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Bolts are widely employed as an effective ground reinforcement element to secure the underground workplaces. Due to their
inherent accessibility, low cost, and easy implementation, rebar bolts are the most popular and commonly used reinforcement in
ground support systems. However, it is expensive to obtain failure stage data from in situ pullout tests to study the ultimate
bearing capacity of rebar bolts. In this paper, several function models that are commonly used for predicting the ultimate bearing
capacity of bolts are presented. Based on these models, a general function model is constructed to replicate the relationship
between the load and displacement of a rebar bolt in a pullout test. In addition, the value ranges of relevant parameters in the
function model are also assessed. By analysing the general function model, an improved exponential and power function model,
which is essential to bolt design, is presented to simulate the load-displacement curve and predict the ultimate bearing capacities of
bolts. Comparisons between the improved exponential and power function model and other regular models show that the former
has a higher calculation accuracy and good stability. Moreover, a comparison of the predicted ultimate bearing capacity and the
test results indicates the reliability of the improved exponential and power function model. -e improved exponential and power
function model can provide theoretical guidance for the design of rebar bolts applied in reinforcement engineering.

1. Introduction

In civil and mining engineering, bolts are widely used to
stabilize underground excavation operations owing to their
high load-bearing capacity and low cost [1]. As the depth
involved in rock mass engineering increases, the sur-
rounding rock is subjected to more complicated geostresses
[2, 3]. -e damage and failure of the bolts, such as through
prestress loss, plate failure, and bolt shank rupture, have
become substantial problems in deep underground engi-
neering applications. Numerous field and experimental tests
[4], theoretical analyses, and numerical simulations [5] have
been conducted to analyse ground deformation and bolt
fracture failures [6]. In addition, numerous studies have
investigated the mechanical behaviors of rock-grout and
grout-bolt interfaces [7]. Elastic wave analysis is a traditional

nondestructive testing method used to investigate the me-
chanical behaviors of bolt interfaces. Starkey et al. [8]
proposed the acoustic stress wave method, which can an-
alyse large-area bolting systems based on the theory of the
small-strain dynamic pile measurement technique [9].
-runer [10] used the ultrasonic method to detect fully
grouted bolts and obtained satisfactory results. However, the
ultrasonic method is not suitable for long bolts because the
ultrasonic wave attenuates during the propagation process.
Compared with ultrasonic detection technology, ultrasonic
guided waves have less attenuation and a longer propagation
distance, thereby providing good application prospects in
nondestructive tests. Zhang et al. [11] used guided waves to
detect anchorage quality and determined the optimal ex-
citation frequency. Moreover, they established a correlation
between cement solidification time and wave velocity. -e

Hindawi
Advances in Civil Engineering
Volume 2020, Article ID 4934260, 9 pages
https://doi.org/10.1155/2020/4934260

mailto:tgfeng75@163.com
https://orcid.org/0000-0002-9039-9144
https://orcid.org/0000-0002-6345-0530
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/4934260


aforementioned studies significantly contributed to devel-
oping methods by which to evaluate the condition of bolting
systems; however, these studies did not involve ultimate
bearing capacity predictions.

-e ultimate bearing capacity of a bolt is influenced by
the anchorage quality [12], rock/soil-induced stress changes
[13], bolt diameter [14], grout properties [15], bar shape [16],
and embedment length [17]. However, the ultimate bearing
capacity of a bolt is not clearly understood and, to some
extent, the basis for bolting design is still empirical or
semiempirical [18].

Based on the anchor pullout mechanism, the ultimate
bearing capacity of a bolt is mainly composed of the bond
stress of the grout and the friction force of the rock-bolt
interface (Figure 1). Chen [19] proposed a formula for
calculating the ultimate bearing capacity of an expanded bolt
in sand. Zhuang et al. [20] presented formulas for the ul-
timate bearing capacity of a single bolt and for groups of
bolts. Nevertheless, the application scope of the above
formulas is limited due to geotechnical plastic limit balance
theory. -erefore, a destructive experiment is needed in
order to obtain an accurate value of the ultimate bearing
capacity of a bolt.

