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Abstract: A device for supporting soft rock masses combined with a constant resistance structure characterized by constant resistance and
large deformation at the end of a steel bar, known as the constant resistance and large deformation (CRLD) bolt, has recently been developed
to counteract soft rock swelling that often occurs during deep mining. In order to further study the mechanical properties of the CRLD bolt,
we investigated its mechanical properties by comparison with the conventional strength bolt (rebar) using static pull tests on many aspects,
including supporting capacity, elongation, radial deformation, and energy absorption. The tests verified that the mechanical defects of the re-
bar, which include the decrease of bolt diameter, reduction of supporting capacity, and emergence and evolution of fracture until failure dur-
ing the whole pull process, were caused by the Poisson’s ratio effect. Due to the special structure set on the CRLD bolt, the bolt presents a
seemingly unusual phenomenon of the negative Poisson’s ratio effect, i.e., the diameter of the constant resistance structure increases while
under-pulling. It is the very effect that ensures the extraordinary mechanical properties, including high resistance, large elongation, and strong
energy absorption. According to the comparison and analysis of numerical simulation and field test, we can conclude that the CRLD bolt

works better than the rebar bolt.
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1. Introduction

Under the conditions of high geostress and dynamic
mining pressure in deep underground [1-2], the deformation
of a soft rock roadway supported by conventional rebar
bolts and cables is very large, which is mainly over 200 mm
and sometimes more than 500 mm [3-5]. The large defor-
mation will cause serious heaving of the floor, shrinking of
the side walls, sinking of the roof, and potentially even roof
collapse, definitely affecting normal use of roadway and
mining safety [6—8]. The main reason for such phenomena is
the Poisson’s ratio that subjects the conventional rebar bolt
or cable to low elongation and makes the bolt or cable una-
ble to adapt when the surrounding rock deforms. When the
conventional bolt/cable stretches due to the deformation of
surrounding rock, it would exhibit the necking phenomenon,
also known as the Poisson’s ratio effect. Once the axial de-
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formation exceeds the elongation limit, the conventional
bolt/cable breaks and fails, which might finally lead to in-
stability of roadway surrounding rock.

In view of the defects of the conventional supporting
materials, many researchers have done some work on im-
proving the elongation of the bolts. Examples include the
cone bolt [9-10], modified cone bolt (with elongation no
less than 180 mm) [11-12], Garford solid dynamic bolt [13],
Roffex [14], D bolt (elongation as long as 400 mm) [15],
and other types of energy-absorbing rock bolts [16-18].
These bolts could improve the properties of the conventional
bolts to some extent, but the effect of Poisson’s ratio still
appears.

In 2014, He et al. [19] invented a bolt device, known as
the constant resistance and large deformation (CRLD) bolt,
which is combined with a constant resistance structure (CRS)
characterized by constant resistance and large deformation
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at the end of a steel bar CRLD bolt. It can provide high
supporting resistance and large elongation, which can satisfy
the soft rock roadway for large deformation [20-21].

In this paper, in order to study the mechanical properties
of the CRLD bolt further, we first conducted pull tests on
the CRLD bolt compared with the rebar bolt. Then, through
data collection and results analysis, we finally summarized
the extraordinary mechanical properties, especially, the neg-
ative effect of Poisson’s ratio, of the CRLD bolt.

2. Experimental
2.1. Pull test in the laboratory

2.1.1. Materials

In this paper, four CRLD bolts and four rebar bolts were
the subject of the static pull tests. The pictures of the CRLD
and rebar bolts are shown in Figs. 1 and 2, respectively. The
CRLD bolts comprise a CRS device and a connecting rod

(Fig. 1(b)). The CRS device comprises a rod and sleeve pipe.
The cone part of the rod is set in the inside of the sleeve pipe.

The other end of the rod is the connecting part to fasten the
connecting rod. The CRS device is the key structure that can
provide the constant resistance during bolt stretching. The
yield limit of the CRS device is lower than that of the con-
necting rod. The parameters of the chosen bolts are shown in
Tables 1 and 2, respectively.
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Fig. 1. CRLD bolt and its CRS device: (a) picture of the
CRLD bolt; (b) schematic diagram of the CRS device.
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Fig.2. Rebar bolt.

