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Abstract.  To secure the stability of geotechnical infrastructures and minimize failures during the construction 

process, a number of support systems have been introduced in the last several decades. In particular, stabilization 

methods using steel bars have been widely used in the field of geotechnical engineering. Rock bolt system is 

representative support system using steel bars. Pre-stressing has been applied to enhance reinforcement performance 

but can be released because of the failure of head or anchor sections. To overcome this deficiency, this paper proposes 

an innovative support system that can actively reinforce the weak ground along the whole structural element by 

introducing an active tension bolt containing a spring unit to the middle of the steel bar to increase its reinforcement 

capacity. In addition, the paper presents the support mechanism of the active tension bolt based on a theoretical study 

and employs an experimental study to validate the performance of the proposed active tension bolt based on a down-

scaled model. To examine the feasibility of the active tension unit in a pillar, the paper considers a pullout test and a 

small-scale experimental model. The experimental results suggest the active tension bolt to be an effective support 

system for pillar reinforcement. 
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1. Introduction 
 

Because of rapid economic growth, there has been a sharp increase in the number of 

geotechnical infrastructure construction projects such as slopes and tunnels in urban areas. 

Construction sites in urban areas are confined by existing infrastructures and public structures 

(Franzius et al. 2004). Therefore, various support systems have been employed to stabilize 

geotechnical infrastructures and minimize failures during the construction process. In particular, 

stabilization methods using steel bars have been widely used in the field of geotechnical 

engineering. 

Rock bolts represent a primary support system in tunnels based on the new Austrian tunneling 

method. Rock bolts have been widely adopted as primary tunnel support systems using various 

types of steel products (Siad 2001, Osgouiand Ü nal 2009, Blanco-Fernandez et al. 2011, Divi et al. 
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2011, Song et al. 2013). Rock bolt uses steel reinforcements to increase shear strength, and tensile 

strength. Rock bolt binds together a fractured and jointed rock mass and act as a composite beam. 

Rock bolt can be combined with shotcrete and a wire mesh to increase the shear strength of the 

overall ground and minimize ground movements during and after construction. 

Many studies have considered the use of steel bars to reinforce geotechnical infrastructures in 

recent years, including the development of new types of support systems using steel bars (Ansell 

2005), the development of evaluation techniques for rock bolt support systems (Lee et al., 2012), 

theoretical and numerical analyses of support mechanisms (Li and Stillborg 1999, Komurlu and 

Kesimal 2015, Livaoglu 2013, Mahdi and Katebi 2015, Lin et al. 2015), and the development of 

advanced materials that can enhance performance. 

Support systems composed of steel bars and grout not only strengthens or stabilizes a jointed 

rock mass, but also has a marked effect on the rock mass stiffness (Chappell 1989). Pre-stressing is 

applied to enhance the performance of such support systems. The design and construction of 

anchor bolts are standardized in many standard codes such as the AISC (2006), the ACI (1976), 

and the Eurocode (2005) for the static stress of traction and/or shearing. Pre-stress can be secured 

by two-speed resin bonded rock bolt system during the construction (Spearing et al. 2011). 

However, release of pre-stress can be caused not only by the failure of the head or anchor section 

but also by fracture of steel bar and deterioration since mechanical characteristics of structural 

materials change over time (Pells and Bertuzzi 1999, Delhomme et al. 2010). In critical conditions, 

the whole support structure can lose its reinforcement function. When steel bars are used for 

temporary support, machines can be damaged during the removal process. These limitations of 

support systems can increase construction costs and reduce the stability of geotechnical 

infrastructures. In this regard, there is a need to develop an innovative support system using steel 

bars to enhance its performance and efficiency. 

This paper proposes an active tension bolt containing a spring unit to increase the 

reinforcement capacity and durability. The paper presents the support mechanism of the active 

tension bolt through a theoretical study and employs an experimental test to validate the 

performance of the proposed active tension bolt based on a down-scaled tension unit using the 

active tension bolt to reinforce the pillar. In addition, the paper considers pullout test and a small-

scale experimental model to evaluate the practical applicability of the active tension bolt. 

