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Abstract

Within this study, new bolt heads were designed to be able to expand in drill holes as the load applied on the bolt shank increases.

The heads of newly designed rock bolts include a conic part and split rings encircling them. To determine load bearing capacities of

new rock bolts with varying angles of the conic parts and expansion properties, a series of deformation controlled pull-out tests were

carried out by using bolt samples grouted in rock blocks. In addition to the experimental studies, numerical modelling analyses were

performed to better understand the support properties of newly designed rock bolts. Because of a negative Poisson’s ratio effect

supplied by the head part expansion with the tension of the shank, new bolt heads are suggested to be defined as auxetic. According

to the results of this study, the new head designs significantly improve the load bearing and energy absorption capacities of grouted

rock bolts.

Keywords

grouted rock bolts, auxetic heads, anchorage mechanisms, support reactions of rock bolts

1 Introduction

Rock bolts, one of the main reinforcements used in the
rock engineering have become worldwide popular since
its invention in the early 20th century [1-3]. The use of
rock bolts have made a revolution of rock support in the
second half of the 20th century. For instance, one of the
main reasons for discovery and development of contem-
porary support strategies, which have supplied significant
advances like invention of the New Austrian Tunnelling
Method (NATM) was initiation of the use of rock bolts in
rock engineering [4—6].

The rock bolts can be grouped in accordance with var-
ious parameters such as grout usage (grouted or friction
bolts), grout material type (cement, resin, etc.), shank body
material (steel, polymeric composites, etc.), pre-tension-
ing properties (active, passive), energy absorption capaci-
ties (energy-absorbing bolts and others) and etc. [7-9].

In this study, a new grouted rock bolt design was inves-
tigated with load bearing capacity tests. As the shank
is tensioned, head parts of the newly designed bolts
expand to supply better anchorages with increasing load
level. Therefore, the head part of the new rock bolts can

be classified as an auxetic structure which has negative
Poisson's ratio effect by expanding in perpendicular to the
tension direction of the bolt shanks. As a result of bet-
ter anchorage by the expansion in the drill hole, the new
bolts were designed to supply an improved support per-
formance under increasing load condition. In other words,
the new bolts are aimed to supply better resistivity against
displacement of the shank in the hole as the load level
increases. To make the auxetic reaction, bolts were pro-
duced with conic heads fixed to the shanks by welding and
double semi-rings to encircle the head. To supply a proper
contact with the cones, the inner sides of rings had same
cut angles with those of the conic parts (Figs. 1 and 2).
The semi-ring pieces are pushed towards to the drill hole
surface, as a result of displacement of the cone part by the
tension of the bolt shank. In addition to the expansion, the
new design can supply ploughing in the hole, which make
the energy absorption capacity better [10, 11]. Increasing
energy absorption capacity is advantageous in terms of
combating problematic rock masses such as those with
burst, squeezing, swelling cases [12—-14].
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Fig. 1 A shown of anchorage mechanism of the head expansion

Fig. 2 a) Different head designs, b) semi-rings encircled cone heads (b0:
bolts without a conic head, b15: bolts with the cone angle of 15°, b25:
bolts with the cone angle of 25°, b40: bolts with the cone angle of 40°)

The new bolts with auxetic heads were investigated to
assess whether both a better failure load and higher energy
absorption capacities than those of the ordinary grouted
bolts can be supplied, or not. For this aim, a series of dis-
placement controlled, load tests were performed as details
given in the following title.
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2 Experimental study

Within this experimental study, andesite type rock blocks
with 250 mm x 150 mm X 120 mm sizes were drilled by
using a stand driller machine and a bit with a diameter of
24 mm (Fig. 3). Because of the abrasion during the drill-
ing process, diameters of holes varied about 25 mm. Length
of drill holes was 200 mm. Four different type rock bolts
including three auxetic designs and an ordinary ribbed rebar
design without a conic head part were used in the study.
Totally, 16 specimens with the shank diameter of 10 mm
were tested in the experimental study (Fig. 4). Various cone
part angles of 15°, 25° and 40° were used to investigate
different cut angles effect on load bearing capacity and
load-displacement behavior of the bolts. Outside diameter
and length of semi-rings of the head part was both 22 mm.
Therefore, a thin cement grout layer was filled between the
head and hole surfaces. All of the bolt specimens with and
without auxetic heads had 200 mm long parts with same rib
design. Therefore, it can be noted that effect of various aux-
etic heads on the support performances of the ribbed rebars
were comparatively investigated in this study.

