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Abstract

Soil rock mixture (SRM) is a common geo-material, which usually needs to be treated by grouting reinforcement. The grout-
ing effect is tied to the grouting method, grout property, and geological condition, which are difficult to be quantitatively
analyzed. The main obstacle in developing a rigorous theory for evaluating the grouting effect is the heterogeneity of SRM.
This paper aims at developing a preliminary theoretical model and an empirical formula for predicting the overall strength
of grouted SRM based on the actual morphological structure of grout-rock skeleton and its heterogeneity. A discrete element
model was established for analysis of grout vein structures and validation of the theoretical approach. Two morphological
parameters called “grout vein uniformity” and “block-skeleton conversion ratio” were proposed to quantify the influence of
spatial distribution of grout vein and rock blocks in grouted SRM. Finally, an empirical formula was established for estimat-
ing the uniaxial compressive strength of grouted SRM, with a complete description of rock conversion ratio as a function of
grout proportion and rock proportion. The ability of the approach to capture the influence of the grouting effect was verified
by comparing the predicted values with the numerical values and the laboratory test results of this study. The improvement
of the mechanical property of the stratum can be quickly assessed according to the obtained correlations as a general rule.
Specifically, the normalized UCS increases in a linear fashion over grout proportion at a rock-soil ratio between 0.6 and
0.8. However, the theoretical model may overestimate the strength when the rock-soil ratio is higher than 0.9. It is open to
improvement by further studies for the systemization of a more rigorous and robust approach in estimating and accommodat-
ing the uncertainties when applied in grouting operation guidance in the real world.

Keywords Soil-rock mixture - Grouting reinforcement - Empirical equation - Compressive strength

1 Introduction

1.1 Definition and Basic Mechanical Property
of SRM

Soil-rock mixture (SRM) is a common geo-material widely
distributed in fault zone as an infill and in quaternary strata
(Xu 2008). It is a highly heterogeneous medium composed
of rock blocks with various sizes and a relative high strength
and a fine grained soil matrix, which lacks self-stability and
may cause huge geological hazard if not properly treated,
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such as landslide and tunnel collapse (Han et al. 2011; Gao
et al. 2018; Khorasani et al. 2019).

The mechanical behaviors of SRM have been studied for
more than 30 years since Raymond et al. (1984) proposed
the concept of “bimrock” for complex and mixed geological
masses for the first time. One of the most important features
of SRM or bimrock is sufficient strength and stiffness con-
trast between rock block and matrix. The strength of rock
block has a limited influence on the overall strength of SRM
since failure surfaces always pass tortuously around blocks
or within the matrix when it is loaded. When the volumetric
block proportions (VBPs) in a bimrock increase, the inter-
nal friction angle tends to increase and cohesion tends to
decrease (Lindquist 1994; Lindquist and Goodman 1994).
Kalender et al. (2014) developed an empirical formula for
predicting the overall strength of SRM and bimrock, which
considered fundamental rules of rock and soil mechanics
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and mechanical behaviors of bimrock as a function of VBP.
Besides, the influence of the strength and shape of blocks on
the overall strength of SRM and the failure patterns has also
been investigated. Dong (2007) found that with an increase
of the stiffness of rock blocks, the friction angle of the SRM
became higher, while the cohesion became lower. SRM with
angular blocks are characterized by a higher shear strength
and a more pronounced dilatant response as compared to
those containing rounded blocks (Hamidi et al. 2011; Jin
et al. 2017). In addition, numerous researches have been
carried out to fully understand mechanical behaviors and
failure mechanisms of SRM, by means of in situ tests (Xu
et al. 2007, 2011; Jiang and Yang 2010; Coli et al. 2011;
Zhang et al. 2016a) and numerical tests (Coli et al. 2012; Xu
et al. 2015, 2016a, 2018; b; Zhang et al. 2016b; Chen et al.
2018; Hu et al. 2018).

Due to its heterogeneity and lack of self-stability, SRM
is usually regarded as an unfavorable geological condi-
tion in tunneling, mining and other underground construc-
tions, especially when tunneling across fault zone, which
may cause cave-in, TBM jamming, water and mud inrush
and other engineering disasters (Shang et al. 2004; Li et al.
2016). Some other problems may also be caused during
construction in quaternary strata, such as uncontrolled sub-
sidence and inflow of groundwater during shallow buried
tunneling and excavation of foundation pit (Li et al. 2016;
Zhuo et al. 2020).

1.2 Grouting in SRM

Grouting is a widely used method for ground improvement
and geological hazard control (Li et al. 2016). Successful
grouting provides improved mechanical strength of forma-
tion, reduced permeability and compression of soft material.
Flow patterns in a grouting work are mainly divided into two
types, namely permeation grouting and fracturing grouting
(Widmann 1996; Saada et al. 2005; Axelsson et al. 2009),
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which depend on the geological conditions as well as the
physical and rheological property of the grout. In an ideal
condition that the formation is composed of homogeneous
media like pure soil or porous rock, permeation grouting is
the first choice, which is intended to fill cavities and pore
spaces in soil or rock and voids in rock joint systems with
cement suspensions or chemical solutions. During grouting,
the grouts are assumed to diffuse uniformly in all directions,
which can provide a permanent and uniform improvement of
the formation after the grouts harden. The size of the diffu-
sion region and its mechanical property after grouting rein-
forcement can easily be assessed by mathematical analysis.

In practical terms, this ideal process is always limited by
heterogeneity of the formation and its low groutability. Spe-
cifically, when grouting in SRM using cement suspension,
the mechanisms of grouting diffusion and reinforcement are
much more complicated. Since the cement particles cannot
go through the pore voids in the soil, fracturing occurs in the
interior of the soil or along the soil-rock interface. Moreo-
ver, the flow path and the shape of the fractures in SRM are
much more tortuous with multiple branches than those in
pure soil or sand where a dominant planar fracture is more
likely to form. Figure 1 summarizes the typical flow patterns
when grouting in different media.

For a homogenous medium, the improvement on mechan-
ical properties after grouting is proportional to the quantity
of the grouts. Thus, it is not difficult to establish a functional
relationship between them according to laboratory tests on
artificial samples with different proportions of the soil and
grouts completely mixed. In contrast, SRM is a highly het-
erogeneous medium, and its heterogeneity may become even
more obvious after grouting. The mechanical strength of
grouted SRM depends on the supporting skeleton composed
of rock block and grout vein, while the contribution of soil
matrix is trivial. When under external loading, failure occurs
in the weakest regions of the skeleton, mainly on the thin-
nest part of the grout veins or on the rock—grout interface.
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Fig. 1 Typical flow patterns when grouting in sand, clay and SRM
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In the meantime, the rock blocks remain intact. The overall
strength is controlled by the structural effect, rather than
the own strengths of the grout and rock. In order to evaluate
the grouting effect on SRM, a number of factors need to be
considered, such as morphology of grout vein, grout and
rock quantity, spatial relation between rock block and grout
vein and adhesive strength on the interface.

1.3 Aim of This Paper

The strength and deformation properties of geological
masses are crucial parameters for design and construction of
engineering projects. The mechanical strength and stability
of SRM can be markedly improved by grouting reinforce-
ment. Unfortunately, researches on evaluating mechanical
properties of grouted SRM are very limited, since the grout-
ing effect is tied to the grouting method, grout property, and
geological condition, which are difficult to be quantitatively
analyzed. Currently, the success of grouting can only be
assessed upon the termination of grouting and still largely
depends on the practical experience of the designer. Only a
few laboratory or field tests and some simplified theoreti-
cal analysis were conducted by assuming grouted SRM as
a homogenous medium, which completely discarded the
structural effect, while rigorous theoretically based criteria
are still missing (Jin et al. 2016; Li et al. 2016).

This paper aims at developing a preliminary theoretical
model and an empirical formula for predicting the overall
strength of grouted SRM based on the actual morphologi-
cal structure of grout-rock skeleton and its heterogeneity.
For this aim, two morphological parameters, called “grout
vein uniformity” and “block-skeleton conversion ratio”, were
proposed to quantify the influence of spatial distribution of
grout vein and rock blocks in grouted SRM. An empirical
formula was then established for estimating the uniaxial
compressive strength (UCS) of grouted SRM. The ability of
the approach to capture the influence of the supporting skel-
eton was verified by comparing the predicted values of SRM
samples with artificial structures in terms of the morphologi-
cal parameters and the measured values from a numerical
simulation result based on the Particle Flow Code (PFC).

