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Rock material properties play an important role in assessing rock mass behaviour. Passive rock bolts stabilize a rock mass by
restricting relative displacements; however, they may reduce rock material properties. While assessing properties of rock mass
reinforced by rock bolts, the alteration caused in rock material properties due to drilling and bolting operation should be well
understood. The present work makes an attempt to study the alteration in rock material properties due to drilling and bolting
operations. The study has been conducted through physical tests on natural rock specimens in the laboratory. Virgin cylindrical
specimens of intact rock were tested under uniaxial compression. Drilling was done through specimens and fully grouted bolts were
installed. These specimens were also tested under uniaxial compression. It is observed that the drilling has substantial effect on the
uniaxial compressive strength and modulus. A simple problem of tunnel is analysed which demonstrates the effect of alteration in
material properties on the strength of rock mass around the tunnel in the field condition.

1. Introduction

Rock mass encountered in projects like tunnels and caverns
generally consists of intact rock blocks separated by dis-
continuities (joints). Two important ingredients in stability
analysis of rock mass are the rock material properties and
the joint characteristics [1–4]. Inmany situations, the severity
of jointing makes rock mass so incompetent that it becomes
necessary to reinforce it. Rock bolts are extensively used for
enhancing rock mass stability. Installation of bolts reduces
relative displacement between rock blocks (Figure 1) and
enhances the rock mass stability. Though there is overall
improvement in stability of the rock mass, the rock mate-
rial properties themselves alter due to drilling and bolting
operations. Since rock material properties are important
in assessing rock mass properties, the effect of alteration
in material properties should be well understood by the
designer. The drilling and bolting operations may affect the
properties of intact rock material in the following manner.

(i) The vibrations induced during drilling by machine
may create weak zones around the drill hole.

(ii) The deduction of rockmaterial for creating drill holes
may induce weakness in the rock block.

As the hole is drilled through intact rock blocks, zone of
weakness will develop around the hole. The grout and bolt
filled in this hole will compensate to some extent the loss of
strength, but it will not be equal to that which was gained
through geological processes in forming the rock material.
Due to the reasons mentioned above, the strength of rock
material around the drill holes may reduce. There are some
studies available in the literature, which have focused on the
alteration of rock mass properties due to drilling process [5–
10]; however, the alteration in rockmaterial properties has not
been considered.

The main aim of present study is to examine the effect of
drilling and installation of bolts on rock material properties.
For this purpose, cylindrical specimens of a natural rock
have been prepared. Drilling was done through some of the
specimens and the bolts were installed. The specimens were
then tested under uniaxial compression to investigate the
weakness brought into intact rock by installation of bolts. It
is also emphasized that the purpose of bolting is to increase
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Figure 1: Rock bolts passing through intact rock blocks.

stability of rock mass with discontinuity and not the intact
rock material, which does not have any discontinuity.

2. Experimental Study

To obtain the strength and modulus of deformation of
intact rock material, without and with bolt, an experimen-
tal investigation has been carried out. Natural rock cores
(Figure 2) have been retrieved from drill hole of a project
site in the Garhwal region of the Indian Himalayas. The
rock exposed at the project site is gneiss with bands of
quartzite and schist. Visibly isotropic rock specimens were
used for tests. The specimens for virgin and bolted condition
were selected from the same depth. Cylindrical specimens
with a height to diameter ratio two were prepared. For
preparing bolted specimens, a hole of 6mm diameter was
drilled normal to the axis of the core. A steel bar of 4mm
diameter was used as a rock bolt and was installed into the
specimens through this drill hole. The tensile strength of
the steel bar is 550MPa. The bolt was grouted with 1mm
thick cement mortar.The grout consists of cement, fine sand,
and water having ratio of 2 : 2 : 1 by weight. The specimens
were left for 24 hours for initial setting of grout and then
the other end of the bolt was tightened using nut washer
system. As the grout takes time for setting, the specimens
were left for air curing for 28 days. The sketch of prepared
specimens is shown in Figure 3. These specimens were tested
under uniaxial condition. The complete test setup of the test
is shown in Figure 4. The tests were conducted by using
an axial loading machine having a capacity of 2,000 kN, in
displacement-controlled mode and at an axial displacement
rate of 0.002mm/sec. For each test, the axial load and axial
displacement were recorded. The details of specimens used
for tests are given in Table 1.

3. Results and Discussion

3.1. Failure Modes. Figure 5 shows the failure of virgin and
bolted specimens under uniaxial compression. Most of the
specimens failed in brittle manner. In case of bolted speci-
mens, the fracture was initiated from the point where rock
bolt was installed. It is inferred that drilling and installation
of bolt create a weak zone in the intact material around drill
hole.The failure of specimens is initiated from this weakened
zone.