 

 

2. The development of the active tension bolt 
 

2.1 The support mechanism of the active tension bolt 
 

The efficiency and performance of support systems using steel bars or steel pipes combined 

with grouting in tunnels and slopes are influenced by the quality and regularity of grouting (Lee et 

al. 2012). To improve the quality of support systems, various structural shapes of steel bars have 

been developed, and various types of grouting materials have been employed to fill drilled holes 

(Song et al. 2010, Blanco Martín et al. 2011, Chen et al. 2013). Although a steel bar is inherently 

highly stiff, its long-term performance can be affected by corrosion and local failures induced by a 

fracture opening (Jiang et al. 2014). In such a case, the long-term stability of geotechnical 

infrastructures can be affected by the failure of the bolt support system (Pells and Bertuzzi 1999). 

The typical structure of a support system using steel bars is accompanied by grouting after the 

insertion of steel bars into the drilled hole. Recently, tension or pre-stress has been applied to 
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(a) (b) 

Fig. 1 The thickness of the compressed zone and the direction of mobilized skin friction in: (a) the general 

bolt system; and (b) the active tension bolt system (note: Hc1 is the thickness of the compression zone 

from a conventional rock bolt system, and Hc2 is that from an active tension bolt system) 

 

 

enhance support strength. However, the failure of steel induced by corrosion, the separation of the 

steel-grouting interface, and local fractures during the operation can reduce the performance of the 

overall support system and cause stability problems. To overcome the limitations of conventional 

support systems using steel bars, this paper proposes an active tension unit that can maintain its 

performance even after a local failure. 

To develop the support mechanism, grout in the drilled hole and steel bars are assumed to be 

elastic and fully integrated. Although the load transfer mechanism along the axially loaded grouted 

bar is highly complicated and peak bond stress shifts during its progressive failure (Li and 

Stillborg 1999), it can be simplified that the frictional shear strength between grout and ground can 

be considered as a representative element of shear resistance along the active tension bolt. 

The compressed zone developed by the active tension bolt is wider than that for the general bolt 

system. As shown in Fig. 1, skin friction is mobilized along a single direction in the general bolt 

system. However, the elongated tension unit contracts two neighboring steel bar segments and 

mobilizes skin friction in two directions. 

Hc1 and Hc2 define the thicknesses of compression zone. In this study, it is assumed that the 

excavation surface shows active and passive failure due to excavation. When the active tension is 

not introduced, the excavation surface shows active failure and the angle of failure plane is 

governed by active state (θa). When active tension is introduced, the excavation surface shows 

passive failure and the angle of failure plane is governed by passive state (θp).Therefore, the 

arching (compression) zone induced by the active tension bolt is thicker than that for the general 

bolt system (i.e., Hc1 < Hc2). This implies that the active tension bolt can carry higher earth 

pressure in soil. 

The load transfer mechanism induced by the tension unit in the active tension bolt is shown in 

Fig. 2. This mechanism can change depending on the number of tension units and the length of the 

steel bar segment. If a single tension unit is implemented in the active tension bolt, the ground near 
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(a) (b) 

Fig. 2 The load transfer mechanism along the active tension bolt with: (a) a single tension unit; 

and (b) a dual tension unit 

 

 

 

Fig. 3 The stress distribution in the reinforced zone with the active tension bolt 

 

 

the tension unit contracts and forms an arching zone, as shown in Fig. 2(a). If the ground beneath 

the active tension bolt is excavated, then the displacement induced by the excavation can be 

reduced because of the arching effect of the load transfer mechanism. 

If the active tension bolt includes two tension units, then the influential area affected by the 

tension unit is reduced, and the density of the compression force distribution increases. Therefore, 

the ground near each tension unit contracts more and forms a wider arching zone, as shown in Fig. 

2(b). In this case, the ground is supported by the higher tensile force, and there is a significant 

decrease in the displacement induced by the excavation. According to study done by Zhao et al. 

(2013) and Petros (1991), pre-stress introduced bolt creates active arch in the ground around it and 

this arch makes the excavated space self-supported. 