2 PFC Model Setup

In this study, a PFC model of SRM was established for anal-
ysis of grout vein structures and to provide UCS test data
for verification of the theoretical approach. The reason that
a laboratory test was not adopted is because the numerical
model better captures the crucial factors which are consistent
with those considered in the theoretical model, and because
it is more convenient for the investigation. Although the
accuracy of the prediction results of the theoretical approach

is related to the calibration on its empirical parameters using
the numerical test data, the development and the rationality
of the theoretical approach are independent from the PFC
model.

The constitutive relations of the contacts in the model and
the calibration procedure in the model setup are quite sim-
ple, since the focus is not to reproduce mechanical behaviors
of a specific rock in the real world. Herein, the parallel-bond
model (PBM) (Potyondy and Cundall 2004) was adopted to
characterize the cohesive forces both in the interior of soil,
grout vein and rock block, and on their interface. Although
some new constitutive models have been proposed in recent
years (Nguyen et al. 2017; Saadat and Taheri 2019), which
can mimic the mechanical behaviors of rock mass more
precisely in some way, they are not adopted in the present
model due to the increased number of micro-parameters and
complexity for calibration.

The parallel bond provides the mechanical behavior of a
finite-sized piece of cement-like material deposited between
the particles. The force and moment act on the two con-
tacting particles can be related to maximum normal and
shear stresses acting within the bond material at the bond
periphery. If either of these maximum stresses exceeds its
corresponding bond strength, the parallel bond breaks and
the bond material is removed from the model along with its
accompanying force, moment and stiffness (Itasca Consult-
ing Group 2016). Therefore, the cohesive softening response
after the yield limit might be overlooked, since an abrupt
reduction of contact forces to zero will occur when the con-
tact forces exceed the bond strength. However, this error is
deemed to be negligible.

Synthetic samples of grouted SRM were generated in
a square region of 20 cm in length, comprising approxi-
mately 12,000 particles with a radius ranges from 0.8 mm
to 1.2 mm. Grout vein and rock blocks in SRM sample
are characterized by assigning a higher value of mechani-
cal parameters than the soil matrix on particles in selected
regions. Regions for grout vein are determined by importing
geometric data representing grout vein boundaries which are
obtained according to a hydro-fracturing simulation method
(Zhuo et al. 2019). Since the influence of angularity of rock
block is not considered in this study, regions for rock block
are assumed to be circular. The average value of the diameter
is 2.5 cm. During simulation, all the rock blocks kept their
integrity, and no crush occurred on the inside. The micro-
parameters are assigned in a reasonable range for common
soil and rock according to the tutorials in PFC manual. Grout
veins are given a value one order of magnitude lower than
rock blocks. Since this numerical model is mainly used to
provide data for verification of the theoretical approach, no
calibration was conducted for adjusting these parameters to
obtain macro-properties of a specific rock mass. The values
of the micro-parameters are listed in Table 1.
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Table 1 Micro-parameters in Description Symbol Unit Value (soil) Value (grout) Value (rock)
the PFC model
Density of the particle p kg/m? 2500 2500 2500
Friction coefficient u - 0.25 0.25 0.25
Normal stiffness k, N/m 107 10'° 101
Shear stiffness k, N/m 10 10'° 10"
Porosity n - 0.1 0.1 0.1
Bond normal stiffness %n N/m 107 10'° 10!
Bond shear stiffness k. N/m 10’ 1010 10!
Tensile strength o, MPa 0.02 2 20
Cohesion c MPa 0.02 2 20

3 Investigation on Morphology
and Strength of Grout Vein Skeleton

3.1 Conceptualization and Definition of Grout Vein
Uniformity

As mentioned in Sect. 1.2, a comprehensive evaluation on
the mechanical strength of SRM after grouting reinforce-
ment depends on a series of factors such as morphology of
grout vein, grout and rock quantity, spatial relation between
rock block and grout vein, and adhesive strength on the
interface. In this section, the influences of rock block are
temporarily not considered. The test samples only comprise
a supporting skeleton of grout vein and soil matrix, and it is
called grouted soil for convenience. The samples compris-
ing soil, rock block and grout vein are called grouted SRM.
“Grout proportion” refers to the volumetric ratio of the grout
and the sum of grout and soil both for grouted soil and for
grouted SRM throughout this paper. “Rock proportion” is
particularly used for grouted SRM, which refers to the volu-
metric ratio of the rock and the sum of rock, grout and soil.

The overall geometry of a grout vein can be very com-
plex with multiple branches and high tortuosity. Every tiny
change in a local region will make the failure pattern differ-
ent. Therefore, each sample with a grout vein skeleton has a
particular stress path and macroscopic mechanical behavior
(Fig. 2a). However, investigation on the failure patterns for
each specific grout vein is impracticable. Herein, a statistical
approach is used to analyze the morphological character-
istics of grout vein. Grout proportions are the same in all
these six samples. Perceptually, the two samples in each col-
umn have a similar distribution of soil and grout. To quan-
tify the differences between the columns from each other,
three observation regions with circular shape are randomly
selected from the samples. Then, a variance of the grout
proportions in each region is calculated. A smaller variance
represents a higher homogeneity of distribution. Therefore,
in order to obtain a precise value of the variance, a sufficient
number of observation regions is needed.

@ Springer

Besides, the value of the variance is related to the scale
of the observation region (Fig. 2b). For example, when the
observation scale is close to the size of the sample, the vari-
ance is approaching zero regardless of the distribution of soil
and grout, which means all these three samples are regarded
as completely uniformly distributed. When the observation
scale is reduced to half the size of the sample, the difference
becomes obvious between sample 1 and the other two. The
variances of samples 1 and 2 increase as the observation
scale decreasing. However, the variance of sample 3 remains
unchanged until the observation region is close to the grain
scale (i.e.. the soil or cement particle size).

Since the value of the variance depends on the scale of
the observation region, the morphological characteristics of
grout vein cannot be represented using a single value from
one specific scale. To fully consider the influence of the
scale of the observation region, the following calculation
approach was adopted (Fig. 3): assuming the length of the
sample is /, and the length of the observation region is /,,
observation regions are fully distributed on the sample. The
value of the variance of all these regions (S,,) is calculated
as an observation of the nth order:

l,=1/n 6}

_ Z?:nl 2 _P)2

n-n

S ()

n

where p; is the grout proportion in any observation region
and p is the grout proportion of the whole sample.

To obtain a more general result, the influence of different
grout proportions needs to be taken into account. Figure 4a
shows two sample groups (sample 1 and 2; samples 3 and
4). Each of them has a similar heterogeneity of grout vein
distribution. The grout proportion of sample 1 and sample 3
is 35%, while for sample 2 and sample 4 it is 50%. The S,—n
curves for each sample are presented in Fig. 4b.

In order to compare the samples with different grout
proportions, the value of §, needs to be normalized.
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Fig.2 Samples of grouted Column 1 Column 2 Column 3
soil with different grout vein

distributions

reg

Sample 1 Sample 2 Sample 3

(b)

Fig.3 The calculation proce-
dure for the variance curve by
dividing the observation regions
into different scales (note that
the colors are only used for
differentiate the boundaries, not
representing the actual variance
in each region) (color figure

online)
Actually, for a sample with any grout proportion p, when n Therefore, the normalized variance of grout vein distribu-
is approaching infinity, S, and p obey the following math-  tion can be expressed as follows:
ematical relation: s
. § =——1
lim S, =p-(1-p). 3 " p-(1-p) @)
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Fig.4 A generalized calculation procedure for grout vein uniform-
ity by normalization with grout proportion and reorganization on the
coordinates (a presents four samples which have the same grout vein
heterogeneity for each line and the same grout proportions for each

The curves in Fig. 4b can be recalculated with the nor-
malized variance as shown in Fig. 4c.