Table 1. Parameters of the CRLD bolt

Length / mm Diameter / mm

Bolt No.
Bolt CRS device  Sleeve Sleeve Rod
CRLD-1 1586 1001 790 31.89  19.98
CRLD-2 1582 1002 788 31.93  20.02
CRLD-3 1584 1004 787 31.94  20.01
CRLD-4 1578 1003 788 31.89  19.99
Average 1581.25 1002.50 788.25 3191 20.00
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Table 2. Parameters of the rebar bolt

Bolt No. Length of bolt/mm  Diameter of rod / mm
CRB-1 1578 19.42
CRB-2 1574 19.40
CRB-3 1582 19.46
CRB-4 1576 19.46
Average 1577.50 19.44

2.1.2. Test system

Pull tests in this paper adopt the LEW-500CRLD
bolt/cable static pull test system, which comprises a main
frame, a front collet component, a rear collet component, te-
lescoping apparatus, and measurement and control apparatus,
as shown in Fig. 3.

l Rear collet

component

Telescoping
apparatus

Rear collet
component

. Front collet
component

Fig. 3. LEW-500 CRLD bolt/cable static pull test system.

The basic parameters are shown as following: the maxi-
mum tensile load is 500 kN, the maximum measurement
value is 1100 mm, the loading rate is 0.1-20 kN/min, the
deformation rate is 0.5-100 mm/min.

2.1.3. Test method

Pull tests adopted the displacement control method with a
closed loop. Before the pull tests, two groups of bolts were
marked and measured piecewise. The measurement modes
of the bolts are shown in Fig. 4. The distance between adja-
cent points is ten thread rings. Moreover, the diameter mea-
surement uses reticle measurement in the direction of a—a
and the direction of b—b. Measurement data include total
length, segment length, and segment diameter before and
after testing.

After the measurement work before testing, the connect-
ing rod of the CRLD bolt is fixed by the front collet com-
ponent. The other end of the bolt is connected to the rear
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collet component by a special square device, as shown in
Fig. 5(a). The rebar bolt is directly fixed by the front collet
component and the rear collet component, as shown in Fig.

5(b).

(a)
10 thread rings 10 thread rings

T

‘ 10 thread rings

10 thread rings

Fig. 4. Measurement modes of the bolts: (a) CRLD bolt; (b)
rebar bolt.
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component

(a)  Rear collet
component
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component
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component

Fig. 5. Installation of the bolt during the pull test: (a) CRLD
bolt; (2) rebar bolt.

The pull test system with uniform pull speed can auto-
matically record the elongation, time, pull force, etc. When
the rod of the CRLD bolt is pulled out from the sleeve pipe
or the rebar bolt breaks, the pull test ceases. After the test,
the corresponding data, including total length, segment
length, and segment diameter should be measured.

2.2. Field test

For analyzing the supporting effects of CRLD bolt and
rebar bolt, respectively, we conducted the comparative field
tests at Xin'an Coal Mine, Gansu Province, China.

The field is located at the +535 air return crosscut, and
the burial depth of the roadway is approximately 750 m. The
location of the roadway in the strata and the lithology of the
surrounding rock are shown in Fig. 6. The excavation
process of the roadway mainly exposes fine sandstone and
mudstone, and the roof and floor strata primarily comprise
sandy mudstone, mudstone, fine sandstone, and coal.

Histogram | Depth / m |Elevation / m|Stratathickness / m|  Lithology
712.5 +572.5 20.0 Sandymudstone|
717.5 +547.5 5.0 Mudstone
719.0 +546.0 1.5 Siltstone
727.0 +538.0 8.0 Mudstone
733.0 +532.0 6.0 Finesandstone
735.0 +530.0 2.0 Mudstone
736.5 +528.5 1.5 Siltstone
739.5 +525.5 3.0 Mudstone
742.0 +523.0 2.5 Coal
744.5 +520.5 2.5 Mudstone
750.5 +514.5 6.0 Finesandstone

Fig. 6. Distribution of the lithology of the surrounding rock.

The swelling probability of the roadway surrounding
rock is very high. According to the results of X-ray diffrac-
tion and scanning electron microscopy analysis, the main
mineral composition of each stratum of the +535 air return
crosscut is clay. The average content is 54.5%, and the
maximum content reaches to 61.75%. The clay minerals of
each rock stratum mainly comprise kaolinite, followed by a
ledikite—montmorillonite mix layer, ledikite, etc. Among
that, the average content of kaolinite is 44%, and the maxi-
mum content reaches to 57%; the average content of the le-
dikite—-montmorillonite mix layer is 39.6%, and the maxi-
mum content reaches to 44%; the average content of ledikite
is 13.8%, and the maximum content reaches to 20%.