A cement and water mix was used as the grout mate-
rial for the bolts. The mix with water to cement ratio of
0.45 by weight was homogenized for 8 minutes by a mixer.
The cement grout was poured into the holes after inserting
rock bolts. Bolt inserted holes were fully filled with the
grout materials. Bolts were gently rotated in the holes to
make a well contact to the cement grout mix. Additionally,

Fig. 3 Drilling hole into rock blocks
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Fig. 4 a) An auxetic bolt before insertion, b and c) grouted bolts in rock blocks

a short vibration process was applied to all grouted rock
blocks to make compaction. For standing bolts vertical in
the grout mixes, they were passed through drilled plastic
plates taped on the blocks. Bolt specimens were carefully
checked to be aligned vertically.

After a week of curing time period, grouted bolts in
rock blocks were tested using a tension test equipment.
The bolted specimens were turned down, inserted through
the hole at the up side of the test equipment and the rock
blocks were placed on the frame. The deformation-con-
trolled pull-out (adherence) test was carried out holding the
bolts by down-side moving grips of the tension test equip-
ment to load in vertical, with a rate chosen to be 0.5 mm/min
(Fig. 5). The maximum load bearing capacities and load-
displacement graphs were obtained from the test.

According to the results obtained from this study, bolts
with auxetic heads have significantly higher load bear-
ing capacities in comparison with those without the cone
parts (Table 1). Because the cone parts were joined to the
bolt shanks by the welding method, the failure loads of the
auxetic bolts were similar. On the other hand, the stiffness
property of the support reactions were found to vary for
various head designs. The displacement level at the max-
imum load bearing capacity was determined to decrease
with an increase in the cone angle. It should be reminded

Fig. 5 Pull-out test of the bolts grouted in rock blocks

herein that the maximum cone part angle tested in this
study was 40°. The mean displacement data is given for
various load levels in Table 2. Because of the early failure
and the absence of ploughing while having high displace-
ment levels, the stiffness of the bolts without the cone head
part was calculated higher than those of the others.

Table 1 Load bearing capacities obtained from the experimental study (b0: bolts without a conic head, bl5: bolts with the cone angle of 15°, b25: bolts

with the cone angle of 25°, b40: bolts with the cone angle of 40°, SN: specimen number, SD: standard deviation, A : displacement at the maximum

> 2 fimax’

load level, K o stiffness for the maximum load level, K sfma’ stiffness for half of the maximum load level)
Bolt SN F. SDforF Dfmax SD for Dmax K max SD for K max Ko.s fmax SD for Ko,s fmax
type (kN) (kN) (mm) (mm) (kN/mm) (kN/mm) (kN/mm) (kN/mm)
b0 4 11.02 1.00 0.99 11.13 0.60 15.13 3.06
bl5 4 35.63 0.84 6.05 5.89 0.56 7.20 2.09
b25 4 35.68 0.51 473 7.54 0.68 10.15 1.22
b40 4 35.07 0.54 3.70 9.48 0.19 11.24 0.47




Table 2 Experimental displacement data for varying load levels (A
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displacement at the load level of

20 kN, A, . displacement at the load level of 30 kN)

Bolt type SN A (mm) SD for A, (mm) A,y (mm) SD for A, (mm) A, (mm) SD for A, (mm)
b0 3 0.66 0.16 NA - NA -
15 4 1.32 0.48 3.02 0.79 4.68 0.52
25 4 0.70 0.18 2.06 0.25 3.20 0.31
40 4 0.46 0.05 2.05 0.06 3.15 0.11

40 40 30 4

b0-n1 b0-n2 b0-n3 b0-nd

£ 35 = 35

30 30 30
g‘ 235 =5 5 =0 =25
g 0 §ZD % 15 § 20
3 15 3 15 g 10 3 15

10 10 10

s : /\ . 5 /\

0 0 o 0

o 1 2 3 4 o 3 2 3 0 1 2 3 4 1 2 3 4

Load (kN)

Load (kN)

Load (kN)