Although the curve of §, can reflect the heterogeneity
of grout vein distribution, it is not convenient to use in the
calculation of grouting reinforcement, and a more specific
parameter is needed. For this reason, coordinate transfor-
mation was applied by replacing n with 1/n for the hori-
zontal ordinate. Afterwards, the calculation process was
further modified by randomly choosing sufficient observa-
tion regions for each point uniformly distributed on the new
horizontal ordinate with a certain interval. It is found that
the computational precision is high enough with 50 times of
randomly choosing for each point and an interval equal or
less than 0.1 between two points on the horizontal ordinate.
The final result is shown in Fig. 4d. As can be seen, all the
curves are concave and go through (0,1) and (1,0) points.
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column; b presents the S,—n curves of each sample; ¢ presents the cal-
culation results after normalization with grout proportion; d presents
the calculation results after coordinate transformation and data redis-
tribution.)

Since the influences of the scale of the observation region
and the statistical errors have been eliminated, this curve
can be regarded as an intrinsic property of the grout vein
distribution.

Finally, we propose the following expression (Eq. (5)) of
a parameter 7 called “grout vein uniformity”, to character-
ize the distribution of grout and soil in the sample. Its value
depends on the area of the region bounded by the line of
“x=17, “y=1" and the variance curve in Fig. 4d. A larger
value represents a more homogeneous medium of the sample
as a soil-grout mixture. Since the variance curve is always
concave, the value of 7 is always greater than 0.5 and less
than 1. The values of 7 for the samples in Fig. 4a are 0.76,
0.77, 0.94 and 0.95, respectively.
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1
7=1—/§-dx. (5)
0

It should be noted that in order to make it comparable
for all the samples, a same normalization factor should be
used, which means the grout proportions in all the samples
are the same by default. However, in a practical grouting
work, samples from different regions of the formation have

different grout proportions. In this case, r with a value less
than 0.5 may be defined at a scale of engineering interest.

3.2 Relation Between r and Compressive Strength
of Grouted Soil

A fundamental feature of a grouted soil sample is that its
strength decreases as the grout vein uniformity increases
(Fig. 5a). This is because that the mechanical property of the

o, Sample 1
Sample 2 |
Sample 4
Oyf------=-=--==------Tms
L | L |
0.5 0.6 0.7 _ 08 0.9 1.0
r
(@)
6r 6k
y=-0.01724(1-349.06")
< 4 i
% <
o EE
2+ o
O i 1 " 1 1 1 X 1

Fig.5 Correlation between the mechanical strength and the grout
parameters such as grout vein uniformity and grout proportion (a a
general relation between the strength of grouted soil and the grout

(b)

vein uniformity; b functional relations between the UCS and grout
proportion according to regression analysis.)
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sample mainly depends on the grout vein skeleton, and the
strength of grout vein depends on the weakest part. Higher
grout vein uniformity means a more scattered distribution of
the grout vein with a larger number of branches. When the
sample is loaded, failure occurs on these branches progres-
sively, usually from the thinnest ones. Therefore, its overall
strength is lower than a sample with a more concentrated
grout vein, which has a more brittle property with a much
lower strength after the peak.

To further investigate the relation between the compres-
sive strength and 7, the two extreme cases in Fig. 5a of grout
vein distribution are considered here, which corresponds
to the maximum and minimum value of the compressive
strength. In sample 1, the compressive strength of the sam-
ple is approximately equal to the strength of the left part,
as the contribution of the soil can be neglected. Sample 4
represents an ideal state when 7 is approaching 1 and the
grout veins are the most uniformly distributed. (Note that
this state is different from a completely homogeneous sam-
ple of cement soil: the former still has a mesostructure of
grout vein, which means the soil particles were excluded
from the cementation process of the grout suspension when
it started hardening.) For both the cases of samples 1 and
4, the influence from the morphological characteristics of
grout vein is eliminated, as the grout vein has only one defi-
nite distribution (while for the other cases the distributions
of grout vein can be various under the same value of 7, so
that the strength of the samples also varies). Therefore, the
compressive strength of the sample only depends on the
grout proportion. Based on the PFC model, the UCS of the
samples with different grout proportions was calculated, and
a functional relation was obtained by regression analysis
(Fig. 5b). The functional types are linear and exponential
for sample 1 and 4, respectively.

It should be noted that the precision of the numerical
model is limited by the amount of the particles and their
radius. It is impracticable to build a sample with a grout vein
structure arbitrarily thin and a value of 7 infinitely close to
1. In this study, grouted soil samples with 7 equal or greater
than 0.95 were used to approximately represent the com-
pletely uniform state. A preliminary computation showed
that the convergence is sufficient when 7 is greater than 0.95,
and the relative deviation is less than 5% when using dif-
ferent grout vein distributions with the same 7. Finally, an
average value of five samples with the same 7 and differ-
ent grout vein distributions for each point were used for the
regression analysis.

3.3 The Influence of Anisotropy of Grout Vein
Another factor which has an important bearing on the

strength of the sample is the anisotropy of grout vein. When
¥ is small, the anisotropy becomes obvious and the strength
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of a sample varies a lot in different directions, as shown in
Fig. 5a. For sample 4, 7 is close to 1 and it is completely
isotropic. The strength is the same in all directions. In con-
trast, soil and grout are completely separated in sample 1.
The strength in the vertical direction is approximately equal
to pure grout, while in horizontal direction it is approxi-
mately equal to pure soil. For samples 2 and 3, the aniso-
tropic behavior is between these two extreme cases. Fig-
ure 6a shows the failure regions when loaded vertically and
horizontally. The elastic modulus, peak strength and failure
regions are all different in these two cases.

It should be noted that the anisotropy is not necessarily
related to 7. As shown in Fig. 6b, 7 decreases from left to
right, while the isotropy remains unchanged. In other words,
the uniaxial compressive strength increases from left to
right, but the ratios of the strength in vertical and horizontal
direction are the same. Therefore, the mechanical behavior
of grout vein cannot be described only by 7, and another
parameter representing the anisotropy is needed.

In this study, the anisotropic factor is defined with the
following equations: first, the variances of grout proportion
in the observation regions as shown in Fig. 6¢ are calculated

(Eq. (6)):
S

_ZLe-pt XL e-p)

n - n

S ©)
The limit value of the variance is obtained when n is
approaching infinity.
re= im Sy, = lim S, )
Finally, the anisotropic factor & is defined as the ratio of
the above two values:

kxzrx/r, kyzry/rx. ¥

It is found that the minimum value of r, and r, is zero,
when the grout vein is uniformly distributed in the vertical
or horizontal direction (as in sample 1 of Fig. 5a). There-
fore, k ranges from zero to infinite. Additionally, when 7 is
approaching 1, the grout vein becomes uniformly distrib-
uted, and k becomes 1.

3.4 Establishment of the Formula for Estimating
the Strength of Grouted Soil

Based on the above analysis, it is concluded that the strength
of grouted soil ¢ can be regarded a function of grout propor-
tion p, grout vein uniformity r, anisotropic factor k, and the
intrinsic properties of the grout and soil. It increases with an
increase of p and decrease of 7. The maximum value of ¢ is
approximately equal to a pure grout sample with the same
grout volume. Therefore, the strength of grouted soil o with
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Fig.6 Illustration on the influ-
ence of anisotropy of grout vein
and the calculation procedure
(a failure regions of a grouted
soil sample when loaded in
different directions; b grouted
soil samples with different
grout vein uniformity and the
same isotropy; ¢ the calculation
procedure for the anisotropic
factor.)

any grout vein distributions can be expressed as the strength

of pure grout ¢, times a reduction factor which depends on

the morphology of grout vein:

—g - TP
0=0, '

)

(b)

(¢

The reduction factor is composed of a parameter @ and an
exponential term. Its expression can be determined accord-
ing to the following boundary rules:

(i) the reduction factor ranges from O to 1.
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(ii) 7 isapproaching 1 (note that when 7 is approaching 1,
k will also be approaching 1 automatically), and the
grout vein distribution becomes completely uniform
and o equals o,,,.

(iii) k is approaching O or infinity, grout and soil com-
pletely separate from each other (as in sample 1 of
Fig. 5a), and o equals 0 or o), respectively.

