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NUMERICAL SIMULATION OF GROUTING
BY TWO GROUT ANALYSIS METHODS
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This paper examines the validity of the Monte-Carlo simulation of fracture networks (MSFN)
and the real-time inversion analysis (RTIA). The MSFN is applied to simulate the consolidation
grouting and curtain grouting. Fairly good agreement with observed data is obtained for the
relation between the pressure and amount of grout agents, 2) the spacial variation of Legion
values, and 3) the appearance of grout agents in adjacent holes. The basic validity of the RTIA is
verified through simple examples. Then, it is shown that the RTIA can predict the water channel
conditions and the grouting distance for the consolidation grouting.
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1. INTRODUCTION

We presented the two analysis methods for grouting
in the accompanying paper?. The first is a Monte-
Carlo simulation of fracture network! (MSFN) which
predicts the grouting effects for a presumed grout-
ing specification from the permeable flow analysis of
fracture networks generated according to the observed
data, and the second is a real-time inversion analysis
(RTIA) which evaluates the range and degree of the
grout agent intrusion making best use of continuously
measured the grouting pressure and the amount of
flow. It should be emphasized here that these two

analysis methods use data which are ordinarily mea- -

sured as input parameters. Appendix summarizes the
model and formulation of these methods briefly.

In this paper, we simulate consolidation grouting
and curtain grouting using these analysis methods.
The basic properties of the target cites are summa-
rized in Table 1. The rock mass for the consolidation
grouting has relatively dense distribution of cracks,
and the permeability is high. The rock mass for the
curtain grouting is less permeable, though there exist
well-developed cracks and some regions with highest
permeability. The detailed geological and hydrological
data are shown when the simulation is made.

The main objective of the present paper is to exam-
ine the validity of the MSFN and the RTIA, comparing

results of numerical simulation with actually measured

! See, for instacen, 5)’1)'2)’8); see recent works of 6%

and 3.

data. For the MSFN, the t-P-Q relations, the spacial
variation of Legion values and the locations of grout
agent appearance are used. For the RTIA, the results
compared with those of the MSFN, as data which can
be used directly for the comparison are not available.
The usefulness of these grout analysis methods is dis-
cussed. As one example of the application, the MSFN
is used to the grout effects for different specifications
in order to investigate most suitable specification.
The content of this paper is as follows: Sections 2
and 3 are for the MSFN applied to the consolidation
and curtain grouting, respectively. Section 4 is for the
RTIA applied to the curtain grouting of the same site
as studied in Section 3. As mentioned, the MSFN
and the RTIA are presented in Appendix; see also the

original paper®).

2. CONSOLIDATION GROUTING

OF MSFN

We carry out the MSFN to simulate consolidation
grouting; the geological data of major cracks observed
in a target site are summarized in Table 2; ¢ and §
are the dip angle (measured as the N-direction being
0) and the strike angel, and d and h are the aver-
age spacing and crack-opening-displacement. Young'’s
modulus and Poisson’s ratio used in the MSFN are
also cited. Figure 1 shows the location of the pilot
(P) and the first to the sixth grouting holes. Each
grouting hole has six stages, denoted by Stage 1 to
Stage 6; a grout hole is divided into several parts,



Table 1 Properties of Cite

L ” consoli. curtain
depth [m] 0~-30 0~100
rock granite granite

permeability || relatively high low except some
regions

Table 2 Geological Data: Consolidation Grouting

¢[deg) 11~26

fdeg] 11~29

d[/cm] | 0.01

hlcm] 0.1

E[MPa)] || 1000

v 0.3

6th 5th

P 2nd 3d | 4 |, 1st
S A S A
v 0.75m 0.35m )
' 12m '

Fig. 1 Location of Grouting Holes

called stages, and each stage is sealed with packers at
the top and bottom such that the pressure in the part
becomes constant when grouting is applied.

As the stage length is 5[m], a circular cylindrical
domain of radius 5[m] is used as a model of a target
rock mass. Centers of fractures are randomly distrib-
uted in this region, and its strike and dip angles are
randomly chosen from the ranges shown in Table 2.