A pullout test is a common destructive experiment used
to obtain the curves of bolt static load (P) and displacement
(S), as shown in Figure 2. -e test results show that the
tensile load of a bolt increases to the peak value when the
axial displacement is very small and then decreases to the
residual value with the further increase of the axial dis-
placement [21]. Long [22] proposed hyperbolic and expo-
nential models to simulate the P–S curve of a pullout test and
predict the ultimate bearing capacity of a bolt. Later, Jiang
et al. [23] modified the hyperbolic model and proposed
adjusted and corrected hyperbolic models, which provided
increased prediction accuracies in some cases. However, the
empirical parameters used in the theoretical calculation
methods are inconsistent with the actual parameters. Zhao
[22] established an optimal combined prediction model,
which is composed of hyperbolic and exponential models.
Following a similar approach, Tu et al. [24] combined hy-
perbolic and exponential models to predict the ultimate
bearing capacity of a single pile, in which they noted that the
weight of the exponential model was greater than that of the
hyperbolic model in most circumstances. Hyperbolic and
exponential models are two special cases of a power model,
which is more suitable for simulating the load-displacement
curve of a pile [25].

Due to the complexity of the reinforcement objects and
the diversity of the anchorage modes, there is still no unified
understanding in the research of the pull-load transfer
mechanism of bolts. No calculation methods can precisely
describe the stress distribution evolution of a bolt effectively,
and the methods have difficulty reflecting the nonlinear
characteristics of bolt-interface shear slipping. Due to the
lack of necessary connections and transformations between
theoretical analyses and engineering measurements, the
results of the theoretical analyses and engineering mea-
surements are quite different and cannot accurately meet the
needs of practical engineering. At present, most anchorage

projects still rely on analogy methods or semiempirical and
semitheoretical methods for design and construction, which
leads to waste in some projects due to a design strength of the
bolt that is too high, or to hidden dangers in some projects
due to design strength of the bolt that is too low for safety
construction. -erefore, the prediction of the ultimate
bearing capacity of bolts needs further research.

-e anchoring strata studied in this paper are gravel sand
viscous soil, middle coarse sand mixed clay, and granite
residual soil. In this case, it is a fully grouted bolt and the bolt
can resist the upward displacement of the buildings on it. It
is related to the height and change of the underground water
level. -e length of the bolt ranges from 6 to 15m, and the
diameter of the bolt grouts ranges from 150 to 180mm. -e
anchor bars are 32mm threaded rebars. -e holes are drilled
and injected with pure cement mud under normal pressure
conditions. -e ultimate bearing capacity of the bolt is
predicted by an optimized function model with limited
measured data from pullout tests. Some practical cases of
pullout tests are analysed to verify the validity of the model.

-e rest of the paper is organized as follows. In Section
2, we briefly discuss the basic concept of the function model
used for simulating P–S curves. In Section 3, to demon-
strate the effectiveness of the model, the model predictions
are compared with pullout test results from the literature.
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Figure 1: Schematic diagram of a pullout test.
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Figure 2: Schematic diagram of the load-displacement response of
a bolt.
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In the last section, a summary and conclusions are
provided.

2. Function Model

In the pullout test, firstly, piercing Jack is set on the test bolt
bar, and then the upper part is welded to the steel plate or
steel bar. -e base acts on the ground through small steel
beam and pressure plate platform. Finally, the electric oil
pump is used to pressurize the Jack and load in stages. -e
criterion for the end-loading of the test is that the dis-
placement of the anchor head does not converge, and the
criterion for the failure of the bolt is that the displacement
increment under a load is twice that of the previous stage.
-e ultimate bearing capacity is the load in the stage prior to
that when the bolt is damaged.

-ere are three stages during the pullout process of a
bolt: the elastic stage, elastic-plastic stage, and failure stage.
As shown in Figure 2, the theoretical P–S curve of a bolt has
five characteristics: crossing origin, nonnegative bounded-
ness, monotonical increase, infinite convergence, and con-
vexity. -us, a reasonable function model used to simulate
P–S curve of a bolt should satisfy the above features. Hy-
perbolic, adjusted hyperbolic, corrected hyperbolic, expo-
nential, and power function models have often been used to
simulate the P–S curves of bolts [22]. -rough a compre-
hensive analysis of the characteristics of exponential, hy-
perbolic, and power function models, it can be found that
they all have the same structure, which is expressed as

P � Pu 1 −
x

f(S)
 , (1)

where Pu is the ultimate bearing capacity, x is an unknown
parameter, and f(S) is the function factor, which is not equal
to zero. Assuming that f(S)� S+ a and x� a in equation (1),
the hyperbolic model can be obtained. -e criteria for ex-
ponential model design are f(S)� eaS and x� 1. Moreover,
the power function model is obtained when f(S)�(1 + aS)b
and x� 1. -erefore, equation (1) can be regarded as a
general function model to simulate the P–S curve of a bolt.