The maximum principal stress developed in the reinforced zone can be shown as Fig. 3. This 

stress increases along the active tension bolt, and its increment (Δσ1) induced by the tension bolt 

with spacing s can be derived as follows 
 

∆𝜎1 = 𝑡𝑎𝑛2  45 +
𝜙

2
 ∆𝜎3 = 𝑡𝑎𝑛2  45 +

𝜙

2
 
𝑝

𝑠2
 (1) 

 

where p is the support pressure of the tension unit, 𝜙 is the friction angle, and Δσ3 is the increment 
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(a) (b) 

Fig. 4 An active tension unit: (a) components of a tension unit; and (b) the specification of the 

active tension bolt 

 

 

of the minimum principal stress. 

In summary, the addition of the spring to a bolt permits stiffer response of sections of the bolt 

to the applied tension such that the tensile loading is applied along the whole length of the bolt, 

thereby engaging the sections of the bolt where the springs are located. 
 

2.2 The structure of the active tensioning module 
 

The active tension bolt is composed mainly of steel bars and a number of active tension units. 

An active tension unit is composed of coil springs, couplers, external cages, fixing bands, and 

fixing covers. Fig. 4(a) presents an active tension unit's components, and Fig. 4(b) shows the 

schematic design of the active tension bolt combined with a tension unit. 

A coil spring is attached to couplers fixed at the end of steel bars. External cages insulate 

couplers and coil springs and protect the system from grout. A hinge-type fixing cover is attached 

to the external cage, and a spring is installed between the fixing cover and the external cage. The 

fixing band rotates to confine the fixing cover and separate external cages. The fixing cover plays 

a role as an anchor when the drilled hole is fully grouted. Mechanical interlocking will be created 

by fixing cover after the drilled hole is fully grouted. Multiple steel bar segments can be connected 

by several tension units in a single set of active tension bolts. The springs are stretched during 

installation, and then permitted to contract after the grout is installed, then there will be active 

tension applied along the tension bolt. 

The type of bar material can be changed according to the application purpose. For the bolt 

support system in a tunnel, for example, glass-fiber reinforced plastic (GFRP) can be used as the 

main support material. GFRP can carry high-tensile stress, and the axial force can support tunnels 

with tension units. 
 

 

3. The performance of the active tension bolt 
 

3.1 The experimental setup 
 

To evaluate the performance of the active tension bolt, an experimental study was conducted. 

Coupler

Anchor module
Coil spring

External cage

Spring

Fixing band

Fixing cover

Steel bar

Active tension unit
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The properties of the spring, the main component of the active tension unit, were determined 

through a simple loading test. A pullout test with the active tension bolt was conducted in a 

chamber. Based on a series of pullout tests, the performance of the active tension bolt was assessed. 

 

3.1.1 The determination of spring properties 
To examine the stiffness and elastic limit of the spring, a simple loading test was conducted 

with a steel spring. In this study, the spring constant was obtained for an industrial spring used in 

the experimental study. In terms of the industrial spring’s physical properties, length, thickness of 

coil, and outer diameter of spring were 18 mm, 0.7 mm, and 8 mm, respectively. 

To obtain the load-displacement relationship, a pullout test setup was adopted. The linear load-

displacement relationship was determined based on the results (Fig. 5(a)). Based on the test results, 

the spring constant for the industrial spring used in this active tension unit was determined as 0.5 

N/mm. However, this spring constant (K) is valid only under 15 Newtons. 

If the stress is sufficiently low, then the solid recovers its original shape and volume when the 

load is removed. However, if the stress increases and exceeds some elastic limit, then the material 

shows some permanent displacement even after the stress is removed. To prevent any plastic 

deformation and maintain the elastic condition during the experimental test, the elastic limit of the 

industrial spring was examined. 

As shown in Fig. 5(b), the load-displacement curve was obtained. The region showing a linear 

load-displacement behavior can be considered the elastic limit. As shown in Fig. 5(b), the 

maximum available load of the industrial spring was 33-35 Newtons. 

 

3.1.2 The pullout test of the steel bar 
The formation of homogeneous sand ground in a chamber is a key factor in an experimental 

study, and the relative density of sand in a chamber should be uniform. In this study, the sand 

ground was prepared using the raining method, and Jumunjin sand was used. Fig. 6 shows the 

particle size distribution of Jumunjin sand. Here 91% of the sand particles passed the No. 40 sieve 

(sieve size = 0.425 mm), and the coefficient of uniformity was 1.47. In this regard, the sand 

particle was considered to have a uniform distribution and classified as SP based on the unified 

soil classification system. 