(1) P-Q Relation for Legion Test

The MSFN needs to specify the joint radius, a, al-
though other input parameters are determined from
the geological data. The joint radius is determined by
carrying out a parametric study to reproduce a Legion
test of one stage. Stage 4 of the pilot hole is used in
the parametric study. Four values of a shown in Table
3 are examined, and the average of P-Q relations of
100 simulations is plotted in Fig. 2; Q is set as the
amount of flow per 1 minute and 1 meter of the stage
length. As is seen, the P-Q relation changes depend-
ing on a, and @ = 150[m)] gives the closest relation to
the measured one. This value is used in the following
simulation.

The MSFN introduces three parameters, a, 8 and
7, which respectively account for the reduction of the
elasticity due to grouting damage, the viscosity change
due to stacking of grout agents, and the joint closing
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Table 3 Parametric Study of a

1-1}1-2 | 1-3 | 1-4
75 | 100 | 150 | 200
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Table 4 Parametric Study of o
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Fig. 2 Results of Parametric Study of a
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Fig. 3 Results of Parametric Study of o

due to the fulfillment of grout agents; see Appendix.

These parameters can be determined from a para-
metric study similar to the one for a. As an example,
we present the parametric study for a. Three values
of a shown in Table 4 are examined, and the average
P-Q relations are plotted in Fig. 3. The most suit-
able value among theses three is & = 0.5; this means
that the half of joint openings due to excessive pres-
sure cannot be recovered when joints are damaged.



(2)

Two parameters, 8 and v, are determined by us-
ing measured data of Stage 4 of the pilot and first
grouting holes. Since 3 accounts for the effects of the
intrusion time and the joint thickness on the harden-
ing process, it can be determined by using one t-P-Q
relation. However, v requires at least two t-P-Q re-
lations as it gives the decrease of the joint thickness
for the amount of grout agents which was previously
intruded. We use 8 = 1{cm/hour] and v = 0.05[cm] in
the present study. It should be emphasized that these
parameters are determined from the measured t-P-Q
relation of one stage of one grouting hole, and are used
to reproduce data of other stages and other grouting
holes. Figure 4 compares the average t-Q relation
of 100 simulations with the measured t-Q relation; a)
is for Stage 4 of the pilot hole, from which g is de-
termined, and b) is for Stage 4 of the first grouting
hole, from which < is determined. The measured t-P
relation is used as input data. While detailed profiles
are different, the average t-Q relation is fairly similar
to the measured one even for the first grouting hole;
in particular, the simulated total amount of the in-
truded grout differs less than 40% from the measured
one for the first grouting hole. Such difference between
the simulation and the observation may be negligible
compared with the large variances in t-P-Q relations
at different stages of the same grouting holes. Similar
agreement is obtained for other stages and grouting
holes.

t-Q Relation for Grouting

(3) Grouting Effects

Since stages closer to the ground surface are dam-
aged during the excavation, the crack-opening (h) and
the Young moduli (E) are slightly changed from those
used for deeper stages. Table 5 shows the profile of
stage 1 to 6 and the values? of h and E. The spatial
variation of Legion values are obtained by carrying
out fictitious Legion tests which use the same network
with joint thickness reduced by the previous grouting.
To this end, we first compute S, the saturation ratio
of joints which is defined as the ratio of the intruded
grout agent volume to the joint volume. This S deter-
mines the reduction of the joint thickness. The spacial
variations of S for Stage 4 are shown in Fig. 5; since
joints are randomly distributed, the isotropic distri-
bution of S is assumed and S is plotted as a function
of the distance. As the joint thickness is decreased, S
tends to increase for later groutihg holes.