Therefore, Eq. (9) can be further modified into the fol-
lowing form:

'
Gm
- <6—> . (10)

c =0,
p

The value of 6,, and 6, under any grout proportion is
determined by the regression function in Fig. 5b. It should
be noted that although these functions are derived from the
results of the two-dimensional PFC model, they can also be
determined by any other methods such as laboratory tests
and theoretical analysis and under three-dimensions. There-
fore, there is only one parameter A in the equation which is
unknown.

The least-square method was used to determine the value
of A, based on a predicted result from Eq. (10) and a meas-
ured result from numerical uniaxial compressive tests on 70
grouted soil samples in vertical and horizontal directions.
During the numerical test, some data were deleted because
the anisotropy was too high and the strength was too small
to be measured. Besides, the grout proportion p, grout uni-
formity 7 and anisotropic factor k of each sample were cal-
culated, and ¢, and o,, were determined according to their
relation with grout proportion p in Fig. 5b. Since the rela-
tion between o,, and grout proportion in Fig. 5b was derived
using the samples with » around 0.95 to approximately

predicted UCS
[\S)
T

measured UCS

(@)

substitute the completely uniform state, the value of r for
all the samples here was recalculated by timing a coefficient:

7, =7/0.95. an

Finally, 158 data points were used for the back calibration
on A, and a value of 0.828 was obtained, with a relation of
y=0.93 x for the measured and predicted results and a cor-
relation coefficient square of 0.90 (Fig. 7a). Additionally, the
relation between 7 and k was also obtained (Fig. 7b). A loga-
rithmic coordinate with a base number of 2 is adopted for y
axis so that the coordinate is symmetric on y=1. As can be
seen, the fluctuation of k decreases as 7 increases. When r
is greater than 0.9, the sample can be regarded as isotropic.

4 Evaluation on the Effect of Grouting
Reinforcement on SRM

4.1 Conceptualization and Definition
of Block-Skeleton Conversion Ratio

For grouted SRM, grout vein and rock block work together
as the supporting skeleton (Fig. 8a). In ungrouted region,
displacement of rock block can be very large during the
deformation of soil matrix (block C). Although the strength
of rock block is very high, it has little contribution on the
overall strength of the formation. In grouted region, how-
ever, the dispersed rock blocks are jointed together by grout
vein (block A and B). A stronger bonding between rock and
grout leads to a larger contribution on the overall strength.
Therefore, in order to quantify the contribution of each rock
block, a parameter called “block-skeleton conversion ratio”
is proposed here (represented by K), which means the ratio
of the volume of a block and the equivalent volume as a
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Fig. 7 Back calibration results of the UCS of grouted soil and the relation between k and 7
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Fig.8 Conceptualization and
definition of grout vein uni-
formity (a a typical grout-rock
skeleton in grouted SRM; b spa-
tial relations between rock block
and grout vein; ¢ influence on
block-skeleton conversion ratio
from spatial relation between
rock block and grout vein)

part of the grout vein so that the SRM sample has the same
compressive strength.

It is obvious that K is related to the contact ratio of grout
and rock. If we postulate that they are equal to each other,
the “equivalent grout proportion” can be easily obtained by
counting the converted volume of each block, as shown in
Fig. 8a. A darker color of the blocks represents a higher
conversion ratio. The strength of grouted SRM improves as
the overall conversion ratio increases.

However, K is also related to spatial relation between rock
block and grout vein (Fig. 8b). Sample a and Sample b show
the result in which the converted volume is calculated only
according to the contact ratio. Since the contact ratio is the
same, the converted volumes are also assumed to be equal.
Comparatively, the results in Sample ¢ and Sample d are
more reasonable, in which the converted volume of the for-
mer is larger than the latter. For a grout vein with complex
morphology, one rock block may have several contact points
with grout (Sample ¢). In this case, the bonding between
rock and grout can be very strong, which leads to a high
value of K, even if the overall contact area is small.

The influence of spatial relation between rock block and
grout vein can be further illustrated by Fig. 8c. The grout
proportions of the two samples are the same, but the latter
one has a higher complexity of grout vein morphology. Most
rock blocks in the first sample are either totally bonded by
grout or totally unbonded, while in the other one, they are all
partially bonded with several contact points. Since the rock
blocks are randomly distributed and the grout proportions
are the same, the overall contact ratios of the two samples
are equal to each other. Therefore, the values of K of the two
samples are the same if it is calculated according to the con-
tact ratio of each rock block. But a higher value of K would
be obtained if the spatial relation between each rock block
and grout vein is considered.

4.2 Relation Between Skeleton Conversion Ratio
and Grout Vein Uniformity

Apparently, the spatial relation between rock block and grout

vein is related to grout vein uniformity. A higher uniformity
leads to more contact points for each rock block. Herein,
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three characteristic dimensions are defined to fully under-
stand the influence of grout vein uniformity (Fig. 9).

Case 1 shows an extreme condition that the left and right
side of the formation is completely occupied by pure grout
or soil. In this case, 7 is assumed to be zero at the sample
scale. The influence from grout vein morphology is negli-
gible because the dimension of rock block is comparatively
too small. The spatial relations between rock block and grout
vein are either totally bonded or totally unbonded. Statisti-
cally, the value of K for each rock block follows a binomial
distribution of 0 and 1, and the overall skeleton conversion
ratio is equal to the grout proportion in the formation. In
case 2, different grout vein distributions are observed at the
sample scale. The spatial relations between rock block and
grout vein are divided into totally bonded, totally unbonded
and partially bonded (with one continuous contact surface).
Grout vein morphology has a very limited effect, and the
value of K in case 2 is slightly higher than case 1. In cases 3
and 4, the grout distributions are completely uniform at the
scales of engineering interest. The difference becomes obvi-
ous at the mesoscale. In case 3, the spatial relations between
rock block and grout vein vary from one to another, which

Engineering
scale

Sample
scale

Mesoscale

L9

means grout vein morphology has an important bearing on
K. However, in case 4, each rock block is sufficiently bonded
with numerous contact points. The influence from grout vein
morphology becomes negligible again like in case 1. Since
every rock block is sufficiently bonded, K surges up to 1 as
grout proportion increases.

A summary on the main features of the four cases is
given in Fig. 10. The grout distributions in case 1 and 4
give the upper and lower bound on K, which are independent
on grout vein morphology. The expression of K for case 4
might be obtained according to laboratory tests on artificial
samples comprising fully mixed rock, grout and soil with
different proportions, which is out of the scope of this study.
Case 2 represents an unsatisfactory grouting result with poor
coverage. The value of K is close to that of case 1. Case 3
represents a typical state which is most likely to be reached
in a practical grouting work: the variance of grout propor-
tion is almost zero at the sample scale, but the difference
becomes obvious when looking at each rock block. In this
case, the overall conversion ratio should be calculated by
statistical methods. In the following two sections, a detailed

0<S<05

Fig.9 Patterns of different grout vein distributions and the spatial relations between rock block and grout vein in engineering scale, sample scale

and mesoscale
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Fig. 10 The variances of the grout vein distributions on different scales and the corresponding relations between the conversion ratio and grout

proportion

investigation on how to calculate the conversion ratio of case
3 is presented.

4.3 Expression of K as a Function of p for a Single
Rock Block

Figure 11 shows a calculation model for determination on
the expression of K in case 3 of Fig. 9. The grout veins are

Fig. 11 The conversion region
of a single rock block with dif-
ferent spatial relations to grout
vein and the geometric model
for determination on the expres-
sion of K

assumed to be distributed in parallel for the sake of conveni-
ence. The state in Fig. 11d is different from the others since
the rock block is in contact with two grout veins, and it is
excluded from the calculation. Therefore, the mathematical
expectation of K as the rock block moves from the place in
Fig. 11a—c is regarded as the minimum predicted value.
Supposing the radius of the circle is 1, the area iswand the
perimeter is 2z. The arc length of AB is /. The contact ratio
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of rock and grout is //x. The area of ABB1A1 is represented
by s, which depends on the central angle / and u.

Using the geometrical relations between Sypcp, Saoss
Spop and S,oc. and the sum to product formulas, s, can be
represented by / and u as follows:

s, =1+ %sinZu— %sin2(u+l). (12)

The mathematical expectation of s, as u increases from 0
to w — [is derived as

1 —cos?2!