To form a uniform sand ground sample in the chamber, a preliminary study was conducted to 

determine the falling height and the travel time to achieve the aimed relative density. The dry unit 

weight of the sand ground was controlled for Loose sand ground (dry unit weight = 13.6 kN/m3) 

 

 

  

(a) (b) 

Fig. 5 The load-displacement relationship of the industrial spring: (a) the determination of the 

spring constant; and (b) the determination of the elastic limit 
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Fig. 6 The particle size distribution of Jumunjin sand 

 

 

 

(a) 

 

 

(b) 
 

 

(c) 

Fig. 7 The pullout test setup to obtain the stress-strain curve: (a) a 480 mm rod in a chamber; (b) the location 

of the strain gauge on the rod; and (c) the stress-strain curve of the rod at RO8 

 

 

and dense sand ground (dry unit weight = 15.9 kN/m3) were selected as representative ground 

conditions. The relative density of the loose sand ground and that of the dense sand ground were 

17.9% and 81.9%, respectively. Earth pressure at the center of the chamber was monitored to 
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validate the uniform stress distribution. 

The stress-strain behavior of the material used in the study was obtained from the pullout test 

set (Fig. 7(a)). To obtain the reasonable stress-strain behavior, the rod length was changed. 

However, the diameter of the rod was fixed to 6 cm in all experiments. Because of the capacity of 

the spring, 3 kg was considered the maximum load that could be imposed on the tension unit. 

Strain gages were attached to the rod, as shown in Fig. 7(b). To model the pullout test in sand, the 

rod was completely embedded in the sand during the experiment. Fig. 7(c) shows the 

representative load-strain curve obtained from the pullout test. The rod showed an elastic behavior 

under the working load (3 kg). 

 

3.2 The pullout test with the active tension bolt 
 

An experimental study was conducted to investigate the performance of the active tension bolt. 

A total of 18 cases were examined. Tables 2, 3, and 4 summarize these cases. To examine the 

performance of the active tension bolt under different ground conditions, loose and dense sand 

ground samples were considered. In addition, the surcharge was varied from 60 kg to 120 kg. To 

investigate the effect of the number of tension units on the stress-strain behavior, single and dual 

tension units were added to the middle of the rod. The pullout test for the rod without the active 

tension unit was conducted as a control. Fig. 8 shows the location of the strain gauge and the 

tension unit for the active tension bolt with single and dual tension units and for the control, 

respectively. Fig. 9 shows the test setup for the aforementioned cases. 

The results of the pullout test are similar to those in Fig. 7(c). The peak load and the 

corresponding strain can be obtained from the load-strain relationship. Tables 1, 2, and 3 show the 

experimental results for models without a tension unit, with a single tension unit, and with a dual 

tension unit, respectively. Two tests were conducted for each case, and the results were averaged. 

Fig. 10 shows the mobilized modulus of the active tension bolt based on the surcharge and the 

ground condition. 

The modulus obtained from dense sand was higher than that obtained from loose sand. This 

trend was found in the other cases. Inter-particle friction and interlocking effects in dense sand 

 

 

 

(a) 
 

 

(b) 
 

 

(c) 

Fig. 8 The location of the strain gauge and the tension unit: (a) a single tension unit; (b) a dual 

tension 6 unit; and (c) no tension unit 
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Table 1 The peak load and corresponding strain for a general bolt without an active tension unit 

Without a tension unit Loose sand Dense sand 

Surcharge Location Strain Load (N) Strain Load (N) 

