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ABSTRACT 
 
Instability of underground excavations causes many problems, it affects safe working environment, 
reduces recovery of minerals and increases costs of mining operations. Following excavation in rock, 
a new stress distribution will be produced around the opening. It is known that after a distance from 
opening boundary, a stable rock arch will be formed regardless of the shape of the opening. Beneath 
this arch there is a plastic, fractured loosened area that required to be stabilised. Conventional 
systematic rock bolting is a common practice. However, experience has shown that in the case of 
severe instability, this type of reinforcement is not satisfactory in controlling roof rock deformations. In 
these circumstances using truss bolts would be a better alternative. This paper investigates the 
mechanism of truss bolts and their interaction with surrounding rock mass using numerical modelling 
techniques. A case study involving a truss bolting reinforced rectangular tunnel in fractured rock mass 
is discussed in comparison with a conventional systematic rock bolting. Design parameters of truss 
bolt system are considered with respect to the shape and dimension of the loosened area and design 
recommendations are presented. Results showed that truss bolt reduces the roof deflection and 
reinforces the loosened area by moving the natural roof arch towards the opening.  
 
Keywords: truss bolt system, reinforcement, natural roof arch, finite element method 
 
 
1 INTRODUCTION 
 
After excavating an underground excavation, in-situ stress distribution causes surrounding rock to 
form a self-supporting arch shaped area which can carry the overburden load to the side rib area. 
Research and experimental observations have proven that for every shape of openings and any kind 
of host rock (i.e. stratified, fractured, blocky and etc.) this natural reinforced arch will be formed above 
the roof. However, in most cases this pressurized self-supporting arch is far away from the roof and a 
relatively larger loosened area is created beneath the arch which requires support (Huang et al., 2002; 
Li, 2006). The concept of natural roof arch is well known and proven by field observations as well as 
numerical techniques (Bergman and Bjurstrom, 1984; Huang et al., 2002). Predominantly, there are 
two ways to make an opening stable. One is to remove most parts of the loosened area to make the 
natural roof arch closer to the roof (arch shape roof) or to make the loosened area stable by installing 
reinforcement or support (Huang et al., 2002; Li, 2006). 
Systematic rock bolt is one of the most common reinforcement systems that can be used in these 
cases. This kind of reinforcement will reinforce the loosened area above the roof by applying a 
confining pressure that makes a reinforced artificial arch shape rock that can carry the load (Lang, 
1961; Lang and Bischoff, 1984; Li, 2006). Other reinforcement system for rectangular tunnels, 
particularly in road way tunnels in coal mines, is truss bolt system. Truss bolt in its simplest form 
consists of two inclined bolts and a tie-rod that connects the inclined bolts. The tie-rod will be 
tensioned horizontally between two blocking points (see Figure 1). The horizontal tension in the tie-rod 
induces a confining pressure via two inclined bolts in the roof, which tights the rock fragments together 
and reinforces the loosened area. This reinforcement system has proven to be very effective in 
application to stratified and fractured roof (Seegmiller and Reeves, 1990; Stankus et al., 1996; Cox, 
2003).  
Until now, several works have been carried out to understand the mechanism of truss bolt and 
propose a design pattern for truss bolt system. Cox and Cox (1978) with respect to experience 
proposed a design procedure based on the assumption that truss bolt produces a reinforced arch 
shape area. Neall III et al. (1978) presented an analytical-empirical design scheme on the basis of 
photoelastic analysis and field experience. Sheorey et al. (1973) statically analysed the position and 
dimension of blocking  points  together  with  the angle of inclined bolts. Liu et al. (2005) proposed a 
design scheme based on the analytical analysis of the truss bolt system. Using numerical modelling,  
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Figure 1. (a) Truss bolt and (b) systematic rock bolt detailed models and dimension of tunnels. 
 
Liu et al. (2001) investigated the effects of truss bolt by studying the area of plastic rock around the 
opening together with displacement at the middle of the span using FLAC (Finite Difference Method 
software). 
In this paper, effects of truss bolt on the stability of roof of the excavation will be investigated with 
respect to the concept of natural roof arch using the Finite Element Method package ABAQUS. A new 
criterion will be suggested to find the natural roof arch. The effects of in-situ stress distribution around 
the tunnel on the natural roof arch will be investigated. A comparison will be made on application of 
systematic rock bolt and truss bolt system followed by studying the effects of several parameters of 
truss bolt design on formation of the reinforced arch and stability of the roof of the opening. Finally, 
optimum design patterns and design recommendations will be presented and discussed. 
 
