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Abstract: The short encapsulation pull-out test (SEPT) is extensively used in rockbolting research or 
engineering. The field SEPT is time-consuming and labor-intensive, and its result is only applicable 
to the tested in situ. The laboratory SEPT is usually employed in theoretical rockbolting research 
due to its easily controlled variables. However, the design of laboratory SEPT is quite different, as 
there is no standard testing method, resulting in the applicability and limitations of each study not 
being clear. Accordingly, the aim of this paper is to bridge the gap between laboratory SEPT research 
and field application. On the basis of thick-walled cylinder theory, a mechanical model of a rock 
bolt subjected to axial load was established under consideration of the deformational behavior of 
confining materials around the bolt. Plane stress analysis was introduced to derive the analytical 
relationship between the axial force of the bolt and the deformation of the confining materials. A 
new approach of laboratory SEPT sample design was established, namely, equivalent radial stiff-
ness theory, to simulate anchorage performance in a specific in-situ geocondition. Consequently, 
the field SETP could be replaced by laboratory testing using properly designed bolting samples 
with a certain level of accuracy. In addition, the application scope of previous laboratory SEPT re-
search could be accurately defined. Laboratory SEPT was carried out to study the anchoring perfor-
mance of right spiral rebar bolts under different confining materials. Poly Vinyl Chloride (PVC) 
tubes with a thickness of 31 mm, #60 aluminum (Al) tubes with a thickness of 5.8 mm, and #20 steel 
tubes with a thickness of 5.5, 7.0 mm were used in sample preparation to simulate soft, medium, 
and hard surrounding rocks in the field. The anchorage performance of the bolt under different 
geoconditions was systematically proposed, which provides a technical approach for similar re-
search using different anchoring materials. A negative exponential expression formulating the axial 
load capacity of the right spiral bolts for the full spectrum of the surrounding rocks’ strength was 
derived on the basis of theoretical analysis and data regression. It can be used for preliminary rein-
forcement design, as well as the accurate key parameter setting in the numerical calculation of road-
way deformation using right spiral bolts. The theoretical prediction is highly consistent with the 
testing results in the literature, which confirms the validity and reliability of this research. This 
study contributes to the establishment of a laboratory SEPT standard in rock mechanics. 
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1. Introduction 
Rockbolts have been used to provide ground support in mines for more than one 

century [1–5]. Rockbolts are characterized by highly effective reinforcement and simple 
operation, which can guarantee the rapid development of roadways, the efficient mining 
of working faces, and the safe operation of mines [6]. 

The bolting system consists of four components, namely, surrounding rocks, bolts, 
and internal and external fixtures [7,8]. External fixtures are trays and nuts, which connect 
the reinforcing elements at the roadway surface. Internal fixtures can be divided into three 
types on the basis of the bolt–rock coupling structure, i.e., continuous frictionally coupled 
(CFC), continuous mechanically coupled (CMC), and discretely mechanically or friction-
ally coupled (DMFC) [9], corresponding to mechanical, fully resin-grouted, and partially 
grouted bolts, respectively. 

The reinforcing effect is based on load transfer from unstable surrounding rock to 
stable rock mass through the bolt. The load-transfer capacity of the bolt is one of the most 
important indicators of the bolting effect. Therefore, the accurate estimation of the bolting 
force is fundamental for reinforcement-system design and an important parameter in the 
numerical modeling of the deformation of underground roadways. 

The pull-out test is commonly used to evaluate anchorage performance. In practice, 
the rockbolting failure of fully resin-grouted rockbolts is often at the rock–resin interface, 
the resin, or resin–bolt interface failure. The tensile failure of the bolt shank is rarely ob-
served. Thus, the short encapsulation pull-out test (SEPT) is normally employed to eval-
uate anchorage performance in the laboratory and in the field. As the SEPT measures the 
anchorage performance of rockbolting exclusive to the deformation of the bolt shank, the 
design criterion in SEPT is accordingly that the peak anchorage force should be lower than 
the yielding load of the bolt shank [10]. 