E(s) =1+ PR TR (13)

The skeleton conversion ratio is derived as follows:
K =E(s;)/x. (14)

Since the grout vein is assumed to be uniformly distrib-
uted, the contact ratios of grout and rock for each rock block
are the same and are equal to the overall grout proportion
of the formation:

p=l/x. (15)
Substituting Eqgs. (13) and (15) into Eq. (14) derives the
following:

1 1—cos2zp

K=p+—
P T2y

(16)

Therefore, the function curve of Eq. (16) can be added
onto Fig. 10b, as shown in Fig. 12, which represents a con-
servative estimation on the skeleton conversion ratio for a
single rock block with the grout vein distribution of case 3
in Fig. 9.

1.0+

0.8}

0.4}

case 1,2 r: 0~0.6
—&—case 3 : slightly less than 1

----case4 =1
1 1 1

0.0 0.2 0.4 0.6 0.8 1.0
p

(@)

K /K,

4.4 Estimation on Compressive Strength of Grouted
SRM

Another important factor for the calculation of K is rock
proportion. Rock blocks may be in contact with each other
when rock proportion is high. The interaction between rock
block will influence the strength and deformation behavior
of a sample, especially when they are bonded by grout vein.
Previous studies have proved that a fundamental feature of
SRM or bimrock is that the internal friction angle increases
linearly with rock proportion in a range from approximately
30 to 70% (Irfan and Tang 1993; Lindquist 1994). There-
fore, it is expected that the rock interaction will arise some
additional strength and this influence should be included
when determining the equivalent supporting skeleton and
estimating the overall strength of grouted SRM.

Figure 13 shows the extreme case that the rock propor-
tion reaches its maximum value. All rock blocks are in close
contact with adjacent blocks, and the overall space in the
sample is divided into many isolated voids. In this situation,
the grout vein morphology disappears at the sample scale,
and structures of grout vein can only be observed at a scale
smaller than the voids. Therefore, the influence of grout vein
reduces to a bonding effect between rock blocks. Given the
grout is uniformly distributed, the bonding forces on every
contact points are assumed to be equal and proportional to
the grout proportion of the sample.

Herein, the strength when grout proportion reaches a hun-
dred percent (soil matrix completely replaced by grout) is
assumed to be equal to the strength of pure grout, by ignor-
ing the strength difference between grout and rock or the
interface. Afterwards, the expression of K as a function of p
can be determined by comparing the strength of “sample A”
with the maximum rock amount and “sample B” comprising

145
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Fig. 12 The relations between the conversion ratio and grout proportion for grouted SRM containing a single rock block
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Fig. 13 The equivalent model
for a grout SRM sample with
the maximum rock proportion
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Fig. 14 The relations between the conversion ratio and grout propor-
tion for grouted SRM with the maximum rock proportion

soil matrix and a skeleton of grout vein, as shown in Fig. 14.
The strength of sample A is assumed to be proportional to
grout proportion, and the strength of sample B is calculated
according to the equation in Fig. 5b. K is the ratio of py and
pa Which keeps the strength of the two samples the same.

1.0}
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0.6
N
04Fr —8— rock proportion<0.3
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02 —o&— rock proportion: 0.5
’ —&—rock proportion: 0.6
—&A— rock proportion>0.7
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p

Fig. 15 The complete description of rock conversion ratio as a func-
tion of grout proportion and rock proportion

Note again all these fitting functions can be replaced
by laboratory test results or derived by other available
strength theories. The accuracy of the proposed formula and
approach does not rely on the PFC model used in this study.

Based on the above analysis, another function curve
(Fig. 14c) can be added onto Fig. 14b. Therefore, the func-
tion curves in Figs. 14c and 12a determine the upper and
lower limit of the influence on the rock conversion ratio
from rock interaction. Herein, this influence is assumed to
be negligible when rock proportion is less than 30% and
reaches the upper limit when rock proportion is greater than
70%. In between, the rock conversion ratio and rock propor-
tion obey a linear relation. This is based on the previous
research results of the relation between grout proportion and
internal friction angle for ungrouted SRM (Irfan and Tang
1993; Lindquist 1994) and on the fact that increase of rock
proportion causes a strength transition from grouted SRM
to rock-fill with bonding. The complete description of rock
conversion ratio as a function of grout proportion and rock
proportion is shown in Fig. 15.

Numerical simulation of uniaxial compressive test on
grouted SRM with different grout vein and rock block dis-
tributions were conducted. 35 data of UCS were obtained
as the measured values. Meanwhile, the predicted values
were obtained by calculating the block conversion ratio and
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equivalent grout proportion according to the relations in
Fig. 15. A comparison result is shown in Fig. 16. As can
be seen, a well-correlated relation between the measured
UCS and predicted UCS was obtained, which justifies the
rationality of the proposed approach for estimating strength
of grouted SRM.

5 Experimental Validation

The experimental validation is divided into two parts. The
first part aims at verifying the influence of the morphologi-
cal parameters (especially the grout vein uniformity 7) on the
mechanical behavior of grouted soil. The second part aims
at testifying the accuracy of the proposed approach when
predicting the strength of grouted SRM with different grout
and rock proportions.

5.1 Devices and Procedures

As mentioned earlier, it is extremely difficult to prepare
test specimens with prefabricated grout vein structures.
Additionally, the fracturing path is uncontrollable during
the grouting process. Therefore, it is almost impossible to
reproduce specimens with the same morphological structure
of grout vein. In this study, two methods were adopted for
specimen preparation, namely “independent injecting (II)
method” and “direct pouring-in (DP) method”, as shown in
Fig. 17. A detailed description of the two methods is given
below.

1.2}
1.0}

0.8

0.6

predicted UCS

04

0.2

0'0 C 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
00 02 04 06 08 10 12 14
measured UCS

Fig. 16 Comparison between the predicted UCS and measured UCS
of the grouted SRM
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5.1.1 Independent Injecting Method

The procedure of the independent injecting test is in consist-
ent with the previous work of Liu et al. (2019), which is to
directly inject grout suspension into a mixture of soil-rock
confined in a cylindrical rigid container with top and bottom
lids. The inside diameter of the container is 10 cm and the
height is 25 cm. The thickness of the cylinder wall and lids
is 1 cm, which ensures that there is no deformation during
grout injection. The container is filled up with soil and rock
blocks in a certain ratio before it is screwed up in case of
leakage when grouted. A tube is buried in the mixture and
connected to the injection hole on the top of the container
during the filling process. The tube is 20 cm-long with mul-
tiple holes on the side. Grout suspension is injected through
the injection hole and flow out at the side-holes. Therefore,
the injection process is assumed to obey the cylindrical dif-
fusing condition. After solidification, the specimen is taken
out from the container and the bottom layer of pure soil is
cut off before the uniaxial compressive test is conducted.

The independent injecting keeps the integrity of the spec-
imen compared with the large-scale grouting test, which has
a big problem of obtain undisturbed specimens from the
grouted SRM with coring. Besides, it ensures that the com-
position of the medium and grouting parameters are control-
lable and accessible, while for the large-scale grouting test
the fluid pressure decreases in the distance, and the grout-
ing parameters in different regions may be highly scattered.
However, for independent injecting, since no deformation on
the boundary is allowed during grouting, the grout vein can
make a room for itself only by squeezing the pore voids in
the matrix. To ensure that sufficient grout can be injected to
construct an effective supporting skeleton, the initial poros-
ity of the matrix should be rather high. Therefore, the infilled
soil was in a rather loose state, which may cause a different
fracturing mechanism compared to that in the consolidated
soil. Additionally, the fracturing path might be different from
a real grouting work, due to the cylindrical diffusing condi-
tion confined in the small space of the container. A more
detailed description of the procedures can be found in the
work of Liu et al. (2019).

5.1.2 Direct Pouring-In Method

The direct pouring-in method is much simpler in the way of
grout vein generation. Soil blocks are used as the infilling
medium instead of granular soil. The container is a cubic
with a length of 10 cm. The reason for not using the same
container shape of the injection method is because gravity
effect on cement particles in the grout suspension would
be significant in this method if the ratio between the height
and width is high, which may influence the uniformity of



Analysis on Structural Characteristics of Grout and Rock Distribution in Complex Geological...