Average Legion values are computed for all stages
in all grouting holes; see Fig. 6a) for shallower stages

2 These values are determined to reproduce Legion tests
for each stage of the pilot hole.
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Table 5 Parameters of Stage
| stage ” depth[cm] l hlcm] | Elkgf/ cmi'
1 30~530 0.3 3000
2 530~1030 0.2 3000
3 1030~1530 0.1 10000
4 1530~2030 0.1 10000
5 2030~2530 0.1 10000
6 2530~3030 0.1 10000

and Fig. 6b) for deeper stages. The measured Le-
gion values are plotted for the comparison. While the
values are different, the simulation yields similar ten-
dency in decreasing Legion values with respect to the
grouting hole. Indeed, the arrows indicate the grout-
ing hole at which the measured Legion value becomes
sufficiently small (less than 2). The simulation tells
these grouting holes within the error of one grout hole;
for Stage 1, for instance, the simulation shows that
the fourth hole is the one at which the Legion value is
small, and this coincides with the observation.

3. CURTAIN GROUTING OF MSFN

We carry out the MSFN to simulate curtain grout-
ing which used one test hole divided into 20 stages.
While most of stages had small Legion values, a Le-
gion value of Stage 8, 11 or 16 was greater than 1000.



0 100 200 300 400 500
distance [cm]
Fig. 5 Spacial Distribution of R
Lu
10

measured ——
computed

a) shallower stages

Lu
10
e ‘ measured —
8t . computed ----- 1
6 -

Stage 3 ]

b) deeper stages

Fig. 6 Reduction of Lu

Well-developed cracks were observed in these stages.
As a typical example, Table 6 shows geological data
of cracks observed in Stage 16; (¢,0) are the strike
and dip angles, z is the elevation and h is the mean
crack-opening width. These stages are the target of
the present analysis.
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Table 6 Geological Data: Curtain Grouting
[ No. 1| No. 2 | No3 [ No. 4| No.5
dldeg] | 67 | 63 | 45 | 40 | 70
fldeg] || 28 | 135 | 348 | 335 | 323
zem] || 7625 | 7701 | 7763 | 8145 | 8160
hlcm)] 0.16 0.08 | 0.09 | 0.09 0.09

Table 7 Parametric Study of a
31|32 33
80 | 100 | 120

case

a[cm]

A cylindrical domain of radius 5[m] is used as a
model of one stage. Fractures are generated randomly
on planes which correspond to the observed well-
developed cracks; for instance, there are five planes
for Stage 16.

(1) P-Q Relation for Legion Test

We first determine the joint radius, a, for this site
using data of a Legion test. Three values of a shown in
Table 7 are examined, and the average P-Q relations
are plotted in Fig 7. As is seen, a = 100[cm] is most,
suitable and used in the following analysis.

Since the grouting sites were located relatively deep,
the deformation due to water pressure does not hap-
pen in the MSFN. Hence, the parameter a for this site
cannot be determined.

(2) t-Q Relation for Grouting

We next determine the parameter 8 to reproduce
data. of grouting at Stage 16. Three values of § shown
in Table 8 are examined, and the average t-Q rela-
tions are ploted in Fig. 8. The sensitivity of the t-Q



Table 8 Parametric Study of 3
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Fig. 8 Results of Parametric Study of 8

relation to 3 is clearly shown. While the decrease of Q
(under a constant grout pressure) is reproduced, the
simulated t-Q relation is fairly close to the observed
one. As 3 = 5 predicts the total amount of the in-
truded grout best, this value is used in the following
simulation.

Statistical information of permeable flows can be ex-
tracted from the MSFN; for instance, we can compute
the standard deviation. As the comparison of the ob-
servation with the average is not quite satisfactory, we
consider another comparison using the standard devi-
ation. To this end, we first examine the convergence
of the average relations, and show a typical example in
Fig. 9a) which plots the average t-Q relations of 50 to
1500 simulations for Stage 16. It is seen that the aver-
age becomes more or less the same for more than 200
simulations. This relatively fast convergence is due to
a log-normal distribution of Q at each time. The dis-
tribution of Q at 1000[sec] of 1500 simulations is plot-
ted in Fig. 9b); a dashed curve is a log-normal dis-
tribution that is the closest to the distribution. Note
that the log-normal distribution of Legion values are
often reported; see, for instance, 719, This distribu-
tion of computed Q’s may be another support of the
validity of the MSFN.