The most straightforward method to measure anchorage performance is the in situ 
pull-out test. According to the GB/T35056-2018 standard [11], in situ pull-out testing holes 
should be drilled at different depths into the surrounding rock. The bolting materials, 
equipment, and procedure should be identical to those on-site. The anchorage length 
should be less than 300 mm, and the test should be conducted within 1–24 h. However, 
the in situ test has the following disadvantages: (1) it is extremely time-consuming and 
laborious; (2) the accuracy of the measurement is low due to the limitation of the instru-
ment; (3) the variation of the testing results is largely due to the complexity of the site 
conditions; and (4) many variables can hardly be controlled, such as the mechanical prop-
erties of the surrounding rock and ground stress. As a result, the repeatability and uni-
versity of the testing result are limited. Field testing is useful in the case of rockbolting 
design for a specific site, but it is inefficient for rockbolting research that focuses on the 
generality of the testing result. 

The laboratory pull-out test is the most popular measure in rockbolting study due to 
its simplicity and high consistency of the data. Currently, there is no universal standard 
for the laboratory SEPT. Researchers often design their testing sample on the basis of the 
studied object and the availability of the material [12–17]. Concrete blocks or steel tubes 
are normally used as the confining material to simulate the surrounding rock in the field. 
For instance, Biumel et al. used cement specimens in investigating the influence of bore-
hole diameter, rock joint, and rock strength on the anchoring effect, the shear- and axial-
stress distribution along the bolt, the performance of the rebar and D bolts, and the an-
chorage-failure model [18–20]. By using steel-tube confinement, Jalalifar et al. studied the 
effect of the bolt profile, resin temperature, resin mixture, installation procedure, and cy-
clic loading on anchoring force [21–27]. All of them, either C20–C40 cement or steel tubes, 
were used as confining materials to prepare the bolting specimen, whereas tubes pro-
duced of other materials are scarcely reported. 

However, the conclusions drawn from laboratory SEPT applied to what kind of field 
geoconditions are not very clear, i.e., the result of a laboratory study is inconclusive if the 
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experiment cannot correspond to a field condition. Studies show that anchorage perfor-
mance is highly related to the geoconditions of the surrounding rock [28–33]. To ensure 
that laboratory SEPT results represent actual anchorage performance, geoconditions 
insitu should be considered in the experimental design. Theory and technology must be 
developed to realize anchorage performance in laboratory testing to be similar to its field 
behavior. 

On the basis of thick-walled cylinder theory, this study establishes the relationship 
between laboratory SEPT sample confinement with the mechanical properties of rock 
mass. On the basis of the equivalent radial stiffness principle, laboratory SEPT was de-
signed using PVC, #6061 Al, and #20 steel as confining material of the specimens to simu-
late the different strengths of rock mass. The anchorage performance of the dextral bolt, 
which is one kind of the two most commonly used rock bolts in the underground coal-
mine industry in China, was investigated under different field geoconditions. The rela-
tionship between the axial loading capacity of the bolt and the elastic properties of the 
surrounding rock was obtained via theoretical analysis, which provides a theoretical basis 
for anchorage-performance prediction in dextral-bolt support design and accurate param-
eters for related numerical modeling. 

2. Materials and Methods 
2.1. Equivalent Radial Stiffness Theory 

Yazici and Kaiser introduced the plane strain analysis of thick-walled cylinder theory 
to the study of rockbolting mechanics [34]. Hyett et al. further applied this method to in-
vestigate the stress distribution of the bolt subjected to axial loading and established a 
framework of rockbolting in field conditions, a theoretical model, and corresponding la-
boratory configuration (Figure 1) [35]. For laboratory testing to reflect the real situation, a 
confining tube with the same radial stiffness to the surrounding rock should be selected 
to prepare the testing sample. 

 
Figure 1. Rockbolting models, modified [34]. 