As mentioned above, equation (1) needs to cross the
origin, have nonnegative boundedness, monotonically in-
crease, have infinite convergence, and exhibit convexity.
-ese characteristics are analysed hereafter.

(1) Crossing the origin: S is equal to zero when 1− x/
f(S)� 0, which stipulates that f(0)� x≠0.

(2) Nonnegative boundedness: let 0≤1− x/(S)≤ 1 in
equation (1), which represents the state that satisfies
this condition.

(3) Monotonical increase: differentiating equation (1)
with respect to S and letting the result be greater than
or equal to zero yields dP/dS� [Pu(1− x/
f(S))]’� −Pu·x·f ’(S)/f 2(S)≥ 0.

(4) Infinite convergence: given limS⟶∞(x/f(S)) � 0,
the load P approaches the ultimate bearing capacity
Pu as the displacement S increases.

(5) Convexity: the load-displacement curve should be
continuous and exhibit convexity, which stipulates
that equation (1) must satisfy

d2P
dS

2 � Pu 1 −
x

f(S)
  

″
� Pu · x ·

f′(S)

f2(S)
 

′

� Pu · x ·
f″(S) · f(S) − 2f′2(S)

f
3
(S)

� Pu ·
x

f(S)
·

f″(S)

f(S)
−
2f′2(S)

f
2
(S)

⎡⎣ ⎤⎦≤ 0,

(2)

that is,

f″(S)

f(S)
≤ 2

f′(S)

f(S)
 

2

. (3)

Based on the above analysis, it can be concluded that the
function factor f(S) should satisfy the following equation:

f(0) � x≠ 0,

0<
x

f(S)
 ≤ 1,

lim
S⟶∞

f(S) �∞,

x · f′(S)≥ 0,

S≥ 0, f(S)≠ 0,

f″(S)

f(S)
≤ 2

f′(S)

f(S)
 

2

.
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⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(4)

Equation (4) is used to select the function factor for real
applications. Note that the actual P–S curve of a bolt exhibits
convexity overall, but there may be local concave points.
-erefore, the last item in equation (4) is only used as an
auxiliary condition.

Previous studies have used hyperbolic, exponential, and
power function models to simulate P–S curves [22]. -e
adjusted hyperbolic (AH) model, which is an improved
version of the original hyperbolic model, has extensive
applicability. -e equation of this model is

P � Pu

S

S + aS/ S
1.5

+ Sn−1   + b
, (5)

where P is the load, S denotes the bolt displacement, Sn−1
represents the measured displacement under the load in the
previous stage, and a and b are unknown parameters to be
determined.

-e corrected hyperbolic (CH) model is also based on the
hyperbolic model. -is model satisfies
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P � Pu

S

a + S + bS
c, (6)

where bSc represents a regulator.
-e accuracy of the exponential model is poor. Hence, in

this paper, we use the general function model, shown in
equation (1), to obtain the improved exponential (IE) model:

P � Pu 1 −
1 + k

e
aS

+ k
 , (7)

where a and k are unknown parameters.
To some extent, the introduction of other functions can

improve the accuracy and the adjustment range of a single
model. Furthermore, the coordinated combination of dif-
ferent function models enables the simulated curve to more
closely approximate the actual values. Equation (4) was used
to select appropriate factors to construct an improved ex-
ponential and power function (IEPF) model, which was used
to simulate the load-displacement curve of a pile [18]:

P � Pu 1 −
1 + k

e
as

+ k
(bS + 1)

c
 , (8)

where a, b, c, and k are fitting parameters. -e precision of
the IEPF model is higher than that of IE model [25]. In this
paper, we applied the IEPF model, an optimized function
model, to predict the ultimate bearing capacity of a bolt.

-e parameters of the AH model were determined
through regression analysis. -e rest of the models followed
the principle that the sum of the squared errors (SSE) should
be minimized. -e fmincon function in MATLAB was used
for parameter fitting.

-e simulation results were evaluated using the accu-
racy, stability, and precision of the ultimate bearing capacity
prediction for a bolt. Accuracy was measured by the absolute
SSE and standard error (SE). Stability was evaluated by pure
mean square error (SSPE) and relative standard error (SPE).
Relative error (SS) was used as a precision measure for the
ultimate bearing capacity prediction of a bolt:

SSE � 
N

i�1
Pi
′ − Pi( 

2
, (9)

SSPE � 
N

i�1

Pi
′ − Pi

Pi

 

2

, (10)

SE �

�������������

1
N



N

i�1
Pi
′ − Pi( 

2




, (11)

SPE �

��������������

1
N



N

i�1

Pi
′ − Pi

Pi

 

2



, (12)

SS �
Pu
′ − Pu

Pu

× 100%, (13)

where N is the number of measured data; Pi
′ and Pi represent

the predicted and measured values of bearing capacity,
respectively; Pu

′ denotes the predicted ultimate bearing ca-
pacity; and Pu is the test value.

