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ABSTRACT
Grouting is an empirical constructional technique aimed at improving poor ground
conditions prior to construction of underground structures through the injection of
cementitious, resinous or chemical grouts. For rock grouting, microcements are often
used as a grout material due to their higher strength gain and lower bleeding potential
compared to Type I ordinary Portland cement. The injected microcement grout flows
through the innate discontinuities present in rock masses and contribute significantly to
their mechanical behavior. The deformational characteristics of geological media are
affected by the subjected strain levels and state of stress and for jointed rocks, the
state of joints (roughness, filling material etc.) also have a significant effect. In this
study, the dynamic properties of microcement grouted granitic rocks were analyzed
using the rock mass dynamic test (RMDT) apparatus. Resonant column tests were
conducted on a regularly spaced, planar jointed granitic rock specimen before and after
grouting to analyze the effects of grouting on the strain-dependent shear modulus and
damping ratio.

1. INTRODUCTION
Rock masses possess varying degrees of discontinuities from faults to
microcracks which govern their geomechanical properties. Prior to the excavation of
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underground structures, weak zones in rock masses such as major faults are initially
identified and improved through grouting. The grout material is injected through the
borehole and into the joint network, leading to filled voids, decreased water flow and
increased strength of rock mass. The deformational characteristics of both ungrouted
and grouted rock masses are affected by the subjected in-situ stress and strain levels.
Large ground strain levels up to 0.01% can occur during excavation after grouting and
hence, the strain-dependent nonlinear characteristics of grouted rock mass need to be
properly assessed. There is a plethora of past studies on the strain-dependent
properties of grouted soils for various soils and numerous grout agents. (Acar and ElTahir, 1986; Dano et al., 2004; Mllamahmutoglu and Yilmaz, 2011; Pantazopoulos and
Atmatzidis, 2012; Porcino et al., 2012; Tsai and Ni, 2012). In contrast, no study has yet
accurately identified the strain-dependent properties of grouted rocks in lab-scale tests
due to difficulties in testing methods and modelling rock joints.
This study aims to identify the degree of improvement and changes in nonlinear
strain-dependent properties of grouted rock mass using the using the Rock mass
dynamic test (RMDT) apparatus developed by Kim (2008) and outlined in Chong et al.
(2014). Jointed rock specimens are created by stacking multiple rock disks to form a
rock column with planar joints. Grouted joints are simulated by cementing the planar
joints using a microcement grout. In addition, intact grout specimens are created using
the same microcement mixture to determine the properties of the grout material itself.
Resonant column tests are conducted on the grouted rock and intact grout specimens
after 7 days of curing in water. Comparisons are made with the properties of the jointed
rock specimen to determine ground improvement due to grouting and changes in its
strain-dependent properties. The results of this study can be applied to the design and
numerical analysis of underground structures.

2. EXPERIMENTAL STUDY
2.1 Equivalent continuum model for jointed rock
Various models have been proposed for modelling elastic wave propagation in
jointed rock mass. In this study, the jointed and grouted rock mass were modelled using
the equivalent continuum model (Fratta and Santamarina, 2002). If the rock has a
multiple set of identical rock joints regularly, the rock mass can be considered as a
homogeneous, isotropic and linearly elastic continuous material with an equivalent
modulus for long wavelength propagation.
The long wavelength condition is satisfied when the wavelength of the elastic
wave propagating in a discontinuous media is much greater than the spacing between
the discontinuities. In this case, the wave propagates as in a continuum without
experiencing Brillouin dispersion. Hence, an equivalent shear modulus can be
considered for the jointed rock mass. Previous studies have verified that 9 or more
hollow rock disks are required for long wavelength propagation (Cha et al., 2009).

Hence, 10 stacked rock disks are used in this study to generate the long-wavelength
propagation in a regularly jointed rock mass.