Under plane stress analysis, according to Lame’s equation, the radial stiffness of a 
tube and the infinite surrounding rock can be expressed as [36]: 𝑆௧ = 𝐸(𝑏ଶ − 𝑎ଶ)𝑎ଷ(1 − 𝑣) + 𝑎𝑏ଶ(1 + 𝑣) (1)

𝑆௥ = 𝐸௥𝑎(1 + 𝑣௥) (2)
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where 
E is the elastic modulus of tube material, MPa; 𝑣 is Poisson’s ratio of the tube material; 
a is the inner tube diameter (borehole radius), mm; 
b is the outer tube diameter, mm; 𝐸௥ is the elastic modulus of the surrounding rock, MPa; and 𝑣௥ is Poisson’s ratio of the surrounding rock. 
For a specific mining site or roadway, the equivalent radial stiffness principle should 

be implemented in laboratory SEPT design, i.e., 𝑆௧ = 𝑆௥ (3)

2.2. Equivalent Radial Stiffness Calculation 
To provide an overview of the tube, the surrounding rock classification is introduced 

here. On the basis of integrality, the uniaxial compressive strength (UCS) of the saturated 
rock sample (𝑅௕) and the self-stability time of the surrounding rock, the surrounding rock 
was classified into 5 categories in the underground mining industry in China, namely, (I) 
stable strata, (Ⅱ) fair stable strata, (Ⅲ) medium-stable strata, (Ⅳ) poor stable strata, and 
(Ⅴ) unstable strata [37]. According to the magnitude of 𝑅௕, it can be roughly simplified 
into 3 categories: for 𝑅௕ > 60 MPa, the surrounding rock is strong; for 30 < 𝑅௕<60 MPa, 
the surrounding rock is medium-strong; and for 𝑅௕< 30 MPa, the surrounding rock is 
weak [38]. According to the statistical relationship between UCS and the elastic properties 
of the rock, the strong, medium-strong, and weak surrounding rocks correlate to 𝐸௥ >50 GPa and 𝑣௥ = 0.15 − 0.20,  𝐸௥ = 15 − 50 GPa and 𝑣௥ = 0.20 − 0.25,  and 𝐸௥ <15 GPa and 𝑣௥ = 0.25 − 0.30, respectively. 

In China, borehole diameter was usually about 30 mm in the bolting support of a coal 
mine, i.e., a = 30 mm. Accordingly, by substituting the above parameters into Equation (3), 
the radial stiffness of the PVC (E = 4.0 GPa and v = 0.35) tube corresponds to the weak 
surrounding rock (Er = 1.0–3.5 GPa, vr = 0.25–0.30). The radial stiffness of the #6061 Al (E = 
68.9 GPa and v = 0.33) tube corresponds to the medium-strong surrounding rock (Er = 15–
50 GPa, vr = 0.20–0.25). The radial stiffness of the #20 steel (E = 206 GPa and v = 0.3) tube 
corresponds to the strong surrounding rock (Er = 50–140 GPa, vr = 0.15–0.20). Figure 2 il-
lustrates the calculation results. 

 
Figure 2. Relationship between tube wall thickness and the elastic modulus of the surrounding rock 
(I–V corresponding to surrounding rock classification). 
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Figure 2 shows that, on the basis of the equivalent radial stiffness principle, tubes 
composed of PVC, #6061 Al, and #20 steel with proper wall thickness nearly cover the full 
range of the surrounding rock’s strength. Figure 2 does not give the corresponding tube 
materials and wall thickness of the surrounding rock with the elastic modulus of 3.5 to 15 
GPa, and materials such as C20 to C40 concrete can be used to mimic the surrounding 
rock or used material with an elastic modulus of roughly 20 to 30 GPa. Currently, the 
material with an elastic modulus of roughly 20 to 30 GPa has not been found to be avail-
able, and using C20 to C40 concrete is the universal method used by many researchers. 
Consequently, a series of laboratory SEPT were conducted to investigate the anchorage 
performance of dextral bolts under different confining materials. 

3. Laboratory Configuration 
(1) Bolt 

Two kinds of dextral bolt were studied. First was the original dextral bolt commonly 
used in underground support. It is a dextral-threaded, nonlongitudinal imprint with a 
diameter of 20 mm and rib spacing of 12 mm. Second was a modified dextral bolt, which 
was in a rib spacing of 48 mm through polishing out three transverse ribs. Both bolts were 
cut to a length of 280 mm, as shown in Figure 3. Table 1 shows the geometric and me-
chanical parameters of the testing bolts. 

 
Figure 3. Dextral bolt, rib spacing 12 or 48 mm. 

Table 1. Geometric and mechanical properties of bolts. 