Now, we compute the average and standard devia-
tion of Q for Stages 16 and 11, in order to estimate
the difference of the simulation from the observation
based on the standard deviation. Figure 10 plots the
average and the standard deviation of the distribution
of the t-Q relation which is assumed to be log-normal;
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Fig. 9 Statistical Properties of Simulation Results

(A) is the average, and (B) and (C) are the average
plus and minus one standard deviation, respectively.
The standard deviation is of the same order as the av-
erage, which may reflect the large variation in actual
grouting. While the profile is different, the measured
t-Q relations are bounded by (B) and (C}, i.e., the av-
erage plus and minus one standard deviation, except
for early periods. Assuming that Q obeys a log-normal
distribution, we can expect that the MSFN reproduces
actual data within the variation of one standard devi-
ation.

(3) Appearance of Grout Agents

Next, we examine the validity of MSFN comparing
the appearance of grout agents with the observed ap-
pearance. It should be noted that the appearance of
grout agents changes depending on the direction since
cracks are developed only in particular planes. Indeed,
the saturation ratio, S, becomes anisotropic as shown
in Fig. 11 which plots S in eight directions from the
grouting hole; 0 and 180[deg] correspond to the direc-
tion of curtain grout extension (0 to the left and 180
to the right}.

There are two check holes in the 0 and 180 directions
with distance 4.5{m] from the test hole. The MSFN
can predict whether grout agents appear in these check
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holes. Figure 12 shows the probabilistic distribution
of S at various elevations; S is classified into the four
categories,O:S,0<S<%,§<S<%,§<
S < 1, for simplicity. Assuming that the grout agents
appears if the probability of %Sl is non-zero, we make
a schematic view of the grout agent appearance in
Fig. 13a). The measured data are shown in Fig.
13b). While the depth at which grout agents appear
is different, the simulation reproduces the appearance,
except cases from Stage 8 to the check A and check

B. It should be mentioned that the difference in the
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depth is probably due to a fact that well-developed
cracks were not located on planes; regarding to the
check B, for instance, the appearance at 40[m] from
Stage 8 in Fig. 13a) corresponds to the appearance
at 60[m] from Stage 8 in Fig. 13b).

As the validity of the MSFN is verified to some ex-
tent, we compute the spacial variation of Legion val-
ues, and show the variation in 0 and 180[deg] direc-
tions in Fig. 14. Major improvement in the per-
meability is observed up to 1[m] from the grouting
hole. The better improvement for the O[deg] direc-
tion is predicted; this is because cracks are developed
in particular directions. The effects of the gravity on
the permeable flow are completely neglected; it is rel-
atively simple to modify the MSFN such that these
effects are accounted.

(4) Change in Grout Specification

Finally, we simulate a fictitious grouting of differ-
ent specifications, to see the change in the rock mass
improvement. For simplicity, we consider a case when
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Table 9 Studied Specification

2 3
x10 | x100

spec. 1
t-P x2.0

the input pressure® is increased; P is multiplied by 2,

10, and 100; see Table 9. The variation of Legion
values in the 0 direction are plotted in Fig. 15. Here,
we set @ = 0.5 as this value was obtained from the
previous simulation. The rock mass improvement is
predicted by increasing the applied pressure, although
joints close to the grout hole are damaged due to high
pressure.

One interesting application of the MSFN is that we
can predict the grout pressure which is required to
decrease Legion values to a desired value in a desired
range. Figure 16 shows this prediction; curves show
the maximum distance within which Legion values are
smaller than the specified* values. Such prediction of
the grouting effects can support in determining grout
specifications. It should be emphasized that Fig. 16
is one example of the MSFN application, and the ac-
curacy of this prediction is not verified.