The distribution of test sections using different bolt sup-
port schemes is shown in Fig. 7. The total length of the +535
air return crosscut is approximately 700 m, mainly sup-
ported by the rebar bolts designed in the original support
scheme before construction. We chose a length of 60 m of
the +535 air return crosscut in the middle of the roadway to
use the support scheme of the CRLD bolts so as to show the
advantages over the original support scheme. In order to
show the support effect, four monitoring points were ar-
ranged to monitor the deformation of surrounding rock and
the stretch deformation of CRS device of the CRLD bolts.

Rebar bolt CRLD bolt Rebar bolt

20 m 20 m 20 m 20 m 20 m

q R ¢ 7
, |
No. 1 No. 2 No. 3 No. 4

O Monitoring point

Fig. 7. Distribution of test sections.

The bolt support parameters of the roadway are the same
with each other; only the type of supporting bolt is different
(see Fig. 8). The numbers ranging from —5 to 5 represent the



bolt number. The inter-row space between bolts arranged on
each cross-section is 750 mm.

3. Results and discussion
3.1. Static pull mechanical properties

3.1.1. Data analysis of pull test
From the pull load-deformation curves of the pull tests
(Fig. 9), we can see the test results are very consistent be-
tween bolts with the same type (CRLD bolt or rebar bolt).
After measurements before and after the pull test, the test
data of the CRLD bolts and rebar bolts are shown in Table 3
and 4, respectively.
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Fig. 8. Bolt support scheme (unit: mm).
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Fig. 9. Pull load—deformation curves in pull tests: (a) CRLD bolts; (b) rebar bolts.
Table 3. Test data of the CRLD bolt
Pull load / kKN ) ) Deformation / mm ) .
Number of bolt : Fluctuation ratio Elongation ratio
Min. Max. Average Sleeve Total
CRLD-1 167.85 189.18 176.14 +7.40% ——4.71% 16.20 760 47.92%
CRLD-2 161.80 193.60 178.52 +8.45% ——-9.37% 14.60 755 47.72%
CRLD-3 167.70 190.70 179.47 +6.26% ——6.56% 15.32 754 47.60%
CRLD-4 171.10 194.30 181.00 +7.35% ——5.47% 16.16 756 47.91%
Average 167.11 191.95 178.78 +7.36% ——6.53% 15.57 756.25 47.79%
Table 4. Test data of the rebar bolt
Number of bolt Yield pull load / kN Max. pull load / kN Total deformation / mm Elongation ratio
Rebar-1 199.50 258.30 257.82 16.34%
Rebar-2 197.78 251.70 236.78 15.04%
Rebar-3 199.09 249.90 260.63 16.47%
Rebar-4 196.86 250.50 250.82 15.91%
Average 198.31 252.60 251.51 15.94%

The curve of the CRLD bolt (Fig. 10(a)) can be divided
into three stages. At the beginning of the pull test, the CRLD
bolt enters the first stage, in which the pull load increases
quickly, and the CRLD bolt is in the stage of elastic defor-

mation. Then, the pull load fluctuates within a small range
(between approximately 23 to 31.80 kN) for a long time be-
fore reaching a certain value; we can call this stage the con-
stant resistance deformation stage. Finally, when the rod is
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pulled out from the sleeve pipe, the bolt enters the third
stage, and the curve sees a dramatic drop from approx-
imately 175 to 0 kN. The curve of the rebar bolt can be di-
vided into four stages (Fig. 10(b)). In the first stage, the pull
load increases to point A quickly. The rebar bolt is in the
stage of elastic deformation just as with the CRLD bolt. In

250
(@)
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N )
= 150 2™ stage B
2 . 1* stage ;
k) / 3 stage!
= 100 f} ;
& | N

50 pi |

0
0 100 200 300 400 500 600 700 800
Deformation / mm

the second stage, the pull load maintains a stable value from
point A to B. The rebar bolt is in the stage of yield deforma-
tion. In the third stage, both the pull load and stretch defor-
mation increase from point B to C. The rebar bolt is in the
plastic hardening stage. When the weak point of the bolt
breaks, the pull force quickly drops to the fourth stage.