 
2 EFFECTS OF IN-SITU STRESS DISTRIBUTION ON NATURAL ROOF ARCH 
 
Shape and position of the natural arch around a tunnel is closely related to the stress distribution 
around the tunnel. To investigate these effects, the first step is to find where the natural roof arch is. 
Huang et al. (2002) in their numerical model, using both Distinct Element and Finite Element Methods, 
investigated the effects of horizontal stress on the position of natural roof arch. In their research, the 
position of natural roof arch has been chosen with respect to the concept of invert principal stress 
cone and the thickness of natural roof arch has be chosen as an area where principal stresses are not 
in vertical and horizontal directions except on the apex of the arch. This definition of the natural roof 
arch is visual and is not easy to code in a computer programme. Here we propose another method to 
define the natural roof arch. 
A criterion can be made by choosing a certain value of vertical displacement. The area with 
displacement less than this value is considered as stable. This value can be changed case to case 
with respect to sensitivity of the case. To achieve a qualitative comparison, this value has been 
chosen as 50% of the total displacement at the middle of the roof (the maximum value) for each case. 
Consequently, the natural roof arch will be the line with nearest vertical displacement to 50% of the 
vertical displacement at the middle of the roof.  
 
Model Characteristics: Dimension of the tunnel has been chosen as the common dimension of the 
road way tunnels in coal mines (Figure 1). Because the tunnel is symmetric, only half of the tunnel has 
been modelled. Rock material has been considered as homogenous, isotropic and continuum that fails 
under Mohr-Coulomb failure criterion. It is necessary to mention that with respect to Hoek and Brown 
(1980) and Carranza-Torres (2009), highly jointed and weak rock material can be modelled as 
continuum material with lower rock strength parameters. Rock properties are shown in Table 1.  
Figure 2 shows the changes in the natural roof arch above the tunnel for different in-situ stress 
distributions. It can be seen that for the higher values of k (k=σh/σv where σh is horizontal in-situ stress 
component and σv is vertical in-situ stress component), i.e. the greater horizontal stress (higher 
confining pressure), the natural roof arch is closer to the roof of the excavation resulting in less area of 
loosened rock which agrees with Huang et al. (2002). 
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Figure 2. Natural roof arch for different in-situ stress distributions (k=σh /σv). 

 
 
3 TRUSS BOLT SYSTEM 
 
On the basis of comments by several researchers, from experience and photoelastic analysis, a 
conventional pattern of truss bolt has been modelled to investigate (Figure 1). Length of the tie rod (T) 
has been chosen as 70% of the span (Cox and Cox, 1978), the angle of inclined bolts (α) has been 
chosen as 45 degree as Wahab Khair (1984) showed in his physical model that angle of 45 degree is 
the optimum degree of inclination. The length of inclined bolts (L) has been chosen with respect to 
comments about the rock reinforcement system design, proposed by Lang (1961), that the length of 
rock bolts should be at least half of the span. Therefore, truss bolt characteristics has been chosen as 
L=1.5 m, T=2.4 m and α=45 degree. 
 
Numerical modelling of rock bolt: Rock bolts are modelled as truss elements in ABAQUS which 
have only the tensile strength. This assumption is appropriate when there is no discontinuity crossing 
the rock bolts (Bobet and Einstein, 2011). Inclined bolts are modelled as the end-anchored rock bolts, 
as it is recommended by Cox (2003), by tightening the end of rock bolts to the rock material (no 
rupture is allowed). As far as the end of inclined bolts are anchored to the rock material, when 
displacement happens in the rock, the length of inclined bolts will change with respect to the relative 
displacement at two ends of rock bolts. Consequently, the induced stress by inclined bolts will 
increase. To prevent failure, the maximum allowable pressure is considered as approximately 70% of 
the yield stress of rock bolts (Hoek et al., 1995). In the following models the value of k has been 
chosen equal to 1 (σh=σv=1.1 MPa) to reflect a better understanding of the effects of reinforcement on 
the natural roof arch. Typical rock bolt properties are shown in Table 1. 
 

Table1: Typical rock properties of very poor rock and rock bolt properties. 