60 Kg 

L01 10.5 30.21 11.25 29.43 

L02 9 30.21 15 29.43 

L03 12.5 30.21 15.75 29.43 

L04 12 30.21 14.25 29.43 

L05 11.5 30.21 12 29.43 

L06 10.5 30.21 12 29.43 

L07 10 30.21 9.75 29.43 

L08 9 30.21 16.88 29.43 

R01 7.16 28.67 10.5 32.08 

R02 8.65 28.67 12.75 32.08 

R03 10 28.67 11.25 32.08 

R04 10.41 28.67 12.75 32.08 

R05 10 28.67 13.5 32.08 

R06 9.58 28.67 14.25 32.08 

R07 9 28.67 12.75 32.08 

R08 8 28.67 15.75 32.08 

90 Kg 

L01 11.49 29.2 8.12 30.9 

L02 10.5 29.2 10.5 30.9 

L03 12.83 29.2 8.5 30.9 

L04 10.5 29.2 7 30.9 

L05 11.2 29.2 7.5 30.9 

L06 11.9 29.2 9 30.9 

L07 12.6 29.2 8 30.9 

L08 13.24 29.2 6 30.9 

R01 11.49 28.81 8.12 32.76 

R02 10.5 28.81 10.5 32.76 

R03 12.83 28.81 8.5 32.76 

R04 10.5 28.81 7 32.76 

R05 11.2 28.81 7.5 32.76 

R06 11.9 28.81 9 32.76 

R07 12.6 28.81 8 32.76 

R08 13.24 28.81 6 32.76 

120 Kg 

L01 9.75 30.12 7.24 30.12 

L02 13.5 30.12 9.8 30.12 

L03 10.53 30.12 11.18 30.12 

L04 14.25 30.12 13.95 30.12 

L05 12.75 30.12 13.16 30.12 

185



 

 

 

 

 

 

Sang-Hwan Kim, Ki-Il Song and Jae-Hyun Park 

Table 1 Continued 

Without a tension unit Loose sand Dense sand 

Surcharge Location Strain Load (N) Strain Load (N) 

120 Kg 

L06 12 30.12 14 30.12 

L07 11.7 30.12 7.7 30.12 

L08 10 30.12 8.4 30.12 

R01 9 30.44 7.24 32.82 

R02 12 30.44 9.8 32.82 

R03 10 30.44 11.18 32.82 

R04 12 30.44 13.95 32.82 

R05 12 30.44 13.16 32.82 

R06 12.5 30.44 14 32.82 

R07 9.75 30.44 7.7 32.82 

R08 8.5 30.44 8.4 32.82 

 

 
Table 2 The peak load and corresponding strain for active tension bolt with a single tension unit 

Single tension unit Loose sand Dense sand 

Surcharge Location Strain Load (N) Strain Load (N) 

60 Kg 

LL1 7.2 30.61 9 30.9 

LL2 6.4 30.61 6.75 30.9 

LL3 6 30.61 6.5 30.9 

LL4 5.6 30.61 5.5 30.9 

LL5 7.6 30.61 5 30.9 

LL6 6.9 30.61 5.5 30.9 

LL7 8.4 30.61 6.5 30.9 

LL8 6.8 30.61 6 30.9 

RL1 7.2 33.36 7.18 27.47 

RL2 6.4 33.36 6.75 27.47 

RL3 6 33.36 5.24 27.47 

RL4 5.6 33.36 5.63 27.47 

RL5 7.6 33.36 6 27.47 

RL6 6.9 33.36 6 27.47 

RL7 8.4 33.36 9 27.47 

RL8 6.8 33.36 8.19 27.47 

90 Kg 

LL1 7.18 27.47 5.1 30.31 

LL2 6.75 27.47 7.5 30.31 

LL3 5.63 27.47 4.67 30.31 

LL4 5.63 27.47 3.5 30.31 

LL5 6 27.47 5.45 30.31 
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Table 2 Continued 

Single tension unit Loose sand Dense sand 

Surcharge Location Strain Load (N) Strain Load (N) 

90 Kg 

LL6 6 27.47 5.2 30.31 

LL7 5.4 27.47 4.3 30.31 

LL8 8.33 27.47 3.05 30.31 

RL1 7.2 28.84 4.1 30.71 

RL2 7.65 28.84 5.5 30.71 

RL3 6.27 28.84 4.67 30.71 

RL4 5.52 28.84 5 30.71 

RL5 7.04 28.84 5.45 30.71 

RL6 6.75 28.84 4.5 30.71 

RL7 10.13 28.84 3.5 30.71 

RL8 8.25 28.84 6.05 30.71 

120 Kg 

LL1 5.56 24.72 8.3 28.65 

LL2 4 24.72 6.39 28.65 

LL3 4.54 24.72 5.3 28.65 

LL4 4.5 24.72 6.68 28.65 

LL5 5 24.72 5.88 28.65 

LL6 4.5 24.72 5.88 28.65 

LL7 3.85 24.72 6.5 28.65 

LL8 4.51 24.72 5.52 28.65 

RL1 5.99 24.23 8.3 31.79 

RL2 4.5 24.23 6.39 31.79 

RL3 4 24.23 5.3 31.79 

RL4 5.37 24.23 6.68 31.79 

RL5 4.5 24.23 5.88 31.79 

RL6 4 24.23 5.88 31.79 

RL7 6.3 24.23 6.5 31.79 

RL8 3.69 24.23 5.52 31.79 

 

