with shotcrete and poor 

interface (scheme 8) (e) Plastic region on rock surface with shotcrete and good interface (scheme 9) (f) Plastic region 
on shotcrete surface with shotcrete and good interface (scheme 9) 

Figure B-3 Smooth tunnel surface without and with non-closed soft shotcrete. 
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(a) Plastic region in a cross section without shotcrete (scheme 1) (b) Minor principal stress in a cross section without 
shotcrete (scheme 1) (c) Plastic region in a cross section with shotcrete and poor interface (scheme 8) (d) Minor 

principal stress in a cross section with shotcrete and poor interface (scheme 8) (e) Plastic region in a cross section with 
shotcrete and good interface (scheme 9) (f) Minor principal stress in a cross section with shotcrete and good interface 

(scheme 9) 

Figure B-4 Smooth tunnel surface without and with non-closed soft shotcrete. 
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(a) Plastic region on rock surface without shotcrete (scheme 1) (b) Legend for plastic region (c) Plastic region on rock 
surface with shotcrete and poor interface (scheme 6) (d) Plastic region on shotcrete surface with shotcrete and poor 

interface (scheme 6) (e) Plastic region on rock surface with shotcrete and good interface (scheme 7) (f) Plastic region 
on shotcrete surface with shotcrete and good interface (scheme 7) 

Figure B-5 Simply waved uneven tunnel surface without and with closed soft shotcrete. 
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(a) Plastic region in a cross section without shotcrete (scheme 1) (b) Minor principal stress in a cross section without 
shotcrete (scheme 1) (c) Plastic region in a cross section with shotcrete and poor interface (scheme 6) (d) Minor 

principal stress in a cross section with shotcrete and poor interface (scheme 6) (e) Plastic region in a cross section with 
shotcrete and good interface (scheme 7) (f) Minor principal stress in a cross section with shotcrete and good interface 

(scheme 7) 

Figure B-6 Simply waved uneven tunnel surface without and with closed soft shotcrete. 
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(a) Plastic region on rock surface without shotcrete (scheme 1) (b) Legend for plastic region (c) Plastic region on rock 
surface with shotcrete and poor interface (scheme 8) (d) Plastic region on shotcrete surface with shotcrete and poor 

interface (scheme 8) (e) Plastic region on rock surface with shotcrete and good interface (scheme 9) (f) Plastic region 
on shotcrete surface with shotcrete and good interface (scheme 9) 

Figure B-7 Simply waved uneven tunnel surface without and with non-closed soft shotcrete. 
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(a) Plastic region in a cross section without shotcrete (scheme 1) (b) Minor principal stress in a cross section without 
shotcrete (scheme 1) (c) Plastic region in a cross section with shotcrete and poor interface (scheme 8) (d) Minor 

principal stress in a cross section with shotcrete and poor interface (scheme 8) (e) Plastic region in a cross section with 
shotcrete and good interface (scheme 9) (f) Minor principal stress in a cross section with shotcrete and good interface 

(scheme 9) 

Figure B-8 Simply waved uneven tunnel surface without and with non-closed soft shotcrete. 
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(a) Plastic region on rock surface without shotcrete (scheme 1) (b) Legend for plastic region (c) Plastic region on rock 
surface with shotcrete and poor interface (scheme 6) (d) Plastic region on shotcrete surface with shotcrete and poor 

interface (scheme 6) (e) Plastic region on rock surface with shotcrete and good interface (scheme 7) (f) Plastic region 
on shotcrete surface with shotcrete and good interface (scheme 7) 

Figure B-9 Doubly waved uneven tunnel surface without and with closed soft shotcrete. 
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(a) Plastic region in a cross section without shotcrete (scheme 1) (b) Minor principal stress in a cross section without 
shotcrete (scheme 1) (c) Plastic region in a cross section with shotcrete and poor interface (scheme 6) (d) Minor 

principal stress in a cross section with shotcrete and poor interface (scheme 6) (e) Plastic region in a cross section with 
shotcrete and good interface (scheme 7) (f) Minor principal stress in a cross section with shotcrete and good interface 

(scheme 7) 

Figure B-10 Doubly waved uneven tunnel surface without and with closed soft shotcrete. 
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(a) Plastic region on rock surface without shotcrete (scheme 1) (b) Legend for plastic region (c) Plastic region on rock 
surface with shotcrete and poor interface (scheme 8) (d) Plastic region on shotcrete surface with shotcrete and poor 

interface (scheme 8) (e) Plastic region on rock surface with shotcrete and good interface (scheme 9) (f) Plastic region 
on shotcrete surface with shotcrete and good interface (scheme 9) 

Figure B-11 Doubly waved uneven tunnel surface without and with non-closed soft shotcrete. 
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(a) Plastic region in a cross section without shotcrete (scheme 1) (b) Minor principal stress in a cross section without 
shotcrete (scheme 1) (c) Plastic region in a cross section with shotcrete and poor interface (scheme 8) (d) Minor 

principal stress in a cross section with shotcrete and poor interface (scheme 8) (e) Plastic region in a cross section with 
shotcrete and good interface (scheme 9) (f) Minor principal stress in a cross section with shotcrete and good interface 

(scheme 9) 

Figure B-12 Doubly waved uneven tunnel surface without and with non-closed soft shotcrete. 
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(a) Smooth tunnel surface with closed shotcrete (scheme 6) (b) Smooth tunnel surface with non-closed shotcrete 
(scheme 8) (c) Simply waved tunnel surface with closed shotcrete (scheme 6) (d) Simply waved tunnel surface with 

non-closed shotcrete (scheme 8) (e) Doubly waved tunnel surface with closed shotcrete (scheme 6) (f) Doubly waved 
tunnel surface with non-closed shotcrete (scheme 8) 

Figure B-13 Comparison of interface failure among different tunnel surfaces with soft shotcrete 
and poor interface. 