3. Numerical Results

To verify the rationality of the proposed functionmodels, the
load-displacement results of bolts from four field tests in the
literature are presented hereafter.

3.1. Example 1. In example 1, experimental in situ pullout
tests on 12m long and 15m long bolts conducted by Wang
et al. [26] are presented. -e material properties of the bolts
are LA1 � 12m, LA2 �15m (L is the length of the bolt),
rA1 � rA2 � 32mm (r is the radius of the bolt), and
rg � 180mm (rg is the radius of the grout). -e anchorage
stratum is granite residual soil and the grouting material is
cement.-e test results are listed in Table 1, in which P is the
applied load and SA1 and SA2 represent the displacement of
bolts A1 and A2 under the applied load in each stage, re-
spectively. Using equations (5)–(8) to fit the experimental
results, the derived parameters are shown in Table 2. Ad-
ditionally, the prediction of the load-displacement profile
using these parameters is illustrated in Figures 3 and 4. It is
clear that predictions from each model closely approximate
the experimental results. Table 3 shows that the accuracy of
the AH and IEPFmodels is high and that the accuracy of the
IE model is poor. In Table 4, each model exhibits good
stability. Table 5 shows the prediction results from each
model for the ultimate bearing capacity of the bolts. -e
results show that the IE and IEPF models provide closer
approximations of the experimental data.

3.2. Example 2. Wang et al. [26] conducted pullout tests of
6 m long and 32 mm diameter bolts buried in the gravel sand
viscous soil and middle coarse sand mixed clay. -e grouting
material was cement. -e practical load-displacement results
are listed in Table 6, in which SB1 and SB2 represent the
displacement of bolts B1 and B2 under the applied load P in
each stage, respectively. -e parameters displayed in Table 7
were calculated by fitting equations (5)–(8) to match the
experimental data shown in Figures 5 and 6. As shown in
Figures 5 and 6, all models reasonably approximate the ex-
perimental results except the IEmodel. Tables 8 and 9 illustrate
the accuracy and stability of each model. In Table 8, the ac-
curacy of the IEPFmodel for bolt B1 is high.Moreover, there is
high accuracy between the CH model and the experimental
data for bolt B2. In Table 9, the CH and IEPF models exhibit
good stability. As shown in Table 10, the IEPF model can
predict the ultimate bearing capacity of the two bolts well.

3.3. Example 3. An in situ pullout test of a novel steel-strand
rock bolt was recently conducted by Liu and Yang [27]. -e
test load-displacement data are listed in Table 11, in which
SC1 and SC2 are the displacements of bolts C1 and C2 under
the applied load P in each stage, respectively.-e parameters
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calibrated following the above procedure are listed in Ta-
ble 12. -e predicted load-displacement curves using these
parameters are plotted in Figures 7 and 8. It is clear that each
model closely approximates the experimental results. Ta-
bles 13 and 14 illustrate the accuracy and stability of each
model. In Table 13, the accuracy of the CH and IEPFmodels
for bolt C1 is high. -e accuracy of the CHmodel for bolt C2
is high. In Table 14, the CH and IEPF models exhibit good
stability. Table 15 displays the prediction results from each

Table 1: Pullout test results from example 1.

No. P (kN) SA1 (mm) SA2 (mm)
1 70 0.6 0.37
2 210 2.19 2.11
3 350 4.86 5.72
4 420 6.82 8.99
5 490 8.85 13.68
6 560 20.55 17.07
7 595 23.82 19.67
8 630 29.24 24.13
9 665 40.63 39.19

Table 2: Model parameters for example 1.

Bolt AH CH IE IEPF
A1 a� −5.45 a� −5.77 a� 0.07 a� −16.79
A2 b� 5.70 b� 11.39 k� −0.63 b� 0.09

a� 22.45 c� −0.02 a� 2.1× 10−3 c� −1.96
b� 4.21 a� 7.51 k� −0.99 k� −302.10

b� −0.85 a� 0.13
c� −1.46 b� 5.48

c� 0.89
k� −0.98
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Figure 3: Comparison of each model with the test data from A1.
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Figure 4: Comparison of each model with the test data from A2.

