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Abstract. A series of pull-out tests were conducted in order to study the stress
states of bolts under different anchorage qualities and to simulate the influence
of quality defects in empty-slurry and low-strength mortar anchorage in actual
engineering. The tests mainly investigated strain characteristics at different
positions of the bolts and the effects of strains at the same positions under
different anchorage conditions. The research led to the following conclusions:
(1) under ultimate bearing capacity, the strain values decayed the fastest along
the length of the bolt in the full-length anchorage, the strain values decayed the
slowest in the empty-slurry and low-strength mortar anchorage, and the decaying
speed of strains in the empty-slurry mortar anchorage was between that of the
above two kinds of anchorages; (2) at almost 50% of the ultimate bearing
capacity, the strain values were slightly different between the empty-slurry and
low-strength mortar anchorage and the empty-slurry anchorage. Obvious
differences in strain values occurred when the bolts were continued to be loaded.
The strain values of the full-length anchorage bolts were different from those of
the other two kinds of anchorages; (3) from the analysis of stress variation
characteristics, the safety reserve was the highest for the full-length anchorage
under the condition of ultimate bearing capacity, followed by the empty-slurry
mortar anchorage, while the safety reserve was the lowest for the empty-slurry
and low-strength mortar anchorage. However, in terms of uniformity of force
and utilization of the material, the result was reverse.

Keywords: anchor bolt; anchoring defect; anchoring quality; pull-out test; stress
characteristics.

1 Introduction

As active reinforcement members, bolts are widely used in many engineering
fields. A bolt and its anchor medium constitute a new structure that can carry
greater force [1-2]. Accordingly, bolts have certain economic benefits.
However, the anchorage quality of bolts cannot be ensured in construction,
which leads to several urgent problems to be solved. The shear stress value of a
bolt increases rapidly from zero to its maximum along its length and then
declines exponentially in the elastic state of the bolt. After a certain length, the
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value of the shear stress is almost zero [3-5]. Considering the characteristics of
bolt force, scholars have carried out a large amount of research on the state of
bolts, anchor medium and anchorage body under pull-out loads.

The effect of the strength of the anchorage medium on the mechanical
properties of bolts cannot be neglected [6]. Zeng, et al. have examined the
distribution of shear stress in bolts through experimental tests on bolts in three
kinds of surrounding rocks with high strength, medium strength and low
strength, and argued that the shear stress of the bolts decreased faster in a high-
strength medium [7]. When a bolt is installed in a soil layer, the law of bolt
force is similar to that in other media [8].

The stress states of bolts have been examined by changing the water content of
the soil around the bolts and is obviously in the elastic stage at low water
content, but there is no obvious elastic-plastic stage at higher water contents [9].
The anchorage performances can be improved by varying the anchorage media
[10]. Current research on bolts focuses on their shape and strength to optimize
their mechanical properties. It has recently become a subject of much interest to
study bolts that are suitable for all kinds of complicated stress states [11-14].
The development of composite anchorages and the optimization of
reinforcement design are effective and reliable ways to improve the mechanical
behavior and supporting effects of bolts [15-18]. Studies on anchorage media
and bolts concentrate on full-length anchorage bolts when the force
characteristics and ultimate bearing capacity of bolts are investigated. Some
researchers have discussed the difference between defect anchorage and full-
length anchorage bolts under stress. The conclusion about defect anchorage
bolts is that the farther removed from the orifice, the smaller the impact on the
bolt’s stress. A defect anchorage has little effect on the bolt under small loads,
while obvious influence will appear under increased load [19-20].

At present, little research has been done on bolt force under different anchorage
qualities, especially referring to stress states at various positions of the bolt
under empty-slurry or low-strength mortar defects anchorages, but the problem
of bolt defects cannot be ignored in the engineering process. Therefore in this
study, bolt stress was investigated under different anchorage qualities. In a
laboratory test, bolt stress was measured by strain gauges installed at different
positions of the bolt. Bolts were anchored by a full-length anchorage, an empty-
slurry mortar anchorage, and an empty-slurry and low-strength mortar
anchorage. Analysis of the similarities and differences is necessary to find the
reaction of the bolts to several anchorage qualities under different conditions of
stress. This paper puts forward important recommendations for engineering
practice.
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2 Basic Theory

Under a pull-out load, a bolt experiences axial stress and shear stress from the
anchorage body, as shown in Figure 1.