 
Table 3 The peak load and corresponding strain for the active tension bolt with a dual tension unit 

Dual tension unit Loose sand Dense sand 

Surcharge Location Strain Load (N) Strain Load (N) 

60 Kg 

LS1 4.29 28.65 2 30.12 

LS2 3.66 28.65 1.33 30.12 

LL9 4.24 28.65 1.33 30.12 

LL10 3.45 28.65 1.83 30.12 

LL11 4.84 28.65 1.67 30.12 
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Table 3 Continued 

Dual tension unit Loose sand Dense sand 

Surcharge Location Strain Load (N) Strain Load (N) 

60 Kg 

LL12 3.71 28.65 2 30.12 

LS3 4.24 28.65 1.17 30.12 

LS4 2.27 28.65 0.83 30.12 

RS1 4.29 31.04 1.83 30.92 

RS2 3.44 31.04 1.5 30.92 

RL9 3.63 31.04 1.5 30.92 

RL10 3.2 31.04 2 30.92 

RL11 3.98 31.04 1.5 30.92 

RL12 3.45 31.04 2.17 30.92 

RS3 3.71 31.04 1.33 30.92 

RS4 2.27 31.04 1 30.92 

90 Kg 

LS1 2.5 28.45 1.5 30.61 

LS2 3.67 28.47 1.12 30.61 

LL9 4.9 28.47 2 30.61 

LL10 3.82 28.47 2.2 30.61 

LL11 3.38 28.47 1.6 30.61 

LL12 2.5 28.45 1.71 30.61 

LS3 3.36 28.47 1.5 30.61 

LS4 3.05 28.47 1.4 30.61 

RS1 3.5 30.56 1.62 31.94 

RS2 3.7 30.56 2.01 31.94 

RL9 4.5 30.56 3.2 31.94 

RL10 3.2 30.56 1.42 31.94 

RL11 3.51 30.56 1.67 31.94 

RL12 2.38 30.56 1.7 31.94 

RS3 3.05 30.56 2.1 31.94 

RS4 2.03 30.56 2.11 31.94 

120 Kg 

LS1 2.5 34.63 1.12 29.24 

LS2 1.33 34.63 1.5 29.24 

LL9 2 34.63 3 29.24 

LL10 0.83 34.63 2.13 29.24 

LL11 1.83 34.63 1.5 29.24 

LL12 2.17 34.63 1.83 29.24 

LS3 2 34.63 1.5 29.24 

LS4 2 34.63 1.17 29.24 

RS1 2.5 448.91 1.12 31.87 

RS2 2.83 448.91 1.5 31.87 
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Table 3 Continued 

Dual tension unit Loose sand Dense sand 

Surcharge Location Strain Load (N) Strain Load (N) 

120 Kg 

RL9 2 448.91 3 31.87 

RL10 2.5 448.91 2.13 31.87 

RL11 2.83 448.91 1.5 31.87 

RL12 3.04 448.91 1.83 31.87 

RS3 2.49 448.91 1.5 31.87 

RS4 2.17 448.91 1.17 31.87 
 

 

Table 4 Effects of the active tension bolt on the horizontal displacement of the pillar 

Test 

Without the active tension bolt With the active tension bolt 

Displacement on 

the left-hand side 

(mm) 

Displacement on 

the right-hand 

side (mm) 

Total 

(mm) 

Displacement on 

the left-hand side 

(mm) 

Displacement on 

the right-hand side 

(mm) 

Total 

(mm) 

Test 1 3.87 7.47 11.34 2.72 4.77 7.49 

Test 2 3.52 7.57 11.09 2.41 3.98 6.39 

Test 3 3.46 8.28 11.74 2.62 4.98 7.6 

 

 

amplified frictional resistance, and therefore pullout resistance increased in dense sand. In the case 

of the active tension bolt with a single tension unit, an increase in the surcharge increased the 

modulus. However, the effect of the surcharge was not consistent in the other cases, implying no 

significant effect of the surcharge on the mobilization of the modulus but a significant effect of the 

initial density of ground. 