Figure 2: Cores of natural rock.
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Figure 3: Virgin and bolted specimens.

3.2. Strength and Deformational Behaviour. Axial stress ver-
sus axial strain curves for few specimens are shown in
Figure 6. The compression machine was programmed to
record displacement only after reaching a load of 10 kN. The
curves therefore indicate small stress at zero strain. In general,
the peak stress has been found to have decreased due to
drilling and bolting, whereas the failure strain has increased
(expect some cases: Figure 6(b)). These plots were used to
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Table 1: Details of specimens tested.

Serial number Depth in drill hole from ground surface (m) Specimen designation Diameter (mm) Length (mm)
Virgin Bolted

1 17-18 T1V T1B 58.8 117
2 25-26 T2V T2B 58.8 117
3 36-37 T3V T3B 58.8 117
4 64-65 T4V T4B 54 108
5 79-80 T5V T5B 54 108
6 88-89 T6V T6B 54 108
7 113-114 T7V T7B 54 108
8 115-116 T8V T8B 54 108

Figure 4: Setup of compression test.

obtain the tangent modulus at a stress level equal to 50% of
failure stress.

The uniaxial compressive strength and tangent modulus
of virgin and bolted specimens are summarized in Tables 2(a)
and 2(b), respectively. In these tables, the percent reduction
in strength and modulus is also listed. The percent reduction
in strength and modulus is defined as

Percent reduction in strength = (
𝜎
𝑐
− 𝜎
𝑐𝑟

𝜎
𝑐

) × 100%

Percent reduction in modulus = (
𝐸
𝑐
− 𝐸
𝑐𝑟

𝐸
𝑐

) × 100%,
(1)

where 𝜎
𝑐
is uniaxial compressive strength of virgin specimen,

𝜎
𝑐𝑟
is uniaxial compressive strength of bolted specimen, 𝐸

𝑐

is tangent modulus of virgin specimen, and 𝐸
𝑐𝑟

is tangent
modulus of bolted specimen.

It is seen that the strength and the modulus of the virgin
specimens is always greater than those for bolted specimens.
It may be noted that for the specimens used in the present
study, there was about 1 percent material deduction (volume
of the grouted hole/volume of core× 100) from the specimens
for installation of bolts. The percent reduction in strength
has varied from 0.77% to 69.21%, while reduction inmodulus
varies from 2.44% to 67%.

For a better representation of percent reduction in
strength and modulus, the probability distributions of per-
cent reduction in strength and modulus have been plotted
(Figures 7(a) and 7(b)). For 50 percent probability, there

Table 2: (a) Uniaxial compressive strength of virgin and bolted
specimens and percent reduction in strength. (b) Tangent modulus
of virgin and bolted specimens and percent reduction in modulus.

(a)

Serial number 𝜎
𝑐
, MPa 𝜎

𝑐𝑟
, MPa % reduction in strength

1 23.58 22.18 5.94
2 26.75 19.75 26.17
3 33.79 33.53 0.77
4 19.31 17.76 8.03
5 108.08 38.44 64.43
6 101.18 87.8 13.22
7 122.85 37.83 69.21
8 79.56 58.76 26.14

(b)

Serial number 𝐸
𝑐
, MPa 𝐸

𝑐𝑟
, MPa % reduction in modulus

1 13000 5000 61.54
2 6500 5000 23.08
3 5330 5200 2.44
4 5660 2600 54.06
5 18600 6130 67.04
6 15830 12500 21.04
7 16740 6300 62.37
8 12800 7000 45.31

is a reduction of about 20% in strength and about 38% in
modulus.

The overall reduction in strength and modulus indicates
that the drilling and deduction of material for installation
of bolts considerably affect the rock material properties and
while modelling behaviour of reinforced rock mass, the
altered properties of the rock material should be considered
rather than the virgin properties.

4. Example

An example has been considered in this section to demon-
strate the effect of alteration in rock material properties
on the reinforced rock mass properties. Excavation of a
tunnel has beenmodelled through 2D finite element analysis.
The software package phase2 has been used to analyse the
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Figure 5: Failure of virgin and bolted specimens.
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Figure 6: Axial stress versus axial strain curves for virgin and bolted specimens.
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Figure 7: (a) Weibull distribution of percent reduction in strength. (b) Weibull distribution of percent reduction in modulus.

problem. The tunnel has been excavated in a rock mass and
the following four cases have been considered.

Case I. Tunnel without rock bolts (Figure 8(a)).

Case II. Tunnel with rock bolts and without considering the
alteration of rock material strength (Figure 8(b)).

Case III. Tunnel with rock bolts using altered values of mat-
erial properties in the weak zones around bolts (Figure 8(c)).