Properties Values Properties Values 
Diameter ϕ (mm) 20.0 Transverse rib 𝑤௧/bottom width 𝑤௕ (mm) 4.3/5.6 

Transverse rib height h (mm) 1.8 Rib spacing L (mm) 12 or 48 
Yielding strength δs (MPa) 403.1 Tensile strength σt (MPa) 567.5 

(2) Confining tubes 
The tubes were composed of PVC, # 6061 Al, and # 20 steel, respectively. The geo-

metric parameters of the tubes are shown in Figure 4. The inner wall was treated through 
wire cutting to 1.0 mm depth to enhance the friction between resin and the inner wall of 
the tube, thus that there was no slippage in the resin–tube interface over the pull-out pro-
cess [39]. 
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Figure 4. Dimensions of confining tubes of different materials. 

(3) Resin anchorage agent 
In this test, medium-curing-time resin produced in accordance with the MT146.1-

2011 standard [40] was used as the grouting material. On the basis of uniaxial compressive 
and shear tests, the UCS of the resin grout was 60.9 MPa, cohesion was 19.1 MPa, and the 
internal friction angle was 32.3°. 
(4) Pull-out specimens 

After the resin had been cured, the specimens were placed in an incubator at a tem-
perature of (22 ± 1) °C for 24 h. The pretesting specimens are shown in Figure 5. 

 
Figure 5. Specimens for pull-out tests. 

  



Appl. Sci. 2021, 11, 8041 7 of 13 
 

4. Results and Discussions 
4.1. Experimental Results 

High-strength # 40 Cr steel was used to manufacture a pulling cell to content the 
testing specimen. WAW-600C microcomputer-controlled electrohydraulic servo-testing 
machine was used to conduct the test, and loading displacement was controlled at a speed 
of 1 mm/s. Figure 6 illustrates the pull-out testing arrangement. 

 
Figure 6. Pull-out test arrangement. 

Figure 7 shows the load–displacement curves of all tests. There were three pull-out 
specimens for each type of confining tubes. Table 2 lists the average axial anchorage load 
capacity and standard deviation of the axial force. It shows that, for the original dextral 
bolt compared with PVC tube specimens, the average peak anchorage force of the Al tube 
and the steel tube specimens increased by 31.5%, 78.0%, and 97.3%, respectively. For the 
modified dextral bolt, the peak anchorage force of the Al tube and the steel tube specimens 
increased by 22.5%, 89.6%, and 99.8%, respectively, compared to that of the PVC tube. The 
axial load capacity of the bolt thus increased with an increase in the radial stiffness of the 
confining materials; anchorage performance may be quite different for the same dextral 
bolting support system but in the different surrounding rock. Meanwhile, the experi-
mental results also highlight the influence of rib spacing on the anchorage force. In this 
case, increasing the rib spacing also increases the anchorage force, as reported by experi-
mental works [24]. 

  

(a) (b) 

Figure 7. Load–displacement curves. (a) Bolt with rib spacing of 12 mm; (b) bolt with rib spacing of 48 mm. 
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Table 2. Pull-out test results. 

Confinement 
Average Anchorage Force (Standard Deviation) (kN) 

Rib Spacing (12 mm) Rib Spacing (48 mm) 
Steel (7.0) 131.0 (1.0) 164.6 (2.7) 
Steel (5.5) 118.2 (4.5) 156.2 (3.3) 

Al 87.3 (8.0) 100.9 (16.1) 
PVC 66.4 (3.5) 82.4 (2.6) 

4.2. Anchorage Force vs. Radial Stiffness 
Using Equation (1), the radial stiffness of the tubes of PVC, Al, and steel with wall 

thicknesses of 5.5 and 7.5 mm used in the test could be calculated as 0.15, 1.00, 2.90, and 
3.63 GPa/mm, respectively. Figure 8a,b show the relationships of the average peak an-
chorage force with the radial stiffness of confinement for the original and modified dextral 
bolting sample, respectively. Combined with Figure 2 and Equation (1), the radial stiffness 
of 0.85 and 2.90 GPa/mm represent the boundaries between the weak/medium-strong and 
medium-strong/strong surrounding rock, respectively, as indicated by the two dotted 
blue lines in Figure 8a,b. 