The most significant factor affecting the modulus of the bolt was the number of active tension 

units. The case of a bolt without an active tension unit showed the lowest level of the modulus 

(MWO). An increase in the number of active tension units increased the modulus. The modulus of 

the active tension bolt with a single tension unit was twice MWO. In particular, if there are two 

active tension units in a single rod, then the modulus showed the maximum level about five times 

MWO. These results indicate that the use of the active tension bolt enhanced the performance of 

the support system. 
 

 

 

(a) 

Fig. 9 The test setup for the active tension bolt: (a) a single tension unit; (b) a dual tension unit; 

and (c) no tension unit 
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(b) 

 

 

(c) 

Fig. 9 Continued 
 

 

 

Fig. 10 Changes in the modulus from the number of active tension units under a surcharge in loose 

and dense sand (Note: WO, S, and D denote bolt without active tension unit, bolt with single 

active tension unit, and bolt with dual active tension units, respectively) 

 

 

4. The application of the active tension bolt to pillar reinforcement 
 

4.1 The reinforcing mechanism 
 

Peck (1969) reports the distortion induced by the parallel construction of twin tunnels and 

suggests that the distortion of an existing tunnel from the excavation of a nearby tunnel is 

governed by the width and depth of pillars, the main factors influencing the interaction between 
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Experimental evaluation of the active tension bolt 

closely located tunnels. Based on Kim et al. (2012), the portion of some displacement induced by 

tunnel excavation at the same level is less than 10% if the pillar width exceeds the tunnel diameter. 

However, this effect can be influenced by the in situ stress and strength of the ground. Therefore, 

the stability evaluation of the existing tunnel in the context of a nearby tunnel should be carefully 

examined, and Peck’s guidelines may be used in the initial design stages of the parallel 

construction of twin tunnels. 

The average stress (Sp) at the tunnel pillar can be approximated as follows 
 

𝑆𝑝 = 𝛾𝐻  1 +
𝐵

𝜔
 = 𝜎0  1 +

1

𝜔/𝐵
  (2) 

 

where γ is the unit weight, H is the tunnel depth, B is the tunnel width, and ω is the pillar width. 

Schematic diagram is presented in Fig. 11(a). 

The uniaxial compressive strength of the pillar (σp) can be estimated as follows 
 

𝜎𝑝 =
2𝑐 ∙ 𝑐𝑜𝑠𝜙

1 − 𝑠𝑖𝑛𝜙
 (3) 

 

where c is cohesion and 𝜙 is the friction angle. 

Therefore, the safety factor of the tunnel pillar against the initial yield can be defined as follows 
 

FOS =
𝜎𝑝

𝑆𝑝
 (4) 

 

The relationship between the ratio of the pillar width to the tunnel width (ω/B) and that of pillar 

strength to vertical stress (σp/σ0) according to the safety factor can be obtained using Eqs. (2)-(4) 

and shown as in Fig. 11(b). This chart is useful for determining the width of the tunnel pillar from 

the strength and vertical stress of the tunnel pillar. 

According to the design principal for the tunnel pillar width, the pillar stress (Sp) should be less 

than pillar strength (σp) after the pillar yield. If the pillar is weak and cannot satisfy the 

aforementioned condition, then the support system design of the tunnel pillar needs to refer to an 

 

 

  

(a) (b) 

Fig. 11 Design of tunnel pillar: (a) Schematic diagram; (b) Effects of the safety factor on the 

relationship between ω/B and σp/σ0 
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Fig. 12 Changes in the Mohr circle from pillar reinforcement 

 

 

observational analysis, not to an empirical design standard. In general, a guaranteed pillar 

reinforcement method is to increase pillar strength by using the active tension bolt. The 

introduction of pre-stress with the active tension bolt can increase pillar strength. 