Load (kN)
w B B N U B B

Load (kN)

Load (kN)
e BB OB OBE W

Displacement (mm)

Displacement (mm})

35
30
b15-n1 b15-n2
=2
=
g2
S
= 15
10
5
0

3 4
Displacement (mm)

b25-n1

3 4

o

35
30
b15-n4

25
20
15
10

5

&

o

]

2

2

3 a 5 6 W

Displacement

(mm)

Load (kN)

3 4 5 6 7

Displacement

3
Displacement {mm)

3
Displacement (mm)

(mm)

b25-n3

4 5

b40-n2

4 5 6

L}

°

2

Displacement (mm)

b25-n4

@

2

2

3
Displacement (mm)

3
Displacement (mm)

4

a

b40-n3

Load (kN)

Load (kN)

Load (k)

o

o

©

Fig. 6 Load displacement graphs obtained from the experimental study (n: specimen no)

2

2

2

Displacement (mm})

b15-n3

3

4

Displacement (mm)

/Z\S—HZ

3
Displacement {mm)

3
Displacement (mm)

3
Displacement (mm)

4

)

a

4

b40-n1

b40-n4



786 Komurlu et al.

Period. Polytech. Civ. Eng., 64(3), pp. 782-791, 2020

Table 3 Energy absorption capacities (EAC) according to the load
displacement graphs obtained from the experimental study (J: N.m)

Bolt type SN EAC (J) SD for EAC (J)
b0 4 7.15 0.81
15 4 128.13 10.21
25 4 120.94 13.20
40 4 85.95 2.88

The auxetic heads were found to significantly improve
the energy absorption capacities of the rock bolt samples
according to the load displacement graphs (Fig. 6). Energy
absorption capacity data calculated in accordance with the
area (N.m) under the load displacement graphs is given in
Table 3. In terms of having high energy absorption capacity,
the bolt heads with the cone part angle of 15° were assessed
to be better than the other designs. All the bolts with auxetic
heads were failed from the welding points (Fig. 7)

Fig. 7 Failure of auxetic head

Bolt  Grout
Loading Loading

3 Numerical study

Finite element analyses of the rock bolts tested in the
experimental study (b0, bl5, b25, b40) were conducted to
investigate their load bearing capacities and support mech-
anisms. As same with the experimental study, bolt shanks
were modelled to have the diameter of 10 mm and fully
grouted in the holes of the rock blocks. The outside of the
rings of head part of the auxetic bolts were fully contacted
to the drill holes with the diameter of 24 mm. As shown in
Fig. 8, the pull-out test was simulated by axial loading in
the direction of the bolt shanks. Load was applied from the
bolt end being outside of the drill hole. The mesh size in
the models was chosen to be | mm (Fig. 8). Various finite
element models with different meshes were analyzed in an
effort to ensure that the selected meshes are dense enough
to provide sufficient solution convergence.

Eight-node solid brick elements, Solid65, were used for
the three-dimensional modelling of rock and cement grout,
which have the capability of cracking in tension, crush-
ing in compression. Rock and cement grout materials were
modelled by considering the linear and non-linear prop-
erties defining the behaviors of the elements. Conc model
was used to simulate failure in rock materials. Failure sur-
face was defined using uniaxial tensile strength and uniax-
ial crushing strength values. In the analyses, uniaxial ten-
sile and crushing strengths of rock materials were taken
as 10 MPa and 80 MPa, respectively. Additionally, shear
transfer coefficients for open and closed cracks were con-
sidered as St = 0.3 and fic = 0.7 for the nonlinear solution.
Solid185 combined with multilinear kinematic hardening
model, Mkin, was used for the three-dimensional mod-
elling of the cone and ring parts. The bolt steel material
models were defined as linear elastic until the yielding
stress is reached. The yielded steel material was modelled

Loading Loading

Fig. 8 Meshes of bolted rock block models



to plastically deform under constant load level. Standard
contact surfaces between cone-ring and ring-rock were
simulated with Contal74 and Targel70 contact pair. On the
other hand, adhesion between the contact surface of bolt
steel and cement grout were modelled with combining the
cohesive zone material (CZM) with bonded contact option.
In the numerical models, the sliding started as the adhesion
between bolt steel and cement grout is achieved. The mate-
rial properties for rock, cement grout material, bolt steel
and contact interfaces are given in Table 4.