Figure 1 Bolt force diagram.

The equation that expresses the force balance of a given micro-body from the
bolt is:

Ado, = -1, 7d, dx (1)

where A is the sectional area of the bolt.
Assuming that there are no cracks at the interface, the values of shear stress 7,

of the rock bolt under full-length anchorage decrease in the following form:

a 24 do
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The axial stress o, is expressed as:
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where 0,9 is the maximum axial stress of the bolt, and d,, d, and d, are the
diameter of the bolt, the drilling diameter of the bolt, and the radius of the
annular area affected by the bolt, respectively; E; is the Young modulus of the
bolt, and E, and E, represent the Young modulus of rock and mortar,
respectively; r, and 7, are the Poisson ratios of the mortar and rock, respectively.

From Egs. (3) and (4) it can be seen that o, is only related to the length from the
left side of the bolt in the full-length anchorage state, while 7, is related to the
Poisson ratio and Young modulus of the anchorage medium, i.e. in Eq. (5):

xE

T, c———F—— 5
° y(l+r,)+zE, ©)

where x, y and z are constants. The values of 7, are different under various
intensities of anchorage media. An empty-slurry anchorage can be regarded as
an anchorage medium with a Young modulus of zero, while the Young modulus
of a low-strength mortar anchorage is between that of an empty-slurry
anchorage and a full-length anchorage.

3 Laboratory Tests

3.1  Model Design

The model experiment used a 50t jack to draw the bolts, making three anchor
bolts, which were numbered M-1, M-2 and M-3, as shown in Figure 2. M-1
was a full-length anchorage bolt. M-2 was a bolt with an anchorage defect near
the middle of the bolt. M-3 was an empty-slurry and low-strength mortar
anchorage bolt. The specific sizes and locations of the defects are shown in
Figure 3.

4500, 1900 4500,

(a) M-1
4500, 700, 600 , 600 , 500 ,

(b) M-2
p 500 , 700 , 600 . 600 , 500 ¥

(c) M-3

Figure 2 Bolt drawing test. Figure 3 Bolt structure diagram. (Unit:mm)
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The bolt used rebar of 28 mm diameter, with a free length of 500 mm and an
anchorage length of 1900 mm. In the construction, grouting was adopted,
followed by inserting the bolts. The mixing ratio of the concrete was 1:2:4. In
order to complete the pouring of the experimental model, a 200-mm diameter
PVC drainpipe was used as a template. A 75-mm PVC pipe was used to set
internal defects. The specific locations of the defects are depicted in Table 1.

Table 1 Bolt design parameters for model test.

Bolts Construction Procedure Defect Settings
First insert the reinforcement, then Complete bolt and concrete with
M-1 pour the concrete. uniform density.
First leave a hole, then insert the A hole with 50 mm diameter is left at
M-2 reinforcement and pour the a distance of 700 and 1300 mm from
concrete. the anchoring end.

A hole with 50 mm diameter is left at
a distance of 700 and 1300 mm from
the anchoring end. Mortar with a
cement/water ratio of 1:3 is poured
into 50 mm diameter pipe at a
distance of 1300 and 1900 mm from
the anchoring end.

First pour mortar with a
cement/water ratio of 1:3 and leave
holes, then insert the reinforcement

and pour the concrete.

3.2  Layout of Measuring Points

Strain gauges were installed to measure the development of stress during
loading, as displayed in Figure 4. X2 and X3 were located on both sides at a
position of 700 mm from the left anchoring end, and X4 and X5 on both sides at
a position of 1300 mm from the left anchoring end.