300
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Fig. 10. Stage division of the pull deformation process: (a) CRLD bolts; (b) rebar bolts.

3.1.2. Constant resistance effect
During the pull test, the rebar bolts will be yielded when
the pull load reaches the yield strength limit of the bolt ma-

terial. The average yield pull load is approximately 198.31 kN.

The rebar bolt cannot provide a constant resistance.

Although there is a little fluctuation of the pull load in the
constant resistance deformation stage of the CRLD bolts
compared to the conventional rebar bolts, it can be viewed
as keeping a relative constant resistance for a large stretch
deformation as long as the sleeve length. The average con-
stant resistance is approximately 178.78 kN, which does not
exceed the yield value of the bolt material. Therefore, the
CRLD bolt is in the elastic stage of the material during the
whole pull process. Obviously, the CRLD bolt has a unique
property of high constant resistance effect.

3.1.3. Large elongation effect

Before the test, the average length of the CRLD bolts is
1581.25 mm, and the rebar bolts is 1522.50 mm. The dif-
ference between the two types of bolts is very narrow. The
average elongation of the CRLD bolts is 756.25 mm, obviously
longer than that of the rebar bolts with only 251.51 mm aver-
age elongation. Similarly, the average elongation ratio of the
CRLD bolts (47.79%) is much higher than that of the rebar
bolts (15.94%). Therefore, the CRLD bolts exhibit a large
elongation effect.

A bolt can absorb the deformation energy of the sur-
rounding rock through stretch deformation. Large elonga-
tion effect can provide a strong capacity of absorbing energy
to the CRLD bolt.

3.1.4. Structural negative Poisson’s ratio effect

Conventional materials often present necking phenomena
when stretched or increasing transverse volume when com-
pressed. Their Poisson’s ratios are both positive. However,
the materials with negative Poisson’s ratio present lateral
expansion. The unusual phenomenon of “stretch expan-
sion” made the materials with negative Poisson’s ratio be-
come a new noteworthy material. In 1927, Love [22] dis-
covered negative Poisson’s ratio effect in pyritization. In
1987, Lakes [23] prepared foam material with negative
Poisson’s ratio. Subsequently, a series of materials with
negative Poisson’s ratio effect were designed in a rapid
developmental stage of the unusual materials [24-25].
Evans et al. [26] denoted the materials or structure with
negative Poisson’s ratio “auxetics” and proposed that the
materials had broad application prospects. In 2001, Yang
et al. [27] summarized the unique property, classification,
and microstructure of materials with negative Poisson’s ra-
tio. In 2001, Yang and Deng [28] reviewed the develop-
mental process of research on the mechanical properties of
materials and structures with negative Poisson’s ratio, in-
cluding the stretch expansion theory and the preparation
and application of materials and structures with negative
Poisson’s ratio.

From monitoring data before and after the pull tests, the
conventional rebar bolts showed the obvious Poisson’s ratio
effect. First, except the broken point, the diameter of moni-
toring points along the rebar bolt becomes smaller. To be
specific, it changes from 19.4 to 17.62 mm in the a—a direc-



tion (Fig. 11(a)) and changes from 19.45 to 17.65 mm in the
b-b direction (Fig. 11(b)). Second, we can clearly see the
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necking phenomena, from the high-speed photography
(Fig. 12).
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Diameter variation of the rebar bolts before and after test: (a) in the a—a direction; (b) in the b-b direction.

Fig. 12. High-speed photography of the rebar bolt necking phenomenon: (a) necking phenomenon; (b) plastic failure; (c) moment

of tensile failure; (d) after tensile failure.

During the pull test of the CRLD bolt, there was a great
different phenomenon in radial deformation. The diameter
of the connected rod, which comprises the same type of ma-
terial as the rebar bolt, did not change, but the CRS device
showed the “stretch expansion” phenomenon. From moni-
toring data before and after the pull test, the sleeve diameter
of the CRS device became larger, from 31.90 to 34.15 mm
in the a—a direction (Fig. 13(a)) and from 31.92 to 34.13 mm
in the b-b direction (Fig. 13(b)).