For the displacement-controlled loading, loads were
divided into multiple sub-steps until the total displace-
ment value of 6 mm. A static analysis was performed for
each of the models, and the full Newton—Raphson method
was used for non-linear analyses. To investigate the effect
of frictions between steel cones and rings, different and
typical coefficient of friction values were used in the anal-
yses. Also, different coefficients were analyzed to inves-
tigate whether friction forces at the steel and rock con-
tact have a notable change in the results, or not (Table 5).
Because the coefficient of friction values are not definite in

Table 4 Material Properties in numerical analyses (SCC: Steel to
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the experimental study, use of different coefficients were
thought beneficial for comparison of the results and detect-
ing changes if available. Stress distributions and failure
mechanisms were plotted for the numerical models.

All the models with the auxetic heads failed from the
joining part of the shank and the cone heads as in the exper-
imental observations. Some examples for stress distributi-
ons in bolts are given in Fig. 9. The maximum load levels of
the numerical models are given in Table 6. According to the
results obtained from the numerical study, stiffness values
were found to increase with increasing cone angles in par-
allel with the experimental results. As an important finding
for verification of the increase in the stiffness values, the
expansion loads applying on the drill hole from the steel
rings were found to increase with an increase in the cone
angle. Some figures for showing variations of stress distri-
butions in the rock blocks for different cone angles are given
in Fig. 10. The maximum stresses in the rock models, which
are given in Table 7 were induced near the ring contacts.

Table 6 Load bearing capacity, displacement and stiffness data
obtained from the numerical study (no steel to rock and steel to steel
contacts for b0 type bolts)

cement grout contact, CRC: Cement grout to rock contact) A K, 9.5max
Parameter Rock Cementrout BoltSteel SCC CRC pee Fon (10 (nﬁm) (kN?mm) (kN/mm)
UCS (MPa) 30 35 450 45 50 b0 8.54 0.28 30.50 34.17
UTS (MPa) 10 5 400 4 5 b15-r0.2-50.15 33.71 1.69 19.95 24.63
E (GPa) 40 s 200 i ) b15-r0.4-s0.15 34.52 1.64 21.05 2491
v 027 030 025 i ) b15-r0.2-50.35 35.14 1.70 20.67 25.10
Adhesion (MPa) ) ) ) 4 5 b15-r0.4-s0.35 35.53 1.65 21.53 25.27
b25-r0.2-50.15 33.87 1.59 21.30 24.89
Table 5 Coefficient of friction (FC) values in different models b25-10.4-50.15 34.02 142 23.96 27.56
Model name FC for the steel to rock  FC for the steel to steel b25-r0.2-50.35 3525 1.61 21.90 25.37
contact contact b25-r0.4-s0.35 34.63 1.43 24.26 28.04
r0.2-s0.15 0.2 0.15 b40-r0.2-50.15 33.16 1.38 24.02 26.65
r0.4-s0.15 0.4 0.15 b40-r0.4-s0.15 33.40 1.32 25.30 27.83
r0.2-s0.35 0.2 0.35 b40-r0.2-50.35 33.29 1.36 24.48 27.22
r0.4-s0.35 0.4 0.35 b40-r0.4-s0.35 33.56 1.31 2571 28.98
b25 b40
s>
o (MPa) o (MPa) © (MPa)
. To0-057 Tnant T —— o

47.5444 152.13 256.317 360.503 464.68 53.5878 159.036

264.484

365,932 475379 52.9959 159.645 266.293 372.982 479,591

Fig. 9 Stress distributions in rock bolts with different cone angles (r0.2- s0.15)
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Fig. 10 Stress distributions in rock blocks (r0.2-s0.15)

Table 7 Maximum Von Mises Stress (MVMS) and Maximum principal

Table 8 Energy absorption capacity (EAC) values for numerical models

stress (MPS) values for the ring contact parts of the rock models (Model numbers)
Bolt MN  MVMS  SDforMVMS ~ MPS  SD for MPS Bolt type MN EAC (J) SD for EAC (J)
type (MPa) (MPa) (MPa) (MPa) b0 1 27 -
b0 1 12.53 - 8.15 - bl5 4 180 11
bl5 4 44.14 4.26 30.28 2.10 b25 4 165 13
b25 4 63.87 4.92 43.23 2.47 b40 4 147 10
b40 4 73.06 471 48.69 2.25