3773

Injection

Soil-rock
mixture

Pure soil

Fig. 17 Preparation for test specimens with I-I method and D-P method

the concentration of grout suspension and the strength after
solidified.

Grout suspension is poured into the container after being
filled with soil and rock blocks. In this way, the fracturing
process is replaced by the direct filling of grout, and the soil
is pre-consolidated instead of being compacted by grout-
ing pressure. The morphological structure of grout vein is
predetermined as the contour of the connected pore voids
between the soil and rock blocks. Therefore, the grout vein
is more uniformly distributed in the matrix compared with
the injecting method, which may cause over-concentrated
grout bulks in some local regions due to excessive compac-
tion on the soil matrix. However, this method suffers from
the problem of the artificial grout vein structure which might
be different from that in a real grouting work.

5.2 Properties of Selected Material
SRM specimen was prepared using soil and rock blocks at

different ratio. The following properties of the soil were
obtained with laboratory tests: unit weight of volume y,=23

kN/m?, liquid limit w;, =29, plasticity index 1,=10. The soil
was oven-dried at 120 °C for one day before being used
for preparing the mixture. The rock block has a roughly
round shape with a unit weight (represented by y,) of 29
kN/m®. After preparation, the soil and rock blocks are suf-
ficiently mixed in the container waiting to be injected or
filled with grout suspension. The shape of rock blocks was
controlled with the long axis of 4-5 cm and the short axis of
2.5-3.5 cm. The grain size distribution curve of the soil, as
determined by ASTM D 422-63, is shown in Fig. 18.

Grout suspension is composed of Portland ordinary
cement and water with a mass ratio of 1:1, which can be
regarded as Newton fluid when flowing. The groutability
number N (characterized by the ratio between grain diameter
of soil D5 and the cement particles dygs) is 7.5, which means
the suspension can hardly penetrate into the voids of soil
matrix during the injection or pour-in process.
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Fig. 18 Grain size distribution curve of the soil

5.3 Experimental Series

A parametric analysis was performed by varying the block
size, water—cement ratio of the grout, and the proportion of
grout, soil and rock in the specimen, in order to demonstrate
the effect of the block size and its distribution on the hetero-
geneity of the specimen, and to investigate the correlation
between the composition and the mechanical behavior of
grouted SRM. However, it was found that the ratio between
these parameters can hardly be adjusted in an arbitrary way
when using the D-P method. Since all the rock and soil
blocks have to be in contact with each other, the upper and
lower limits of the volume proportion of the blocks are quite
limited while the size and shape of the blocks stay the same.
The same problem also occurs when using the I-I method: A
larger amount of grout to be injected needs more pore voids
for squeezing, which means the initial state of soil matrix is
very loose and does not satisfy fracturing grouting. On the
other hand, an insufficient amount of grout cannot generate
an effective supporting skeleton covering the entire region of

Table 2 Experiment series and the material parameters

soil matrix. In a word, both excessively higher or lower grout
proportion to be injected will cause an unrealistic diffusion
process or grout vein skeleton, which is different from the
one dominated by the typical fracturing mechanism.

After several tries in a preliminary test, two block propor-
tions (0.4 and 0.6) were finally adopted for making the speci-
men. In other words, the volumetric ratio between grout sus-
pension and the sum of soil and rock blocks was either 0.4
or 0.6, while the ratio between soil and rock for each series
ranges from 0 (grouted soil) to 1 (welded bimrock). It should
be noted that, although the variation of grout proportion in
the experiment cannot cover the whole range from O to 1, it
is in accordance with a grout operation of the real world for
which the grout take varies in a certain range per injection
hole and is in proportion with the diffusion distance.

The experiment series performed using different material
parameters are summarized in Table 2.

After preparation, specimens are cured for 28 days at the
100% relative humidity and temperature of 25+ 5 °C before
used for compression test. The uniaxial compressive test is
carried out in accordance with ISRM (1981) at a constant
loading rate of 0.05 mm/s. Each time the specimen is loaded
until the axial stress falls below 70% of the peak stress.

5.4 Comparison of Results with Theoretical Values
and Discussion

The influence of the grout vein uniformity on the mechanical
behavior of grouted soil was investigated by varying the size
of the soil and rock blocks in the specimen. It was found that
the dispersion of the UCS is in a positive correlation with
the block size. The grout vein can be regarded as uniformly
distributed when block size is smaller than 1 cm. The cor-
relations between the UCS and grout proportion for all the
parameter combinations are summarized in Fig. 19 by nor-
malizing all the values using the UCS of one specimen with
the same size made of pure grout. Each point was calculated
by averaging at least 3 data from the uniaxial compressive
test. As can be seen, the UCS is in a positive correlation with

D-P method I-I method Cemented soil
Grout proportion 0.4/0.6 0.4/0.6 0/0.2/0.4/0.6/0.8/1
Rock-soil ratio 0/0.2/0.4/0.6/0.8/1 0/0.2/0.4/0.6/0.8/1 -

Grain size/cm  Water-cement ratio

Soil Rock Soil

Grain size/cm

Water-cement ratio Grain size/cm Water-cement ratio

Properties of soil, 0.7 0.7 1.2 Matrix
rock and grout

1 1/1.2 Matrix

3 3 0.8/1/1.2 Matrix

Rock Soil Rock

0.7 0.8/1/1.2 Matrix - 0.8/1/1.2
0.8/1/1.2
0.8/1/1.2
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Fig. 19 Correlation between the UCS and grout proportion for
Grouted SRM with different rock-soil ratio (The solid line and the
dashed lines are obtained according to the proposed theoretical
model, which represent pure grouted soil and grouted SRM with a
rock-soil ratio of 0.2, 0.4, 0.6 and 0.8, respectively; The dash-dotted
line represents cemented soil which is obtained by fitting the test data
of this study; the dash-dot-dotted line represents bimrock according
to the study of Sonmez et al. (2006))

the rock-soil ratio, and the contribution from rock block is
more significant for a specimen with a low grout propor-
tion or a high rock proportion. This is in consistent with the
analysis of Sect. 4. The test data basically agree with the
predicted values from the theoretical model, especially in
the lower end of the range of rock-soil ratio. The possible
reasons for the error lie in two following aspects:

First, the morphology of the skeletons was affected by
the experimental procedures and may be different from the
actual situation of the in-site grout operation. For example,
the fracturing path is sometimes uncontrollable when using
I-I method. Grout vein was likely to be confined around the
injection tube and can hardly form an entire supporting skel-
eton when the grout amount is small. Second, the theoretical
model proposed in this study may overestimate the strength
when the rock-soil ratio is higher than 0.9, owing to the
assumption that all rock blocks will be completely bonded
by grout vein as long as the grout proportion is in a high
level (regardless of the absolute amount of grout vein). In
fact, the flow pattern during grouting and the mechanical
property of the medium after grout solidification changes
significantly as the rock-soil ratio increases to a high level,
which may contradict the basic assumptions of grout vein
structure (Liu et al. 2019). This deficiency can be offset by
considering the strength models of bimrock as the upper
bound and excluding the unrealistic curves with high rock-
soil ratio (Sonmez et al. 2006). However, those correlations
are not incorporated into the current model in order to keep
the concision of its formula.

Additionally, it is found that the normalized UCS
increases in a linear fashion over grout proportion at a rock-
soil ratio between 0.6 and 0.8. That is to say, for a grout
take equal to half the volume of the stratum, the expected
mechanical strength after grout reinforcement is almost 50%
of that of pure solidified grout. However, when the rock-soil
ratio is lower than 0.2, the strength improvement of the stra-
tum can only reach 10% of the grout. In a grouting work of
the real world, the expected grout take in the stratum can be
estimated on the basis of the groutable volume of the voids
in the medium and the compressibility of the soil matrix.
Afterwards, the improvement of the mechanical property of
the stratum can be quickly assessed according to the above
correlation as a general rule.