Rock properties Rock Bolt properties 

E 500 MPa Diameter 2 cm 

ν 0.2 Yield tensile strength 402.6 MPa 

C 0.5 MPa Ultimate tensile strength 619.7 MPa 

φ 30 Cross-sectional area 314.2 mm
2
 

 

 
Figure 3. (a) Natural roof arch and reinforced arch after installing truss bolt. (b) Reduction percentage 
of vertical displacement at roof after installing truss bolt system. 
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Figure 3(a) shows the position of reinforced arch before, i.e. natural roof arch, and after installing truss 
bolt. It can be seen that after installing truss bolt this arch moves towards the opening, resulting in 
smaller area of loosened rock above the roof. Figure 3(b) shows the changes in reduction percentage 
of vertical displacement at the roof of the excavation. It can be seen that by moving towards the walls 
this reduction increases significantly to 12% at the blocking point. After this point the vertical 
displacement tends to reach the initial value. 
 
 
4 SYSTEMATIC ROCK BOLT 
 
Two patterns of systematic rock bolt have been chosen to compare with truss bolt. According to    
Lang (1961), length of rock bolts should be at least half of the span (L=1.5 m, which is greater than the 
thickness of plastic zone) and spacing should be at least half of the length. Two different spacing have 
been examined (systematic-a1 model consists of 8 bolts on roof and systematic-a2 consists of 4 bolts 
on roof). In addition, to have a fair and reasonable comparison with truss bolt, the sum of the pre-
tension forces of all the rock bolts in systematic rock bolt patterns has been chosen equal to the pre-
tension force at truss bolt system (70% of yield stress of rock bolts). 
Figure 4(a) shows the reinforced arches after installing truss bolt and systematic rock bolt. It can be 
seen that truss bolt shapes a closer arch to the roof in comparison with systematic rock bolt. The 
difference between the results of two systems is greater at the middle of the roof and by moving 
towards the walls both reinforcement systems have approximately the same effect on the position of 
the natural roof arch. One reason for shaping a closer reinforced arch to the roof (smaller loosened 
area) in truss bolt system is that the position of anchor points of the inclined bolts is farther from the 
unstable area beneath the natural roof arch in comparison with systematic rock bolts. This causes the 
inclined bolts to be anchored in more stable rock. In case of vertical displacement at the roof, Figure 
4(b) shows that systematic rock bolt can reduce the deflection of roof more than the truss bolt system. 
Comparing roof deflection and position of reinforced arches for systematic rock bolt and truss bolt 
system (Figures 4a and 4b), it can be concluded that they have different reinforcing mechanisms. 
Systematic rock bolt decreases the vertical displacement at roof by making a reinforced beam (arch) 
in loosened area (Lang and Bischoff, 1984; Li, 2006) but can not significantly change the position of 
the natural roof arch. On the other hand, truss bolt system makes a reinforced rock arch by moving the 
natural roof arch towards the roof and is less effective on the roof deflection. It should be noted that 
this kind of comparison is very simplistic. For a comprehensive comparison of truss bolt and 
systematic rock bolt many factors should be considered at the same time e.g. number of bolts, total 
length of bolts, total tensioning force, etc., which are beyond the scope of this paper. 
 
 
5 DESIGN OF TRUSS BOLT SYSTEM 
 
To find the effects of different parameters of truss bolt on stability of the underground excavation, 
three major design parameters have been chosen to be changed, namely, length and angle of inclined 
bolts and length of tie rod (or position of blocking points). The longest length of inclined bolts that has 
been chosen is 3 m which is equal to span of the tunnel, tie-rod length has been considered from 1.2 
to 2.8 m and angle of inclined bolts has been varied from 15 to 75 degree. Tension force has been 
taken as approximately 55% of the rock bolts capacity to prevent failure of rock bolts. Hydrostatic in-
situ  stress  equal  to  1.1  MPa  is  applied  to  the  tunnel.  A  total  number  of  125  models has been  
 