The reason for causing the “stretch expansion” pheno-
menon is the novel design of the CRS device (Fig. 13).
During the pull process of the CRLD bolt, the cone part

moves within the sleeve pipe. It is the movement of the rod
that causes the elongation of the bolt. Due to the special
structure of the cone part, the movement results in the ex-
pansion of the sleeve pipe, so the sleeve diameter after the
pull test becomes larger.

The “stretch expansion” phenomenon matches the cha-
racteristic of negative Poisson’s ratio, and it is caused by the
structure of the CRLD bolt, so we can consider it structural
negative Poisson’s ratio effect. And it is the property of
structural negative Poisson’s ratio effect that ensures the
constant resistance effect and large elongation effect of the
CRLD bolt.
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3.1.5. Theoretical model of CRLD bolts

The relationship between elongation and load of the rebar
bolt can be divided into four stages, i.e. elastic stage, yield-
ing stage, strengthening stage and local deformation stage.
The rebar bolt will begin to lose the support strength in
practical engineering when it reaches to the yielding stage.
However, the form of resistance of the CRLD bolt can be
written as [19]
by =2nfI 1, (1)
where P, is the overall resistance, f is the frictional coeffi-
cient, I is the sleeve elastic constant, and /. is the cone
geometrical constant.

I can be written by

E(b* —a*)tano

I, = 2
Y odld® + b - ub* -a)] @
1. can be written by
ah? 3
I, =——cosa+—sina 3)
2 3

where a is the inner radius of the sleeve, b is the outer radius

of the sleeve, a is the cone angle; / is the height of the cone

part, E is the elastic modulus, and u is the Poisson's ratio.
Based on a series of theoretical analyses [19], the consti-
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Fig. 13. Diameter variation of the sleeve of the CRLD bolt before and after test: (a) in the a—a direction; (b) in the b—b direction.

tutive relation for the CRLD bolt can be written as

kx, 0<x<x, P<P, (clasticdeformation)
P=
P —Poin =kAx, x>x, (stick-slipping motion)

“)

From Egs. (1)-(4), we can see that the CRLD bolt has no

yield strength which is an important characteristic of the
CRLD bolt.

3.2. Supporting effect

The field test results are shown in Fig. 14. Compared
with two types of bolt support, the deformation of roadway
surrounding rock with the rebar bolts is much larger than
that with the CRLD bolt. It indicates that the rebar bolt sup-
port could not bear the large deformation of surrounding
rock (Fig. 15(a)). According to the laboratory observations
(Figs. 15(b) and (c)), we find that some rebar bolts occurred
necking phenomena and broke. Figs. 16 (a) and (b) are the
CRS device deformation curves of the CRLD bolt support.
It shows that the large elongation effect of the CRLD bolt
ensures the CRLD bolt stretching during the process of large
deformation of roadway surrounding rock, and avoids being
broken. What is more, the high constant resistance effect can
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Fig. 14. Deformation curves of roadway surrounding rock: (a) monitoring points of No.1 and No. 2; (b) monitoring points of No. 3

and No. 4.
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Fig. 15. Typical damage photos of the
roadway: (a) whole cross-section; (b,c)
necking phenomena of the rebar bolt.
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Fig. 16. Deformation of the CRS device of the CRLD bolts: (a) cross-section of No. 2; (b) cross-section of No. 3.

realize the controlled release of deformation energy of sur-
rounding rock, so the supporting effect of the CRLD bolt
can satisfy the stability of the soft rock roadway more than
that of the rebar bolt (Fig. 17).

Fig. 17. Supporting effect of the CRLD bolt.

4. Conclusions

The results verified that the mechanical defects of the
conventional rebar bolt, including the decrease of bolt di-
ameter, the reduction of supporting force, and the develop-
ment of fracture until total failure during the pull process,
were caused by Poisson’s ratio effect.

Due to the unique structure of the new-type bolt, the
CRLD bolt shows the seemingly unusual phenomenon of
negative Poisson’s ratio effect, which means that the in-
crease of bolt diameter and also ensures the unique mechan-
ical properties, including high constant resistance, extraor-
dinary elongation and strong energy absorption.

Compared with the CR bolt, the CRLD bolt can posi-
tively control the development of deformation of the roof
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and side walls by the controlled release of stress accumu-
lated in swelling soft rock. It is advantageous to keep the in-
tegrity of roadway surrounding rock and the performance of
the CRLD bolt support system to ensure the stability of the
roadway.
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