2.2 Sample preparation
To penetrate fine cracks and fissures, highly penetrable grouts are often
employed for rock grouting. This results in a high W/C ratio, often within the range of 1
to 10. This high water content results in a very unstable grout mix, severe bleeding and
long gel-time (Warner, 2004). Currently, microcement grouts are considered more
effective for rock grouting compared to OPC grouts as it has a much smaller particle
size and thus, results in greater grout strength, better penetration and less bleeding.
Setting agents are often added to control the gel-time of grouts for field applications. In
the past, silicate-based agents such as water glass were widely applied to control
setting times of cementitious grouts. However, silicate grouts lose cohesion and
degrade easily in areas of high ground water flow, resulting in poor durability and
ground water pollution and making it unsuitable for permanent ground improvement
(Delfosse-Ribay et al., 2004). Currently, the use of silicate-based setting agents have
been prohibited in Europe and Japan (Gouvenot, 1987). An environmentally friendly
alternative is calcium aluminates, which occur naturally in Portland cement in the form
of C2A. Calcium aluminates such as C12A7, C11A7, CaA2 or C4A3S react with water and
Ca(OH)2 and CaSO4 in cement to form a needle-shaped crystalline matrix that
contributes to high early strength gain (Park et al., 2008). For the aforementioned
calcium aluminate forms, C12A7 has the fastest hydration reaction and displays
hardening within 1 to 3 minutes after water contact.
The grout used in this study is a cement milk composed of microcement and
water with a water-to-cement ratio of 100%. Amorphous C12A7 corresponding to 5% the
mass of microcement was added as a setting agent and thoroughly mixed with the
microcement before the addition of water to achieve an even distribution. The grout
specimens are made using a PVC mold and PVC pipe running along the center to
create a hollow cylindrical specimen. The rock used in this study is Machun granite
commonly found in Korea. Smooth surfaced rock disks are created by cutting rock
columns using a diamond saw and smoothing the surfaces with sand paper. Central
holes are made at the center of each disk using a water jet. Grouting of rock joints was
simulated by pasting contiguous rock disks for 2mm thickness with the microcement
grout. The properties of the rocks used in this study are shown in Table 1.
Table. 1 Properties of Machun granite used in this study
Configuration

Machun stone

Grout

Joint condition

Planar

-

Average joint thickness (mm)

2.0

-

Outer diameter(mm)

63.0

62.4

Inner diameter(mm)

24.0

25.0

Length(mm)

268.5

295.0

Density (kg/m )

2797

1859

Number of discs in column

10

-

3

2.3 Experimental setup
The rock mass dynamic test device developed by Kim (2008) is a modified
Stokoe-type resonant column test device that can successfully determine the straindependent properties of an equivalent continuum rock column in the mid-strain range
(10-5 to 10-3). A schematic diagram of the apparatus is shown in Figure 1. The jointed
rock specimen is secured at the bottom to the high impedance steel base to create a
fixed-free boundary condition. Axial loading is applied using thin rod that anchors the
light steel cap secured at the top of the specimen to the steel base. The bottom end of
the rod is attached to a lever system that can apply axial loads up to 2 MPa. The driving
system is modified to produce large torsional excitations sufficient for testing rock
masses. Current is supplied to the coil-magnet system using a current amplifier (Eliezer
EA160AR) to create torsional excitation in the drive plate. The torsional movement is
measured using a pair of accelerometers (PCB 353B51) attached at opposing ends of
the drive plates located at 106mm from the axis of rotation. The accelerometer signals
are converted using a signal conditioner (PCB 482A16) and added to each other to
remove the flexural mode signals. The signals are monitored using a DAQ board (PXI6071E) and an analog channel (BNC-2120) and analyzed using a LabView program.
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Fig. 1 Schematic diagram of RMDT device (Chong et al., 2014)
The dynamic response of the specimen is measured using the accelerometers. A
frequency sweep is conducted to find the resonant frequency of the specimen. The
resonant frequency is subsequently used to calculate the shear wave velocity VS using
the following equation.
 2 f r l 
I  I c 2 f r l

 tan 
(2)

Ic
VS
 VS 

where I is the mass polar moment of inertia of the specimen, Ic is the mass polar
moment of inertia of the central rod, Id is the mass polar moment of inertia of the drive
system secured on to the specimen, l is the length of the specimen, and fr is the
resonant frequency of the specimen obtained from the frequency response curve. The
shear modulus (G) was then calculated from shear wave velocity using the following
equation.
(3)
G   VS2
where ρ is the mass density of the specimen. The material damping ratio (D) was
calculated from the frequency response curve using the half power bandwidth method
as follows (Richart et al., 1970):
f f
D  right left 100%
(4)
2 fr
where f1 and f2 are the half power frequencies corresponding to Vmax/√2 where Vmax is
the peak output voltage of the frequency response curve.
2.4 Experimental procedure
The intact grout and grouted rock specimens used in this study are shown in
Figure 2. Resonant column tests were conducted on the jointed rock specimen at 1000
kPa axial stress before grouting using the RMDT device. The grout specimen and
grouted rock specimens were created and cured in water for 7 days before testing. The
strain-dependent shear modulus and damping ratio of the test specimens at the mid
strain range (10-5-10-3) for 1000 kPa axial stress were measured. The results before
and after grouting were analysed to determine the effects of grouting and degree of
improvement.