Table 3: Accuracy of each model for example 1.

Model SSEA1 SEA1 SSEA2 SEA2
AH 1513 12.97 1902 14.54
CH 1936 14.67 2601 17.01
IE 2336 16.11 2351 51.11
IEPF 2179 15.56 1127 11.19

Table 4: Stability of each model for example 1.

Model SSPEA1 SPEA1 SSPEA2 SPEA2
AH 5.3×10−3 2.42×10−2 2.04×10−2 4.76×10−2

CH 6.8×10−3 2.74×10−2 2.5×10−2 5.28×10−2

IE 7.9×10−3 2.96×10−2 1.98×10−2 0.15
IEPF 8.1× 10−3 3.01× 10−2 4.7×10−3 2.27×10−2

Table 5: Ultimate bearing capacity prediction for example 1.

Model PredictionA1 ErrorA1 (%) PredictionA2 ErrorA2 (%)
AH 724.11 8.76 817.72 19.72
CH 736.18 10.57 805.43 17.93
IF 663.39 −0.36 675.78 −1.06
IEPF 682.99 2.58 678.28 −0.69

Table 6: Pullout test results from example 2.

No. P (kN) SB1 (mm) SB2 (mm)
1 55 0.6 0.1
2 165 4.5 4.3
3 275 9.5 10.6
4 330 13.7 14.9
5 368 — —
6 385 22.7 —
7 418 — 31.8

Table 7: Model parameters for example 2.

Bolt AH CH IE IEPF
B1 a� 22.49 a� 9.18 a� 6×10−3 a� 0.20
B2 b� 5.03 b� −0.83 k� −0.98 b� 7.32

a� 53.24 c� −3.02 a� 1.4×10−3 c� −0.07
b� 0.66 a� 14.22 k� −0.99 k� −3.38

b� −5.40 a� 0.16
c� −0.39 b� 24.76

c� −0.11
k� 6.99
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Figure 5: Comparison of each model with the test data from B1.
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Figure 6: Comparison of each model with the test data from B2.

Table 8: Accuracy of each model for example 2.

Model SSEB1 SEB1 SSEB2 SEB2
AH 377.96 8.69 651.26 10.42
CH 207.28 6.44 81.68 3.69
IE 8356 30.47 6.19×104 101.59
IEPF 32.68 2.56 1152 13.85

Table 9: Stability of each model for example 2.

Model SSPEB1 SPEB1 SSPEB2 SPEB2
AH 1.59×10−2 5.65×10−2 1.6×10−2 5.1× 10−2

CH 6.5×10−3 3.62×10−2 8.21× 10−4 1.17×10−2

IE 0.29 0.18 1.93 0.57
IEPF 5.85×10−4 1.08×10−2 4.12×10−2 8.28×10−2

Table 10: Ultimate bearing capacity prediction for example 2.

Model PredictionB1 ErrorB1 (%) PredictionB2 ErrorB2 (%)
AH 550.59 43.01 551.41 31.92
CH 540.68 40.44 593.21 41.92
IF 422.92 9.85 341.42 −18.32
IEPF 398.06 3.39 429.42 2.73

Table 11: Pullout test results from example 3.

No. P (kN) SC1 (mm) SC2 (mm)
1 15 1.11 1.28
2 30 1.48 1.67
3 45 1.90 2.10
4 60 2.32 2.58
5 75 2.84 3.10
6 90 3.42 3.78
7 105 4.12 4.50
8 120 5.10 5.48
9 135 6.24 6.68
10 150 7.90 8.36

Table 12: Model parameters for example 3.

Bolt AH CH IE IEPF
C1 a� −50.31 a� 5.36 a� 1.02 a� 0.33
C2 b� 21.02 b� 15.77 k� 16.47 b� 2.77

a� −69.18 c� −2.36 a� 0.96 c� 0.49
b� 27.90 a� 6.01 k� 18.97 k� −0.62

b� 27.61 a� 0.48
c� −2.49 b� 1.16

c� 0.78
k� −0.32
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Figure 7: Comparison of each model with the test data from C1.
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Figure 8: Comparison of each model with the test data from C2.
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model for the ultimate bearing capacity of the bolts. -e
results show that the IF model provides the closest ap-
proximation of the experimental data of bolt C1 and that the
IEPFmodel can predict the ultimate bearing capacity of bolt
C2 well.