  
(a) (b) 

Figure 8. Relationship between tube radial stiffness and measured peak anchorage force. (a) Bolt with rib spacing of 12 
mm; (b) bolt with rib spacing of 48 mm. 

To study the pattern of the bolting capacity vs confinement curves, the following 
negative exponential relationship was proposed for peak anchorage force and the radial 
stiffness of the confinement in this study: 𝐹௉ = 𝐴 − 𝐵𝑒ି஼∙ௌ (4)

where 𝐹௉ is the anchorage load capacity (kN); 
S is the radial stiffness of confining material (GPa/mm); 
A is a constant, it is the peak anchorage force while S→+∞; 
B is a constant, thus that (A-B) equals the peak anchorage force at S→0; and 
C is the curvature parameter. 
Using Equation (4) to fit the experimental data of the two kinds of dextral bolt, the 

fitting curves of the peak anchorage force and the stiffness of the confinement for original 
and modified dextral bolts can be expressed as the following equations, shown in Figure 
8a,b, respectively. 
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𝐹௉ଵଶ = 146.0 − 87.1𝑒ି ହଵଵௌ (5)𝐹௉ସ଼ = 174.8 − 103.3𝑒ିଵ଴ଵ଻ௌ (6)

Determinations 𝑅ଶ for Equations (5) and (6) are 0.99; thus, Equation (4) is suitable to 
determine the relationship between peak anchorage force and stiffness of the confinement. 

4.3. Validity Study of Equation (4) 
This section further discusses the validity of Equation (4). In the equation, parameter 

A is the theoretical peak anchorage force when the radial stiffness of the confinement 
S→+∞, i.e., the peak axial force of a bolt anchored within an extremely rigid confining rock 
mass. A previous study [41] identified that rockbolting failure while subjected to the axial 
load can be classified into two modes: parallel shear failure and expansive slippage fail-
ure, as shown in Figure 9. 

 
Figure 9. Rockbolting failure modes. Red line: parallel shear failure; blue line: expansive slippage 
failure [41]. 

Parallel shear failure occurs along a cylindrical interface between bolt and resin, 
whereas expansive slippage failure takes place within the resin material under the trans-
verse rib of the bolt and then slips along the axial direction while expanding in the sur-
rounding material. Under the condition of the infinite radial stiffness of the confining 
tube, expansion slip failure cannot occur. In other words, anchorage failure can merely 
exhibit parallel shear failure. In such a situation, the axial force of the bolt equals the shear 
stress along the failure interface [41]: 𝐹் = 𝜏௕௚𝐴௕௚ + 𝜏௚𝐴௚ (7)

where 𝐹் is the axial load (N); 𝜏௕௚ is the shear stress along the resin/bolt interface (MPa); 𝐴௕௚ is the area of the resin/bolt interface (mm2); 𝜏௚ is the shear strength of the resin of the parallel shear failure interface (MPa); and 𝐴௚ is the area of the parallel shear failure interface (mm2). 
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In critical state, 𝜏௕௚ = 𝑐௕௚ + 𝑝 tan 𝜙௕௚ (8)𝜏௚ = 𝑐௚ + 𝑝𝑡𝑎𝑛𝜙 (9)

where 𝑐௕௚ is the cohesion of the resin–bolt interface (MPa); 
p is the confining pressure when failure occurs (MPa); 𝜙௕௚ is the internal friction angle of the resin–bolt interface (°); 𝑐௚ is the resin cohesion (MPa); and 𝜙 is the internal friction angle of resin (°). 
According to the specimen size and dextral-bolt dimensions (Table 1 and Figure 9), 

ratios l/L were 64% and 91% for the original and modified dextral-threaded bolt, respec-
tively. The outer diameter of the bolt R = 11.8 mm under both conditions. Therefore, for 
the bolt with a rib spacing of 12 mm, we have 𝐴௕௚ = 2657 mm2 and 𝐴௚ = 4757 mm2. For 
the bolt with the rib spacing of 48 mm, we have 𝐴௕௚ = 664 mm2 and 𝐴௚=6750 mm2. For 
resin mechanical properties, 𝑐௚ = 19.1 MPa and ϕ =32.3 °; for the mechanical properties 
resin–steel interface, we assumed 𝑐௕௚ = 𝑐௚/2 and 𝜙௕௚ = 𝜙/2. Confining pressure p is 
mainly caused by the shrinkage of the resin, thus, we assumed p = 5.0 MPa [41]. Substitut-
ing these parameters into Equations (7–9), the theoretical 𝐹்ଵଶ = 135.1 kN, and 𝐹்ସ଼ =157.6 kN. Compared with the experimental data of 𝐹௣ଵଶ = 146.0 kN and 𝐹௣ସ଼ = 174.8 kN, 
two theoretical values agreed well. 