2mm

Fig. 2 Grout and grouted rock specimen used in this study

3. RESULTS AND ANALYSIS
The strain-dependent shear modulus and damping ratio of the grout, jointed rock
and grouted rock specimens are shown in Figure 3. All specimens display a nonlinear

decrease in shear modulus and increase in damping ratio with increasing shear strain.
The grout specimen displays a maximum shear modulus of 1.78 GPa at low strain
levels, which is smaller than the values for both the ungrouted and grouted rock
specimens. The maximum shear modulus of jointed rock is 2.56 GPa and with grouting,
the value increases by 262% to 6.70 GPa. For all strain levels, the grouted rock
specimen displays a larger shear modulus than the jointed rock specimen. This shear
modulus increase is due to the improved joint stiffness with grouting. Grouting has both
a cementation and joint filling effect that improves the adhesion between adjacent rock
disks. Similar phenomena is also shown for the damping ratio. The minimum damping
ratio of the jointed rock specimen is 5.14% and is considerably larger than the values
for the grout and grouted rock specimen, which are 2.84% and 2.86% respectively. The
adhesion between rock disks due to grouting reduces the attenuation of waves at the
joint-joint interface. Hence, elastic wave propagation is improved and the grouted rock
specimen behaves as an anisotropic intact rock.
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Fig. 3 Strain-dependent properties of grout, jointed rock and grouted rock specimens

The normalized shear modulus degradation curves and normalized damping ratio
data are shown in Figure 4. The shear modulus degradation curve was modelled using
the modified hyperbolic model suggested by Darendeli (1997):

G

Gmax

1

(5)

  
1 
  
 ref 
Here, α is the coefficient of curvature which determines the degree of curvature of
the normalized modulus degradation curve. The reference strain γref corresponds to the
strain amplitude when shear modulus is at 0.5Gmax. However, the strain range tested in
this study was insufficient to cause such large γref values. Hence, the normalized
modulus degradation curve was interpolated to best fit the experimental data.

The normalized shear modulus degradation curves in Figure 4(a) display a
dramatic change in the strain-dependent characteristics of jointed rocks with grouting.
Ungrouted rocks display a shorter shear modulus compared to the grout specimen.
With grouting, the γref of the rock specimen increases as the grouted joints provide
shear resistance and increases its linear range. The grout and grouted rock specimen
display similar modulus degradation tendencies, which indicates that the grouted joints
governs the shearing behaviour of grouted rocks to some degree. In comparison, the
change in α is minimal and does not show a direct relationship with grouting. The
normalized damping ratio curves also display an increase in reference strain with
grouting. However, the damping ratio trends do not directly show this trend intuitively.

D aDm/ pD i mn[%]
ig n r a t i o ,

Grouted joints displayed the earliest increase in damping ratio with increased
strain as well as the largest amount of increase. This implies that although grouting
leads to the improvement of rock masses, they are more susceptible and dependent on
the strain levels compared to jointed rocks. Another issue with the damping ratio is the
methodology. The half power bandwidth method is comparatively less accurate in
determining the damping ratio of soils or rocks compared to other methods such as the
free vibration decay method. Further studies can be conducted on the comparison
between different damping ratio calculation methodologies.
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Fig. 4 Normalized strain-dependent properties of grout, jointed rock and grouted rock
specimens

4. CONCLUSION
In this study, the changes in nonlinear strain-dependent properties of jointed
rocks with grouting were analyzed using resonant column tests conducted at 1000 kPa
axial stress. The grouted rock specimen displayed increased shear modulus and
decreased damping ratio for all tested strain levels compared to the jointed rock
specimen. The maximum shear modulus increased by 262% and the minimum
damping ratio decreased by 44.4% with grouting. The normalized modulus degradation
curves of the grout, jointed rock and grouted rock specimens indicate that the shear

behavior of grouted rocks are governed by the strain-dependent properties of the grout
material.
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