X1 X2~ X3 X4 X5 X6
, 500 , 700 , 600 , 600 , 500 ,

Figure 4 Locations of strain gauges. (Unit: mm)

4 Experimental Results and Analysis

4.1 Strain Variation Characteristics of the Bolts at Different
Measuring Points
4.1.1 Full-length Anchorage Bolts

The displacement of bolts under extreme loading of about 250 kN is obvious.
The loading level of the bolt often takes 10% of the maximum experimental
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load in actual engineering. In order to attain more accurate test results, loads
from 0 to 250 kN were applied on the left side of the bolt with a load step of 10
kN, as shown in Figure 3(a). It was assumed that the strain value at each
measuring point was zero when the load was zero. The strain values at different
points of M-1 were obtained by subtracting the initial values from the strain
values under varying loading conditions, as shown in Figure 5.

3500

3250] —a— Po!nt1
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Figure 5 Strain values at different measuring points of M-1 under varying
loading.

Figure 5 shows that the strain values were very small under comparatively small
loading values. As for the points 2-6, the gauge strain values did not change
significantly until the drawing load reached a value of 200 kN. The gauge strain
values increased sharply with increasing load at points 2-3 under a load of more
than 200 kN. The strain values at point 2 were higher than those at point 3 until
the load reached a value of 240 kN. The bolt was subjected to larger stress at
point 2. The values at point 1 changed linearly with increasing load until failure.
The gauge strain reached an ultimate value of about 150 kN due to the influence
of stress concentration at the end. The values at points 4-6 did not keep
increasing with continuous loading, because re-loading takes place during
loading, which causes redistribution of stress. The values at points 2-3 had little
difference compared with those of other points under full-length anchorage
condition. Points 4-6 were far removed from the part subjected to pull-out
loading and displayed only a small change in strain values compared with
points 2-3, which indicates that the main force on the bolt was concentrated in a
limited area on the left side of the bolt under ultimate loading conditions.
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4.1.2 Empty-slurry Mortar Anchorage Bolts

M-2 was subjected to a pull-out test. For comparison with the full-length
anchorage bolt, loads from 0 to 250 kN were applied on the left side of M-2,
with the load increasing gradually in steps of 10 kN, as shown in Figure 3(b).
The strain values at different measuring points of M-2 under varying loads are
shown in Figure 6.

2500

—=— Point 1
—e— Point 2

2000 -

1500

1000 -

500 +

Strain( 10®)

0 '50'160'150'260'250
Load( kN)

Figure 6 Strain characteristics at different measuring points of M-2 under
varying loading.

Figure 6 shows that the strain values for measuring point 1 rose along a certain
slope under loads from 0 to 190 kN. Similar to point 1 in Figure 5, the strain
values were proportional to the stress of the bolt in the elastic deformation
stage, but the slope of the strain-stress values was relatively low here. The strain
values for M-2 were smaller than those for M-1 at point 1 under the same load.
The strain gauges had been loaded to failure phase when the load reached a
value of 200 kN. The strain values at points 2-6 were approximately zero and
did not change quickly until the load of 200 kN was reached. The values began
to vary significantly after the load reached a certain value. The strain values of
point 1 were far greater than those of points 2-6 before the load reached 200 kN,
and the pull-out load was mostly carried by positions between point 1 and 2 of
the bolt. The strain values at points 4-5 were different from those of the full-
length anchor bolt, because the values were low at the beginning and increased
rapidly after the load up to 200kN, which was caused by an empty-slurry defect
between point 3 and 4. The position of point 6 had been under compression and
its strain values changed little compared with other points. The empty-slurry
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defects resulted in an effective range of the bolt’s force expanding from part to
full length.

4.1.3 Empty-slurry and Low-Strength Mortar Anchorage Bolts

M-3 was subjected to a pull-out test. Due to two types of defects existing in this
bolt, a load from 0 to 240kN was only applied on the left side, with the load
increasing gradually at steps of 10 kN, as shown in Figure 3(c). The strain
values at different measuring points of M-3 under varying loading are expressed
as follows.