If the active tension bolt introduces pre-stress to the tunnel pillar, then the strength of the tunnel 

pillar changes from a uniaxial compression state to a triaxial one. Therefore, pillar strength (σp) 

increases enough to support pillar stress (Sp). In this regard, based on the design principal of the 

active tension bolt for a tunnel pillar, if the in situ stress is σ1, then the pillar stress can be 

increased from 0 to σr through pre-stress, as shown in Fig. 12. 

The design process of the tunnel pillar with the active tension bolt can be described as follows: 

First, the average stress of the tunnel pillar can be derived from Eq. (2). Second, the uniaxial 

compressive strength of the pillar can be derived from cohesion and friction angles based on Eq. 

(3). Finally, the deficient strength of the pillar can be determined using the predefined safety factor 

based on Eq. (4). Here pre-stress is calculated to make the minimum principal stress for σ1 based 

on Figs. 11-12. 
 

4.2 The experimental test and results 
 

Fig. 13 shows the experimental setup for investigating the performance of the active tension 

bolt for pillar reinforcement. Three active tension bolts were installed in 10 cm intervals at the 

center of a pillar fabricated with an acryl plate 1 cm thick (30 cm in width, 40 cm in height, and 50 

cm in depth). LVDTs were installed to measure the horizontal displacement at each wall. Two 

types of test sets were considered: a tunnel pillar with the active tension bolt and that without. 

Therefore, a total of six tests were conducted to investigate the performance of the active tension 

bolt for pillar reinforcement. The vertical load was gradually applied to the top of the specimen 

until it reached 80 kg. Table 4 tabulates the test results. 

As a result, an increase in the stress produced a significant increase in the displacement at the 

wall on the right-hand side when there was no active tension bolt in the pillar. However, the lateral 

displacement increased gradually with an increase in the stress when the pillar was reinforced with 

the active tension bolt. As shown in Table 4, the total wall displacement for the case without the 

active tension bolt and that for the case with the active tension bolt were 11.39 mm and 7.16 mm, 

respectively. That is, 37.1% of the displacement could be reduced by using the active tension bolt. 

This implies the ability of the active tension bolt to reinforce the tunnel pillar. 
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Fig. 13 The experimental setup for investigating the performance of the active tension bolt 

for pillar reinforcement 

 

 

5. Conclusions 
 

This paper proposes an innovative support system that can actively reinforce the weak ground 

along the whole structural element. More specifically, the paper introduces an active tension bolt 

containing a spring unit in the middle of the steel bar to increase the reinforcement capacity, 

presents the support mechanism of the active tension bolt based on a theoretical study, and 

considers an experimental study to evaluate the performance of the proposed active tension bolt. In 

addition, the paper employs a pullout test and a small-scale experimental model to examine the 

suitability of the active tension unit for tunnel pillars. The experimental results suggest that the 

active tension bolt can be an effective support system for tunnel pillar reinforcement. 

The active tension bolt can secure the long-term stability. The tensile force can be released after 

a failure of the anchor system in a mechanical anchor bolt because the tensile force is supported 

and sustained only by the anchor at the end of the bolt. In the active tension bolt, however, the 

tensile force can be maintained even after a failure of the anchor at the end of the bolt because the 

local tension unit is embedded and fixed with grout. Therefore, a local failure induced by a 

fracture opening or a debonding interface induced by corrosion cannot affect the overall stability 

of the bolted section with the active tension bolt. 

Various materials could be incorporated using the active tension bolt for particular purposes. 

For example, Glass-reinforced plastic (GRP) or fiber-reinforced plastic (FRP) can be used as 

support materials. These materials are more brittle than steel, and therefore, the removal of GRP 

and FRP bolts is much easier than that of a steel bolt when it is applied to tunnel face stabilization. 

GRP and FRP are clearly weak against shear, and therefore the application of GRP and FRP should 

be limited to support against the axial force. 

As demonstrated in this paper, the active tension bolt can be used to reinforce pillars. The 

active tension bolt can be applied to slope stabilization and used as a rock bolt system in tunnels. 

In a shallow tunnel, the ground can be reinforced using the active tension bolt before excavation, 

and the active tension bolt can be implemented in various geotechnical fields to stabilize 

geotechnical infrastructures. 
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