According to Equation (3), (A-B) is the anchorage force when radial stiffness S→0. At 
present, there is no commonly accepted approach to estimate the peak anchorage force in 
such situations. The minimal peak anchorage force should be related to bolt type and 
grout strength but is independent of the surrounding rock conditions. In this study, the 
theoretical peak anchorage force without the radial stiffness of confining material for the 
original dextral bolt was 58.9 kN, which can be used as a reference for subsequent study. 

4.4. Failure Mode 
Figure 10 shows the post-testing specimens. Two failure modes can be identified. The 

failure interface of the bolting specimens with a rib spacing of 12 mm was nearly a regular 
cylinder surface, which indicates that its predominant failure mode was a parallel shear 
failure. For the dextral bolt with rib spacing of 48 mm, the grout of specimens was rela-
tively broken, and blocky grout accumulated beneath the transverse rib, suggesting that 
of the bolt was dominated by the expansive slippage failure. The difference between these 
two failure modes can be understood in the previous study [41]. In addition, it suggests 
that changing the rib spacing can change the failure mode and process of the anchorage 
system. Therefore, it may improve the bolt anchoring performance by optimizing the bolt 
rib spacing. 
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Figure 10. Failure modes of bolt specimens with different rib spacings. 

5. Conclusions 
SEPT is an effective approach to study the reinforcement mechanism and bolting-

support technology. To realize laboratory SEPT results reflecting site conditions, the in-
fluence of radial stiffness on reinforcement performance was studied. The following con-
clusions are summarized on the basis of laboratory testing and theoretical analysis. 
(1) On the basis of thick wall cylinder theory, an equivalent radial stiffness method was 

developed to establish the relationship between the confining tube in the laboratory 
and the elastic properties of surrounding rock (Equations (1–3)). Calculation results 
showed that the PVC tube (E = 4.0 GPa and v = 0.35) corresponds to the radial stiffness 
of the weak surrounding rock (Er = 1.0–3.5 GPa, vr = 0.25–0.30); Al tube (E = 68.9 GPa 
and v = 0.33) corresponds to the medium-strong surrounding rock (Er = 15.0–50 GPa, 
vr = 0.20–0.25); and the steel tube (E = 206 GPa and v = 0.3) corresponds to the strong 
surrounding rock (Er = 50.0–140.0 GPa, vr = 0.15–0.20). This can be used to improve 
the accuracy of laboratory SEPT results towards the site outcome (Figure 2). 

(2) Two kinds of dextral-threaded bolt were studied using the developed method of this 
study. PVC, Al, and steel tubes were used as confinement in laboratory SEPT, and 
anchorage performance was obtained under different surrounding rock strength lev-
els (Figure 7). The results show that axial load capacity increased with the increase in 
radial stiffness of the confining materials. Compared with PVC tube specimens, peak 
axial force was nearly double when using thick steel tubes (Table 2). 

(3) On the basis of theoretical analysis and curve fitting, the relationship between the 
average peak axial force and radial stiffness of the confining materials was proposed 
to be a negative exponential (Equation (4)) function. A validity study was conducted, 
and its result showed that the proposed relationship agreed well with the theory in 
the literature. The developed equation could be used to determine the performance 
of a specific bolt under different field geoconditions and provide accurate parameters 
for numerical modeling. 

(4) Post-testing specimens showed that the failure modes of the original and modified 
dextral bolts were parallel shear failure and expansive slippage failure, respectively 
(Figure 10). As anchorage performance is determined by the load-transfer mecha-
nism in a bolting system, which is closely related to the failure model of rockbolting, 
it may be practical to design and realize different anchorage effects for different field 
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geoconditions via controlling the technology of rockbolting failures, such as with re-
bar-profile modification. 
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