Practically, a stratum with only a few rock blocks is
assumed as the worst situation since the scattered blocks
severely weaken the compatibility of deformation of the
original medium and the homogeneity of the supporting
skeleton after grouting reinforcement (Liu et al. 2019). In
this case, a normal grouting work can hardly achieve a sat-
isfied reinforcement effect. In contrast, a stratum of pure
soil is free from the influence of the weak interface between
rock and soil on the fracturing path during grouting, while
the criterion of fracture initiation for SRM and pure soil is
different from each other. Therefore, an alternative method
such as compaction and permeation grouting will likely be
preferred according to the specific engineering projects and
the excavation and supporting technics.

Another interesting finding is the discrepancy between
grouted and cemented soil and the similarity between
cemented soil and bimrock. At low grout proportion, the
UCS of cemented soil is much higher than grouted soil, and
even higher than grouted SRM with a high rock proportion.
This further demonstrates the influence of heterogeneity of
grout vein structure on the macro mechanical behavior of the
grouted medium. Even though the grouted soil was gener-
ated in a rather uniform way in this study (by pouring grout
suspension into the container filled with small soil blocks),
the heterogeneity of grout vein structure still exists in a
microscale, which leads to a fundamental difference com-
paring with the micro-structure of cemented soil, in which
cement and soil particles are sufficiently mixed and bonded
during the cement hydration reaction. On the other hand,
the cohesive force on the grout—rock interface is assumed to
be quite close to the cohesion in the interior of grouted soil.
The weakness of the interface is not that significant and is
partially compensated by the high strength of grout and rock.
Therefore, these two curves have a similar form, while the
overall strength of bimrock is a little bit higher.

@ Springer



3776

Z.Zheng et al.

6 Conclusions

In this study, a preliminary theoretical model and an empiri-
cal formula was developed for predicting the overall strength
of grouted SRM according to the actual morphological struc-
ture of grout-rock skeleton and its heterogeneity. The mor-
phology of grout vein and the structural effects of the sup-
porting skeleton in a specimen are characterized by two new
parameters: grout vein uniformity r, and anisotropic factor
k. The strength of the supporting skeleton decreases as the
grout vein uniformity increases since the branches become
thinner and easier to be crushed. Meanwhile, the mechanical
property of the specimen becomes more isotropic.

The strength of a grouted soil specimen can be regarded
as the strength of pure grout with a reduction factor. In this
study, the reduction factor was supposed to be an exponential
function of 7 and k, and the expression was determined by a
series of boundary rules. The developed formula comprises
mechanical and morphological parameters with clear defini-
tion which can be easily measured with laboratory tests, and
one empirical parameter A, which was determined by the
least-square method in this study.

Rock blocks can make a contribution to the macroscopic
strength only if they are bonded by grout vein. This con-
tribution can be quantified by the new parameter: block-
skeleton conversion ratio K, which depends on the spatial
relation between rock block and grout vein, bonding effect,
and interaction between the blocks. In this study, the spatial
relations between rock block and grout vein were compre-
hensively investigated by scanning the features of grout vein
distribution from the engineering scale to mesoscale. Based
on that, K can be estimated as a function of grout and rock
proportions.

The ability of the developed approach to capture main
factors of mechanical properties was verified by comparing

the predicted values of the UCS of artificial SRM speci-
mens with the measured values from the PFC simulation
result, and with the laboratory test results according to the
so-called I-I method and D-P method. The comparison with
the numerical results shows a high level of consistency since
both of them are developed on the basis of a two-dimentional
condition. The discrepancy of the laboratory test is slightly
larger, since the UCS result also includes the influence of
the cleaniness and the roughness of the rock surface, as well
as the real grouting conditions during grout vein generation.

Results show that the normalized UCS increases in
a linear fashion over grout proportion at a rock-soil ratio
between 0.6 and 0.8. The improvement of the mechanical
property of the stratum can be quickly assessed according
to the obtained correlations as a general rule. However, the
theoretical model proposed in this study may overestimate
the strength when the rock-soil ratio is higher than 0.9.
Besides, the data could not cover the whole value range of
grout proportion, owing to the restrictions of the experimen-
tal methods during grout vein generation. Therefore, it is
open to improvement by further studies to better understand
the bonding force as well as the structural effects and inter-
action between rock blocks. What is more, more researches
are needed for the generalization of the proposed theoretical
model into three-dimensional conditions and for the systemi-
zation of a more rigorous and robust approach in estimating
and accommodating the uncertainties when applied in grout-
ing operation guidance in the real world.

Appendix 1

See Table 3, Fig. 20.

;?ble73 Calculation details of No  Measured value o, m P ry T, T r, Predicted value
e o, o, o, o,
1 0.980 0.980 2.974 0.297 0.496 0.679 0.631 0.665 0.697 0.485 0.595
2 0.120 0.120 2.830 0.256 0.472 0.929 0.833 0.738 0.774 0.337 0.478
3 1.400 0.200 3.249 0.393 0.541 0.582 0.917 0.759 0.796 0.978 0.255
4 2.200 0.400 3.335 0.429 0.556 0.467 0.893 0.785 0.823 1.202 0.169
5 1.100 - 3.139 0.352 0.523 0.399 0.951 0.768 0.805 1.289 0.073
6 1.650 1.000 4.472 1.338 0.745 0.769 0.880 0.806 0.845 1.749 1.382
7 0.060 0.100 1.917 0.095 0.320 0.936 0.717 0.781 0.818 0.080 0.248
8 4.500 2.200 5.504 3.693 0.917 0.744 0.947 0.906 0.950 4.024 3.450
9 0.980 - 2.550 0.190 0.425 0.671 0.874 0.778 0.815 0.439 0.167
10 1.800 0.350 3.978 0.819 0.663 0.560 0.944 0.689 0.722 1.817 0.621
11 1.000 0.900 4.484 1.353 0.747 0.942 0.893 0.797 0.835 1.525 1.670
12 0.670 0.060 3.294 0.412 0.549 0.479 0.934 0.662 0.694 1.360 0.228
13 2.600 0.100 3.675 0.605 0.613 0.275 0.943 0.644 0.675 2.298 0.099
14 1.200 2.950 4.775 1.804 0.796 0.898 0.646 0.810 0.849 1.563 2.500
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Table 3 (continued)