39007 _u— Ppoint 1
—eo— Point 2

3000 -
i Point 3
25004 —Y— Point4
Point 5

2000 —<— Point6
1500

1000 A

Strain{ 10°)

500

T T T T T T T T T
0 50 100 150 200 250
Load( kN)

Figure 7 Strains at different measuring points of M-3 under varying loading.

It can be seen from Figure 7 that the strain values of point 1 roughly rose
linearly under loads from 0 to 120 kN. Small differences in strain value were
observed for M-3 and M-2 but large differences for M-3 and M-1, where the
strain values changed fast. The strain values increased linearly in a steeper way
and reached its ultimate value rapidly under loads of 120 to 150 kN. M-3 failed
earlier near the position of the pulling action when compared with M-2. The
situation of points 2-6 of M-3 was similar to that of M-2 before loading up to
200 kN, with small changes in the gauge strain values. There was no obvious
change in strain value under further loading over 200 kN. This part of the load
was also carried by the sections between point 1 and 2. The strain values at
points 4-5 were small until the load reached 200 kN and then rose rapidly with
further loading. Thus, the strain characteristics at points 4-5 are similar to those
for M-2, but different from those for M-1. The position of point 6 was in a
tension state and its strain values varied slightly. The empty-slurry and low-
strength mortar anchorage made the range of the bolt’s force reach the full-
length state.
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4.1.4 Comparison and Verification Analysis

The main force position of the bolt is close to the position of pull-out load under
the full-length anchorage. The force range of M-2 was wider compared with M-
1. The full length of M-3 was in tension. The strain values of M-1 and M-2
increased linearly at point 1. However, strain variation of M-3 is expressed by
two linear profiles with different slopes. The strain values for M-3 were similar
to those of M-2 at an earlier stage but later increased rapidly. The main
difference between the three kinds of anchorage qualities existed in points 4-6.
The strain values of M-1 along the length direction of the bolt decayed the
fastest, while those of M-3 had the slowest decay, with those of M-2 between
M-1 and M-3.

As shown by Eq. (4), when the full-length anchorage bolt is pulled out, axial
stress is proportional to shear stress when there are no cracks in the interface
between the bolt and the anchorage body. Eqgs. (4), (6) and (7) reveal that pull-
out load is proportional to shear stress. The relationship between the pull-out
load and the shear strain at point 1 under three kinds of anchorage states is
consistent with the theory, except for the late load in the third anchorage state,
in which case the bolt is separated from the anchorage body or the strain sheet
has been destroyed at point 1. At present, no one has studied the law of shear
strain changes with increasing pull-out load of bolts under different anchorage
qualities. However, the experimental results obtained from point 1 confirm the
feasibility of the test and the correctness of the results.

N=A4o, (6)
7, =T—(; (7)

where N is pull-out loadand y,, is shear strain.

4.2 Stress Analysis at the Same Measuring Points under Different
Anchorage Qualities

The foregoing analysis suggests that the influence on the strain of the bolts
under different anchorage qualities is inevitable under pull-out loading. The test
results at the six measuring points under different anchorage qualities are shown
in Figure 8. It can be seen that the strain values rose with increasing external
force at most measuring points except point 6, especially when the load reached
200 kN. The strain values were close to zero near the position of point 6 in the
case of full-length anchorage and empty-slurry mortar anchorage.
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From Figure 8(a) it can be seen that the strain values at point 1 were
relatively large under three kinds of anchorage qualities and the point failed
earlier due to stress concentration compared with the other measuring
points. The force characteristics of M-3 were similar to those of M-2 at
point 1 before loads up to 120kN. The strain values of M-3 increased
rapidly and reached the strain values of M-1 at point 1 under loads of more
than 120 kN. The low-strength mortar anchorage did not reveal its
weakness when the force was small. The shortcomings of M-3 gradually
appeared with increasing pull-out load.