 
Figure 4. (a) Reinforced arch after installing truss bolt and systematic rock bolt. (b) Reduction 
percentage of vertical displacement at roof after installing truss bolt and systematic rock bolt patterns. 
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generated. To compare these models the area of the loosened rock (beneath the reinforced arch after 
installing truss bolt) has been chosen as the objective to be minimised. Results of these models are 
shown in Figure 5.  
It can be seen that increasing the length of inclined bolts results in smaller loosened area. When the 
length of inclined bolts increases, the anchor point will be farther from the excavation, i.e. anchored in 
more stable rock with less deformation. Therefore, relative deformation of the two ends of inclined 
bolts (truss elements) increases, resulting in more induced pressure (confining pressure) by inclined 
bolts. 
On the other hand, for small length of inclined bolts, the loosened area decreases by increasing the 
angle of inclined bolts from 15 to 45 and then increases for angles bigger than 45 degree. For bigger 
length of inclined bolts (2.5 and 3 m), this trend is completely different and loosened area will be 
smaller by increasing the angle of inclination. This is due to the fact that for short length and big 
angled inclined bolts the anchor point is closer to the loosened area (in some cases within the 
loosened area). Consequently, the inclined bolts can not carry the load and will drop with loosened 
area. This result emphasises further on the importance of locating anchors at the passive area out of 
the loosened area. For length of tie-rod, in case of smaller length and angle of inclined bolts, shorter 
tie-rod length is better. However, by increasing the length and angle of inclined bolts this parameter 
would have less effect on reduction of the loosened area. 
 
5.1 Optimum design 
 
To find the best patterns, models which resulted in upper 15% of reduction in area of loosened rock 
have been chosen (area between 1.82 and 1.84 m

2
). Several researchers pointed out that the anchor 

point of the inclined bolts should be at the passive rib area (above the walls) to prevent failure of 
anchor points and shear crack propagation at the rib (Neall III et al., 1977; Cox and Cox, 1978; Cox, 
2003; Liu et al., 2005). As far as the rock is considered as a continuum medium, shear crack 
propagation at rib area can not be readily modelled. Taking the advice of previous researchers, 
models with anchor point above the roof and length of tie-rod equal to 1.2 can not be accepted as safe 
designs (except for α=45 and L=3 that is anchored at rib area). The acceptable patterns are shown in 
Table 2. 
 

 
Figure 5. Area beneath reinforced arch (loosened area) for 125 different truss bolt patterns. 

 
Table 2: Optimum design patterns. 
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It can be seen from Figure 5 and Table 2 that the best acceptable design parameters are 60 degree 
inclined bolts, 3 m inclined bolts and 2 m tie-rod. In conclusion, for selected tunnel dimensions, in-situ 
stress distribution, rock type and pre-tension force in these models, the angle of inclined bolts should 
be between 45 and 75 degree, length of inclined bolts should be more than 80% of the span and the 
length of tie-rod should be between half and 70% of the span. Also, having the anchor point above the 
rib area for inclined bolts is of vital importance. These results agree well with previous engineers and 
researchers’ experiments (Neall III et al., 1977; Cox and Cox, 1978; Wahab Khair, 1984). 
 
 
5 CONCLUSION 
 
The concept of natural arch with various in-situ stress distributions has been examined and the results 
showed that the greater horizontal stress forms a closer natural arch to the opening and smaller 
loosened area. A common truss bolt pattern, based on existing technical recommendations and field 
studies (Lang, 1961; Cox and Cox, 1978; Wahab Khair, 1984), has been modelled. It has shown that 
after installing truss bolt the reinforced arch will be positioned closer to the roof, resulting in smaller 
loosened area. A comparison has been made between this truss bolt pattern and two patterns of 
systematic rock bolt. Results showed that systematic rock bolt shifts up the natural roof arch but the 
vertical displacements at roof will be less than truss bolt. This can let us conclude that the mechanism 
of truss bolt system and systematic rock bolt are different. Truss bolt system reinforces an arch shape 
structure that can carry the load to the rib area but systematic rock bolt reinforces and stabilize the 
loosened area above the roof. 
Parametric study has been carried out for a number of parameters in a truss bolt system, namely, 
length and angle of inclined bolts and length of tie-rod. A total number of 125 models has been 
examined to find the best combination of parameters which results in smaller loosened area above the 
roof. Results showed that the angle of 60 degree for inclined bolts, 3 m inclined bolts and 2 m tie-rod 
will produce the best results. Also, the angle of inclined bolts should not be less than 45 degree, the 
length of inclined bolts should not be less than 80% of span and the range of tie-rod length outside 
half and 70% of the span is not acceptable. 
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