No Measured value o, [ p r, Ty r T, Predicted value
oy [ oy [

15 1.730 0.800 3.391 0.455 0.565 0.500 0.828 0.715 0.750 1.194 0.307
16 2.000 0.320 4.383 1.225 0.731 0.523 0.915 0.823 0.863 2.154 0.730
17 1.100 1.500 3.776 0.670 0.629 0.775 0.653 0.683 0.716 0.833 1.209
18 0.260 0.240 3.263 0.399 0.544 0.689 0.909 0.697 0.731 0.899 0.424
19 0.100 1.900 3.568 0.543 0.595 0.949 0.518 0.713 0.748 0.311 1.456
20 2.500 0.350 3.893 0.753 0.649 0.368 0.930 0.648 0.680 2.238 0.297
21 - 0.120 1.596 0.065 0.266 0.781 0.527 0.761 0.797 0.040 0.234
22 2.400 0.350 4.530 1.416 0.755 0.400 0.931 0.788 0.826 2.765 0.616
23 0.940 - 1.826 0.085 0.304 0.351 0.917 0.690 0.724 0.633 0.010
24 2.400 0.180 4.175 0.997 0.696 0.474 0.954 0.730 0.765 2.196 0.537
25 1.720 1.900 4.309 1.139 0.718 0.792 0.722 0.758 0.794 1.313 1.557
26 - 0.100 2915 0.279 0.486 0.827 0.419 0.666 0.698 0.137 1.081
27 1.500 0.300 4.384 1.226 0.731 0.754 0.895 0.765 0.802 1.746 1.289
28 3.100 1.850 4.365 1.203 0.728 0.495 0.825 0.752 0.788 2.183 0.867
29 1.200 0.650 3.614 0.569 0.602 0.527 0.828 0.782 0.819 1.228 0.371
30 1.300 1.000 4.187 1.009 0.698 0.777 0.943 0.788 0.826 1.487 1.005
31 1.900 0.580 4.365 1.203 0.728 0.641 0.947 0.747 0.783 2.037 1.020
32 0.100 - 1.498 0.057 0.250 0.451 0.978 0.789 0.827 0.344 0.008
33 0.370 2.200 4.322 1.153 0.720 0.976 0.679 0.778 0.815 0.957 1.891
34 1.000 2.600 4.270 1.096 0.712 0.926 0.538 0.795 0.833 0.682 2.026
35 0.260 2.600 3.628 0.577 0.605 0.913 0.347 0.639 0.670 0.192 2.007
36 0.820 0.430 3.704 0.623 0.617 0.605 0.903 0.663 0.694 1.437 0.591
37 0.320 0.120 2.580 0.197 0.430 0.816 0.940 0.795 0.833 0.360 0.214
38 2.400 3.400 5.305 3.038 0.884 0.834 0.691 0.834 0.874 2.964 3.462
39 2.150 3.600 4.995 2.239 0.832 0.788 0.667 0.767 0.804 2.314 2.786
40 0.940 0.580 4.177 0.999 0.696 0.888 0.904 0.747 0.783 1.320 1.275
41 0.200 0.800 2.952 0.290 0.492 0.926 0.755 0.780 0.817 0.289 0.563
42 1.300 1.800 4.861 1.962 0.810 0.816 0.820 0.853 0.894 2.135 2.119
43 2.000 1.100 4.828 1.900 0.805 0.847 0.877 0.834 0.874 2.148 2.045
44 1.150 0.500 3.583 0.552 0.597 0.706 0.932 0.800 0.838 0.991 0.468
45 3.100 1.400 4.160 0.982 0.693 0.494 0.814 0.641 0.672 2.091 0.865
46 1.200 - 2.410 0.164 0.402 0.547 0.919 0.774 0.811 0.553 0.075
47 0.100 - 2.088 0.115 0.348 0.586 0.909 0.665 0.697 0.469 0.095
48 1.050 0.300 4.059 0.888 0.677 0.775 0.922 0.782 0.820 1.329 0.916
49 - 1.100 2.358 0.155 0.393 0.981 0.338 0.663 0.695 0.018 1.024
50 0.550 0.150 3.785 0.676 0.631 0.831 0.859 0.696 0.729 1.040 0.968
51 0.500 0.160 3.086 0.333 0.514 0.791 0.969 0.833 0.873 0.574 0.293
52 0.830 0.300 3.594 0.558 0.599 0.794 0.935 0.848 0.889 0.821 0.518
53 1.050 0.400 4.012 0.848 0.669 0.568 0.949 0.854 0.895 1.588 0.459
54 1.840 0.300 3.793 0.681 0.632 0.662 0.955 0.800 0.839 1.268 0.507
55 0.550 0.100 2.679 0.218 0.446 0.772 0.853 0.759 0.795 0.397 0.281
56 0.080 - 2.223 0.134 0.370 0.852 0.809 0.793 0.831 0.179 0.221
57 1.200 - 2.253 0.138 0.376 0.342 0.951 0.715 0.750 0.877 0.013
58 0.310 0.200 3.351 0.436 0.558 0.761 0.906 0.776 0.814 0.758 0.459
59 1.000 - 2.690 0.221 0.448 0.536 0.962 0.768 0.805 0.742 0.091
60 0.220 0.060 3.157 0.358 0.526 0.655 0.872 0.741 0.777 0.783 0.337
61 0.530 0.850 3.041 0.318 0.507 0.804 0.652 0.783 0.821 0.311 0.607
62 0.450 0.100 2.730 0.230 0.455 0.689 0.927 0.807 0.846 0.507 0.174
63 0.650 1.120 3.797 0.684 0.633 0.833 0.716 0.695 0.729 0.852 1.185
64 0.200 0.460 2.904 0.276 0.484 0.904 0.884 0.833 0.874 0.341 0.367
65 0.600 0.700 3.535 0.526 0.589 0.825 0.766 0.764 0.801 0.654 0.796
66 0.450 0.300 2.688 0.220 0.448 0.791 0.931 0.814 0.853 0.396 0.219
67 0.260 0.340 2.902 0.276 0.484 0.920 0.933 0.900 0.944 0.316 0.299
FS 0.640 0.370 3.352 0.437 0.559 0.826 0.934 0.868 0.910 0.611 0.416
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Table 3 (continued) No  Measured value o, . P r, T 7 [ Predicted value
o, o, Oy Oy

69 0.190 0.250 3.155 0.357 0.526 0.946 0.905 0.867 0.909 0.391 0.453
70 0.480 0.230 2.999 0.304 0.500 0.943 0.909 0.903 0.946 0.315 0.360
71 0.340 0.340 3.000 0.340 0.500 0.959 0.945 0.954 1.000 0.331 0.349

Fig.20 The grouted soil samples for providing the measured UCS data in Fig. 18
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Appendix 2

See Table 4, Fig. 21.

Table 4 Calculation details of Fig. 16

Rock proportion Grout pro- 7 §mes0 K Converted rock  Equivalent Predicted UCS Measured UCS
portion proportion skeleton
0.11 0.40 0.97 0.07 0.56 0.06 0.42 0.18 0.14
0.11 0.28 0.96 0.09 0.37 0.04 0.29 0.08 0.05
0.11 0.50 0.96 0.09 0.71 0.08 0.53 0.36 0.36
0.11 0.35 0.97 0.07 0.47 0.05 0.36 0.13 0.12
0.11 0.46 0.95 0.11 0.64 0.07 0.48 0.27 0.23
0.19 0.38 0.97 0.07 0.52 0.10 0.41 0.17 0.24
0.19 0.26 0.96 0.09 0.33 0.06 0.27 0.07 0.05
0.19 0.52 0.96 0.09 0.73 0.14 0.56 0.44 0.44
0.19 0.34 0.97 0.07 0.46 0.09 0.36 0.13 0.16
0.19 0.45 0.95 0.11 0.63 0.12 0.49 0.28 0.26
0.26 0.37 0.97 0.07 0.50 0.13 0.40 0.16 0.23
0.26 0.28 0.96 0.09 0.36 0.10 0.30 0.08 0.11
0.26 0.50 0.96 0.09 0.70 0.18 0.55 0.42 0.49
0.26 0.34 0.97 0.07 0.46 0.12 0.37 0.13 0.14
0.26 0.44 0.95 0.11 0.61 0.16 0.48 0.28 0.28
0.34 0.37 0.97 0.07 0.51 0.18 0.43 0.20 0.21
0.34 0.25 0.96 0.09 0.32 0.12 0.29 0.08 0.11
0.34 0.53 0.96 0.09 0.74 0.26 0.60 0.58 0.61
0.34 0.34 0.97 0.07 0.46 0.17 0.39 0.16 0.30
0.34 0.46 0.95 0.11 0.65 0.23 0.53 0.37 0.58
0.41 0.38 0.97 0.07 0.53 0.25 0.48 0.26 0.28
0.41 0.27 0.96 0.09 0.35 0.19 0.35 0.12 0.15
0.41 0.53 0.96 0.09 0.75 0.32 0.64 0.71 0.83
0.41 0.34 0.97 0.07 0.46 0.23 0.43 0.20 0.25
0.41 0.43 0.95 0.11 0.60 0.27 0.53 0.36 0.42
0.49 0.41 0.97 0.07 0.58 0.35 0.56 0.43 0.51
0.49 0.27 0.96 0.09 0.35 0.27 0.41 0.17 0.22
0.49 0.55 0.96 0.09 0.77 0.41 0.69 0.97 1.04
0.49 0.38 0.97 0.07 0.52 0.33 0.52 0.34 0.41
0.49 0.43 0.95 0.11 0.60 0.35 0.57 0.48 0.53
0.56 0.39 0.97 0.07 0.53 0.41 0.58 0.50 0.49
0.56 0.29 0.96 0.09 0.38 0.36 0.49 0.28 0.27
0.56 0.55 0.96 0.09 0.77 0.48 0.72 1.16 1.36
0.56 0.32 0.97 0.07 0.42 0.37 0.52 0.33 0.36
0.56 0.42 0.95 0.11 0.59 0.43 0.61 0.61 0.53
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Fig.21 The grouted SRM samples for providing the measured UCS data in Fig. 16
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