Case IV. Tunnel with rock bolts without altering rock mate-
rial properties in weak zones around bolts and trial values
of disturbance factor (𝐷) to get equivalent disturbance factor
(𝐷) which will provide same effect as that by alteringmaterial
properties.

The dimensions of the tunnel and external boundary are
also shown in Figure 8(a). The input parameters for these
cases are listed in Table 3.

Intactmaterial properties used in themodel are estimated
from the laboratory uniaxial tests. The stresses in the field
are 𝜎
𝑥𝑥
= 3.95MPa, 𝜎

𝑦𝑦
= 9.65MPa, and 𝜎

𝑧𝑧
= 5.93MPa,

respectively. Strength of rock mass subjected to given confin-
ing pressure has been obtained by using generalized Hoek-
Brown criterion [11]. Also the modulus of the mass has
been obtained by Hoek and Diederichs equation [12]. The
parameters of the criterion are listed in Table 3(a). As GSI
represents the condition of the rock mass in the field, only
the uniaxial compressive strength and the modulus of intact
rock have been changed and rest of the properties are kept
the same. Hoek-Brown disturbance factor (𝐷) is used to
characterize the degree of disturbance due to blast damage
and stress relaxation. Hoek [13] suggested that this factor 𝐷
is only applicable in the blast-damaged zone, and it should
not be applied to entire rock mass. Generally, in tunnels
the blast-damaged zones are limited to 1 or 2m around the
tunnel boundary [13]. In present case, a damage zone has been
created around the tunnel boundary, which extends up to 3m
in the rockmass from the boundary of the tunnel. In this zone
a disturbance factor of 0.3 has been assumed. Passive cable
bolts of 25mm diameter are installed in the rock. The length

Table 3: (a) Properties of virgin rock mass and weaker zone around
bolts. (b) Properties of rock bolts.

(a)

Property Virgin rock
mass

Zone around
bolts

Unit weight (𝛾, kN/m3) 27 27
Intact UCS (𝜎

𝑐
, MPa) 80 59

Intact modulus (𝐸
𝑐
, MPa) 12800 7000

GSI 45 45
𝑚
𝑖 12 12
𝐷 near tunnel periphery 0.3 0.0
𝐷 away from tunnel periphery 0.0 —
𝑚
𝑏
near tunnel periphery 1.683 1.683
𝑚
𝑏
away from tunnel periphery 1.190 —
𝑠 near tunnel periphery 0.022 0.022
𝑠 away from tunnel periphery 0.011 —
𝑎 0.51/0.51 0.51

(b)

Property Value
Bolt type Plain strand cable
Borehole diameter, mm 40
Cable diameter, mm 25
Bolt modulus, MPa 200000
Cable peak, MN 0.6
Water : cement ratio 0.5
Bolt length, m 6

Spacing, m 1.5m c/c in roof
2.5m c/c in wall and floor

and spacing of the bolts are calculated from the empirical
relationship given by Hoek and Moy [14] as

For Roof 𝐿 = 0.4𝐵,

for wall 𝐿 = 0.35𝐻,
(2)
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(a) (b)

(c)

Figure 8: (a) Tunnel without bolts. (b) Tunnel with rock bolts without considering the effect of drilling on the strength of intact rock. (c)
Tunnel with rock bolts plus weak zone around the bolt to consider the effect of drilling on the rock material properties.

where 𝐿 is the length of bolt, 𝐻 is the height of the tunnel,
and 𝐵 is the width of the tunnel span. Based on above
consideration a uniform length of bolt is adopted.The spacing
of the bolts is kept as <𝐿/2. The properties of the bolts are
listed in Table 3(b).

In the third case, weak zones are created around each bolt
to consider the effect of drilling.Thedrilling for installation of
bolts causes less damage to mass around the bolts compared
to the damage caused by blasting or drilling for excavation
of the face of tunnels. However, this depends on the type
of machine used for drilling. In this study, the width of the
weaker zone is taken roughly 25 times the diameter of the
borehole.

Two points, one at the crown of the tunnel (𝑥 = 5, 𝑦 = 15)
and the second at the boundary of the tunnel where the bolt is
installed (𝑥 = 10, 𝑦 = 10), are selected to compare results.The
comparison is presented in Table 4. The contours of major
principal stresses (𝜎

1
) and total displacement obtained in all

cases are also presented in Figure 9. The variation of major

principal stress and total displacement along sections XX and
YY (Figure 8(a)) are also presented in Figure 10. FromFigures
9-10, it is observed that the stresses and displacements are
identical in all cases after a distance of 8m from the tunnel
boundary.