As same with the experimental study, energy absorption
capacities of the auxetic bolt models were notably higher
than those of the bolts without the cone heads. The energy
absorption capacity values calculated from load-displace-
ment graphs of the numerical models are given in Table 8.
It is confirmed by the numerical analyses that the use of
auxetic heads are significantly advantageous for improv-
ing the support performances of the grouted rock bolts.
The auxetic heads are able to remarkably improve both
load bearing and energy absorption capacities of the rock
bolts. An example from the numerical results to reflect big
differences between support performances of auxetic and
other classical bolts (b0) can be seen in Fig. 11.

The friction coefficient parameters for rock to steel
and steel to steel contact surfaces were assessed to be not
effective for the variations in the maximum load bear-
ing capacities of the bolts, because the failure load level
majorly depends on the steel part strength. On the other
hand, load-displacement relations were found to slightly
vary with a little effect of the friction coefficients on the
stiffness values. As seen from the Table 6, displacement
values for a level of an externally applied load to the bolt
shank decrease, as a result of an increase in the coefficient
of friction values. As it can be well-estimated situation,
the coefficient of friction and deformability parameters are
inversely proportional that decreases in the steel to steel
and steel to rock contact frictions let more displacement at
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the friction surfaces. However, the coefficient of friction
effect was determined to not cause for a big change in the
load displacement behaviors. Rather than the coefficient of
friction parameter, the cone part angle was found to have
more notable effect on the displacement data (Fig. 12).

4 Discussions and conclusions

It was evaluated from the results of this study that new
bolt designs have significantly higher load bearing and
energy absorption capacities than those of the widely used
grouted bolts without a cone head. The high load bearing
capacities supplied by auxetic heads are notable for both
static and dynamic load conditions.

Significant amounts of increase in the energy absorp-
tion capacity make the use of auxetic bolts advantageous
for various aims such as combatting the rock burst [15-18].
Low displacement limits and early loose of load bearing
capacities can be considered as major problems of ordinary
grouted rock bolts with brittle support reactions [19-21].
Use of the new auxetic heads was assessed to increase the
ductility in the support reactions. Because very notable

load levels can be maintained under high displacement val-
ues, deformability characteristics of the grouted bolts with
auxetic heads also make their usage advantageous in rock
masses with squeezing and/or swelling problems [22-24].

As the most remarkable property of the auxetic bolts,
the semi-rings make better anchorage and improve the
load bearing capacity due to the expansion towards the
drill-hole surface. As the shank is loaded, more anchorage
pressure can be supplied by the expansion of the head part
consisting of the cone and semi-rings. The cone angles
varying between 15° and 40° were investigated within this
study and found to have a notable effect on the support
reactions of the bolts. For a relatively stiff support reac-
tion, high cone angles should be chosen according to both
experimental and numerical results. On the other hand,
decreasing in cone angles was determined to supply better
energy absorption capacities due to the reach of steel fail-
ure loads at higher displacement levels. Within different
cone angles investigated in this study, 15° was assessed to
be the best choice in terms of having a high energy absorp-
tion capacity level.
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Rock mass strength is one of the main parameters for
support performances of the rock bolts [25-27]. As a dis-
advantage of the new bolts, the pressure supplied by the
expansion of the head has a possibility to cause cracking
in the rock surfaces of holes. Although the rock cracking
was not observed in this study carried out by using of high
strength rock material specimens and models, the head
expansion pressure values were found to be enough to
make failure in weak rock materials. Therefore, the auxetic
heads can be assessed as non-usable for weak rock masses.
As it is obtained from the numerical analyses, an increase
in the cone angle makes higher head expansion pressure.
The contact pressure was evaluated to reach quite high lev-
els in case of using the high cone angle of 40°.

The increase in the head expansion pressure confirms
high stiffness values resulting from increasing in the cone
angle. In terms of the cone angle effect and advantages
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supplied by the use of auxetic heads, experimental and
numerical study results are parallel to each other. The new
auxetic head designs were found to notably improve the
support performances of grouted rock bolts.

In short, the auxetic bolts can be used in grouted rock
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