The strain gauges of point 2 and 3 were attached to both sides of the
interface of the anchoring and the empty-slurry mortar, respectively.
Comparing with Figure 8(b) and (c), it can be concluded that the strain
values changed a little under the full-length anchorage state during loading,
but the strain values for M-2 and M-3 were significantly different when the
load was over 220 kN. M-1 was subjected to maximum stress at points 2-3
under ongoing loading, followed by M-2, and M-3 carrying the minimum
force. M-1 was anchored on the right side of point 3 compared with the
other two kinds of anchorage qualities with empty-slurry mortar defects. M-
2 and M-3 at point 3 transferred stress to the position of point 4, which
resulted in M-1 being subjected to a larger load at points 2-3 compared with
the other two kinds of anchorage bolts.

The strain value of M-1 was about zero at point 4, showing that the stress of
the bolt was negligible when the bolt nears its ultimate bearing capacity, but
the strain values of the other two kinds of anchorage qualities remained at
high levels. The differences in stress between M-2 and M-3 were small
because of the presence of empty-slurry defects between points 3 and 4.
However, the strain values of M-1 had great differences at points 3-4 and
the majority of forces of the bolt act on the parts before point 4 under pull-
out loads.

The strain values ranged from negative to positive at point 5 under full-
length anchorage, showing obvious stress redistribution. The strain values
of M-2 were larger than those of M-3 at points 2-5. Additionally, the strain
of these two kinds of anchorages decreased slower than those of the full-
length anchorage. The forces of M-2 and M-3 were more uniform compared
with M-1.

The strain values were very small at point 6 at the beginning of loading. The
strain values for M-3 were the largest under increasing loads and the bolt
remained in tension. The strain values for M-1 and M-2 at point 6 slightly
changed with the increasing drawing load. M-3 remained in tension along
the full length and the strain values of this bolt were more reasonable than
those of the other two kinds of bolts.
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Figure 8 Strains at the same measuring points under different anchorage qualities.



Stress State of Bolts under Different Anchorage Qualities 431

5 Conclusions

M-3 remained in tension from point 1 to 6 and its strain values decreased
slowly. M-2 remained in a state of tension until the positions between point 5
and 6. However, M-1 did not remain in tension any more before the position of
point 4, and therefore had a long safety reserve. As a result, the bolt is the safest
and the most stable under full-length anchorage condition. The anchorage body
will be more dangerous and vulnerable with more types of defects, regardless of
the effect of other variations. For the whole length of the bolt, it was found that
the stress distribution of M-3 was superior to that of M-1 and M-2, except for
the position of point 1. One part of the bolt can avoid failing when the other part
starts elastic deformation in this situation. An empty-slurry and low-strength
mortar anchorage state is conducive to the full use of materials.

The anchorage states of M-2 and M-3 differed in the strength of the mortar on
the right side of the anchorage. M-2 had a longer safety reserve than M-3.
Consequently, it is necessary to give priority to pumping a high-strength binder
in the depths of the anchorage, which can increase the levels of security and
stability. The strain diagrams of special points under the three kinds of
anchorage qualities roughly depict the force states of the bolts and the response
of the strain values under varying pull-out loads. In this paper, a new systematic
method for the analysis of bolt stress was proposed. Further study is needed on
the strength of the bolt, other anchorage qualities and bolt force under strong
external loads.

Acknowledgments

The authors would like to acknowledge the support of the National Natural
Science Foundation of China (no. 51204098) and the Scientific Research Fund
of the Natural Science Foundation of Hunan Province, China (no. 11JJ6045 and
no. 2018JJ2331).

References

[1] Hou, C.J. & Gou, P.F., Strengthening Mechanism of Surrounding Rock of
Roadway with Bolt Support, Chinese Journal of Rock Mechanics and
Engineering, 19(3), pp. 342-345, 2000.

[2] Du, Z., Qin, B. & Tian, F., Numerical Analysis of the Effects of Rock
Bolts on Stress Redistribution around a Roadway, International Journal
of Mining Science & Technology, 26(6), pp. 975-980, 2016.

[3] Zhong, Z.B., Lei, L.V. & Deng, R.G., Mechanical Analysis of Wholly
Grouted Bolt Considering Axial Distribution along the Bars, Journal of
Disaster Prevention and Mitigation Engineering, 33(3), pp. 311-315,
2013.