In Case I, an unreinforced tunnel is excavated through
rock mass. This represents the condition when no rock bolts
are installed into the rock mass. As the tunnel is excavated,
the stress is redistributed around the boundary and a plastic
zone develops around the periphery of the tunnel. The total
displacement at crown is found to be 18mm. As one moves
away from the periphery, the total displacement decreases
and becomes constant after a distance of about 15m. The
major and minor principal stresses at the crown are 8.45 and
0.74MPa, respectively. Along sectionYY, the stresses increase
up to 4m and then decrease and become almost constant
after 15m from the tunnel periphery. At right and left side
of tunnel (along section XX), the principal stresses increase
and the total displacement decreases, as onemoves away from
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Figure 9: (a) Contour plots of major principal stress. (b) Contour plots of total displacement.

Table 4: Comparison of results for all cases.

Parameters Case I Case II Case III Case IV
𝐶 𝑅 𝐶 𝑅 𝐶 𝑅 𝐶 𝑅

𝜎
1
, MPa 8.45 1.31 13.96 1.68 14.38 1.68 14.12 1.68
𝜎
3
, MPa 0.74 0.06 1.70 0.18 1.65 0.27 1.69 0.20
𝜎
𝑧
, MPa 5.10 2.12 7.46 2.94 7.68 3.00 7.89 2.66

HD, m 0.001 0.049 0.000 0.046 0.000 0.052 0.000 0.048
VD, m 0.018 0.005 0.011 0.005 0.013 0.005 0.012 0.005
TD, m 0.018 0.049 0.011 0.046 0.013 0.052 0.012 0.049
𝐶: at crown (𝑥 = 5, 𝑦 = 15); 𝑅: point right to crown (𝑥 = 10, 𝑦 = 10); 𝜎

1
: major principal stress; 𝜎

3
: minor principal stress; 𝜎

𝑧
: out of plane principal stress;

HD: horizontal displacement; VD: vertical displacement; TD: total displacement.

periphery. After a distance of 15m, the total displacement and
the stresses become almost constant.

In Case II, the bolts are installed in the rock mass around
the tunnel just after the excavation. Further movement of
the rock mass around the tunnel periphery is suppressed
by the provision of the bolts. Due to this, the stresses
increase in the rock mass surrounding the periphery of the
tunnel. Besides the development of plastic zone near tunnel
periphery, compression zones are also developed between the
bolts. The variation of major and minor principal stress and
displacement with distance along periphery of the tunnel is
similar to Case I, but the values of stresses and displacement
are changed.

In Case III the alteration in material properties due to
drilling has been considered around the bolts. In this case,
the compression zones between bolts, the stresses are higher.

The deformation is also higher as compared to Case II. Due
to alteration in properties, the area of plastic zone around
the tunnel increases. The trend of variation of stresses and
displacement is similar to Cases I and II, but their values are
different.

Case IV has been modelled without alteration in rock
material properties around bolts. Several trial values of
disturbance factor (𝐷) have been adopted without altering
the rock material properties. The purpose of the above
analysis has been towork out an equivalent disturbance factor
𝐷, which would provide similar effect on stress distribution
and deformation, as produced by considering alteration in
rock material properties around bolts. The result of Case IV
has been compared with Case III. Based on the results, an
equivalent disturbance factor 𝐷 has been worked out which
provides similar effect on stress distribution and deformation
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Figure 10: (a) Variation of major principal stress along boundary. (b) Variation of total displacement along boundary.

as produced by altering rock material properties in Case III.
It is seen that when 𝐷 is approximately equal to 0.3, results
of Cases III and IV are almost identical. The alteration in
rock material properties due to drilling around the bolts can,
therefore, be modelled by suitably adopting the disturbance
factor. Results suggest that the disturbance factor (𝐷) plays
an important role in numericalmodelling. Hence, to consider
the effect of alteration in material properties due to drilling
and bolting operations in the rock mass, an appropriate value
of𝐷 should be adopted.

5. Concluding Remark

Natural rock specimens have been tested to assess the alter-
ation in rock material properties due to drilling and bolt-
ing operation. The study indicates substantial reduction in
strength due to drilling and bolting. Assessment of stability of
a reinforced mass warrants good understanding on material
as well as discontinuity characteristics.The alteration brought
into material properties should therefore be considered for
making design more realistic. Through numerical analysis,
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it has been shown that this alteration could be modelled by
considering the appropriate value of disturbance factor 𝐷
proposed by Hoek et al. [11]. It is therefore suggested that in
addition to the factors like excavation/drilling damage and
stress relaxation, the alteration in rock material properties
should also be considered in deciding the disturbance factor
𝐷.

6. Limitations

Further studies are required especially for poor rock mass for
precise quantitative assessment of disturbance factor𝐷. In the
present study, only one type of natural rock has been tested
under uniaxial condition. For generalising the results, much
more testing under different confining conditions is required
with different types of rocks.
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