3.4. Example 4. Wang et al. [26] carried out pullout tests of a
steel-strand inserted in cement to simulate and study the
mechanical behavior of the bolt-rock interface. -e an-
chorage strata were gravel sand viscous soil and middle
coarse sand mixed clay. -e geometrical properties of the
bolts were rb � 32mm (rb is the radius of the bolt),
rg � 150mm (rg is the radius of the grout), and L� 10m (L is
the length of the bolt). -e test results are listed in Table 16,
in which SD1 and SD2 denote the displacement of bolts D1
and D2 under the applied load P in each stage, respectively.
-e parameters used for the pullout test, which were cal-
culated with equations (5)–(8), are listed in Table 17. -e
analytical predictions of the load-displacement relation are
plotted in Figures 9 and 10, in which the test results are also
included for comparison. It is clear that each model closely
approximated the experimental results. Tables 18 and 19
illustrate the accuracy and stability of each model. As shown
in Table 18, the accuracy of the IEPFmodel for the two bolts
is high. In Table 19, the IEPFmodel exhibits the best stability.
Table 20 compares the test results and the analytical pre-
dictions of the ultimate bearing capacity of the bolts. -e
IEPF model provides the best ultimate bearing capacity
predictions for the bolts.

4. Discussion

In this paper, it should be noted that the parameters of the
function model are obtained by the fitting of situ pullout test

Table 15: Ultimate bearing capacity prediction for example 3.

Model PredictionC1 ErrorC1 (%) PredictionC2 ErrorC2 (%)
AH 280.36 82.64 310.69 96.77
CH 254.06 65.51 260.36 69.62
IF 138.98 −9.46 139.51 −9.12
IEPF 173.25 12.87 159.57 3.96

Table 16: Pullout test results from example 4.

No. PD1 (kN) SD1 (mm) PD2 (mm) SD2 (mm)
1 55 1.0 55 1.6
2 165 5.2 165 5.5
3 275 9.5 275 10.2
4 385 11.4 330 13.5
5 440 14.9 385 15.5
6 495 17.2 440 18.5
7 550 20.6 533 21.0
8 583 24.7 583 37.3
9 615 34 — —

Table 17: Model parameters for example 4.

Bolt AH CH IE IEPF
D1 a� −292.1 a� 23.4 a� 3.73×10−2 a� −10.93
D2 b� 82.4 b� −3.7 k� −0.54 b� −0.03

a� −114.6 c� −66.3 a� 6.27×10−2 c� 1.95
b� 50.3 a� 27.2 k� 0.15 k� -32.08

b� 49.5 a� 0.19
c� −9.6 b� 3.39×10−2

c� −1.72
k� 45.99
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Figure 9: Comparison of each model with the test data from D1.

Table 13: Accuracy of each model for example 3.

Model SSEC1 SEC1 SSEC2 SEC2
AH 66.69 2.58 73.86 2.72
CH 3.13 0.56 5.84 0.76
IE 495.77 7.04 541.19 7.36
IEPF 3.61 0.60 40.24 2.01

Table 14: Stability of each model for example 3.

Model SSPEC1 SPEC1 SSPEC2 SPEC2
AH 0.18 0.14 0.21 0.15
CH 2.0×10−3 1.4×10−2 4.1× 10−3 2.02×10−2

IE 0.15 0.12 0.17 0.13
IEPF 5.35×10−4 7.3×10−3 1.46×10−2 3.83×10−2
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Figure 10: Comparison of each model with the test data from D2.
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data. However, it is difficult to define the physical meaning of
each parameter in this stage and to obtain field test data
considering the economic challenges and implementation
limitations associated with in situ pullout tests. -us, the
next phase is to predict the ultimate bearing capacity of a bolt
based only on the bolt geometry, the material properties of
the bolt, the specific geological conditions, and the con-
struction situation.

5. Conclusions

-e ultimate bearing capacity is the key parameter for bolt
design in underground reinforcement engineering. In this
study, the IEPF model was presented to investigate the
relationship between the load and displacement of bolts and
to predict the ultimate bearing capacity of bolts in pullout
tests. Partial pullout test data were used to solve for the
unknown parameters in the model.

By comparing the resulting accuracy and stability with
those of other models, the simulation curves and ultimate
bearing capacity predictions produced by the IEPF model
were found to be consistent with pullout test results from the
literature. In practise, the IEPF model can help engineers
gain a better understanding of the load-displacement rela-
tionship and predict the ultimate bearing capacities of bolts.
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