432

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Sheng Zeng, et al.

You, C.A., Analysis of Full-length Bonded Anchor Rods, Chinese Journal
of Rock Mechanics and Engineering, 19(3), pp. 339-341, 2000.

Li, C. & Stillborg, B., Analytical Models for Rock Bolts, International
Journal of Rock Mechanics & Mining Sciences, 36(36), pp. 1013-1029,
1999.

Jalalifar, H., An Analytical Solution to Predict Axial Load Along Fully
Grouted Bolts in an Elasto-plastic Rock Mass, Journal of the Southern
African Institute of Mining and Metallurgy, 111(11), pp. 809-814, 2011.
Zeng, X.M., Fan, J.Q. & Li, S.M., Experimental Study on Interfacial
Shear Stress Interactions of Anchored Structures, Prestress Technology,
(3), pp- 22-27, 2008.

Chen, G.F. & Mi, H.Z., Experimental Analysis of Anchor’s Stress
Performance in Collapsible Loess Layer, Journal of Gansu University of
Technology, 29(1), pp. 116-119, 2003.

Hao, J.B., Men, Y.M. & Zhan, C.H., Model Test on the Behavior of Soil
Anchor and the Influence of Water, Journal of Xi’an University of
Science and Technology, 30(1), pp. 8-62, 2010.

Fang, Z., Liang, D. & lJiang, T., Experimental Investigation on the
Anchorage Performance of CFRP Tendon in Different Bond Mediums,
China Civil Engineering Journal, 39(6), pp. 47-51, 2006.

Wu, Y.Z., Kang, H.P. & Ding, J., Development and Application of
Ultrahigh-heat Processed Rock Bolts, Journal of China Coal Society,
40(2), pp. 308-313, 2015.

Qian, D., Shimada, H. & Sasaoka, T., Stability of Roadway in Upper
Seam of Deep Multiple Rich Gas Coal Seams through Ascending Stress-
relief Mining, Memoirs of the Faculty of Engineering Kyushu University,
75(2), pp. 59-80, 2015.

Kang, H., Wu, Y. & Gao, F., Mechanical Performances and Stress States
of Rock Bolts under Varying Loading Conditions, Tunnelling &
Underground Space Technology, 52, pp. 138-146, 2016.

Li, C.C., A New Energy-absorbing Bolt for Rock Support in High Stress
Rock Masses, International Journal of Rock Mechanics & Mining
Sciences, 47(3), pp. 396-404, 2010.

Wang, ZH. & Liu, Y.T., Stress Mechanism and Performance
Characteristics of Bolt in Different Anchorage Modes, Mining and
Metallurgical Engineering, 14(2), pp. 17-21, 1994.

Kalfat, R., & Al-Mabhaidi, R., Improvement of FRP-to-concrete Bond
Performance Using Bidirectional Fiber Patch Anchors Combined with
FRP Spike Anchors, Composite Structures, 155, pp. 89-98, 2016.

Yang, J.H., Guo, Z.Q., & Wan, R.H., Application of Tunnel Anchorage
and Anchor Bolt in Anchorage System of Wanzhou Changjiang River
Bridge, Highway, 1, pp. 40-43, 2002.



[18]

[19]

[20]

Stress State of Bolts under Different Anchorage Qualities 433

Chesnokov, A.V. & Kosonogova, L.G., Prospects of Application and
Constructive Features of Rubber-air Reinforced Lining, Scientific
Bulletin of National Mining University, 1, pp. 39-44, 2013.

Gu, S.C., Chen, X. & Ye, G.F., Stress Distribution of Anchorage Section
of Prestressed Rock Bolt Considering the Shearing Slip Effect of Grout-
Rock Interface, Mining R&D, 30(2), pp. 34-36+93, 2010.

Ding, J., Yan, Z.X. & Guo, R.J., Analysis of Anchorage Characteristics
and Parameter Influence of Soil Imperfect Anchor, Journal of Central
South University (Science and Technology), 43(8), pp. 3209-3215, 2012.