4. CURTAIN GROUTING OF RTIA

The basic validity of the RTTA is first examined by
carrying out simple numerical simulations of partially
open parallel disks. Then, the data of the curtain
grouting used in the previous section are used in the

3 It is more realistic to use a t-Q relation as input data
instead of a t-P relation.

4 Legion values specified in this example are much
larger than ordinarily desired values such as 2.
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RTIA to evaluate the water channel conditions and
the distance of grout agents in actual sites. The RITA
evaluates the width which is filled with the grout agent
(W) and the distance at which the grout agent flows
(R), using the t-P-Q relation. These W and R are
given as a function of the distance from the center
(r) and the time (t), W(r) and R(t); see Appendix.
These evaluations are compared with the prediction
of the MSFN.

(1) Simulation Using Generated Data

In order to see the basic validity, we apply the RTTA
to partially open parallel disks which are numerically
generated. As a model of well and poorly connected
water channels, a linear function of /7 (good connec-
tivity) and a trigonometric function of r (poor connec-
tivity) are used to prescribe W. A t-P relation of the

curtain grouting is applied to compute a t-Q relation
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Table 10 Thickness of Disk

8 11 16
0.08 | 0.02 | 0.51

stage
hlcm]

for these disks, and then we take the inversion of a t-
W-R relation from this t-P-Q relation. No errors are
added in the t-P-Q relations. Figure 17 shows the
assumed and inverted r-W relations.

As is seen, the inversion from t-P-Q to t-R-W is
satisfactory. In particular, the increase and decrease
in the R-W relation are well reproduced in Fig. 17b).
This is due to the well-posedness of the inverse prob-
lem, as it is solved by a simple linear analysis of the
measured data except for the loss of the accuracy in
integrating the rate of R and W with respect to time.

(2) Simulation Using Measured Data

Using t-P-Q relations which were measured during
the curtain grouting of Stages 8, 11, and 16, we carry
out the RTTA to evaluate a t-R-W relation. The thick-
ness of the parallel disk is given as the sum of the
width of observed well-developed cracks; see Table 10.
As a typical example, Fig. 18 plots the r-W and t-R
relations computed for Stage 16. Wild changes in the
r-W relation are due to the fluctuation of the measured
t-P-Q relation. It is seen that the water channel be-
comes a pipe-like as W becomes constant for larger r,
and that the distance of the grout intrusion increases
monotonically with respect to the time t.

In the partially open parallel disk model, W is an
open range in which grout agents flow. We can con-
sider that W can be connected to the saturation ratio,
S, of the MSFN, as S tells the amount of grout agents
running into joints. Taking the average of S in all di-
rections, we obtain an r-S relation and compare it with
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Fig. 17 Numerical Simulation of Inversion

an r-W relation. The results for all the three stages
are plotted in Fig. 19, where W and S are normalized
by the values at r=10[cm]. As is seen, the profile of
these relations are close to each other. In particular,
the maximum distance of the grout agents predicted
by the RTIA coincides with the maximum distance of
non-zero S of the MSFN. This agreement may suggest
the validity of the RTIA, and the RTIA is potentially
applicable® to practical usage in evaluating the condi-
tions of grouting which is being applied.

5. CONCLUDING REMARKS

While the validity of the MSFN and RTIA are
not fully verified, we obtain several numerical results
which support the basic validity to some quantitative
extent. Further investigation is definitely required to
examine the validity as well as the usefulness. We

® This will require accurate evaluation of h or some in-
terpretation of the computed t-R-W relation.
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are considering the following two investigations: 1)
establish rational interpretations of the prediction of
the MSFN, evaluating the standard deviation of the
results (it will be necessary to determine how many
stand deviation should be added/subtracted from the
average in order to account for the local variation of
cracks and water channels); 2) apply the RTIA to
monitor the real-time grout condition such as the dis-
tance to which grout agents reach or the connectivity
of water channel (the RTIA can be a vital tool for
grouting since it is possible to install the RTIA to a
grouting apparatus as it requires a simple integration
of continuously measured data).

APPENDIX: GROUT ANALYSES

The MSFN analyzes the permeable flow running
through a fracture network which is randomly gen-
erated according to the geological data. The network
consists of circular-disk-shaped joints with constant
thickness, which are mutually connected through in-
tersections. Assuming the Poiseulle flow, we can com-
pute the permeable flow in the network just deter-
mining the pressure and flux at all intersections. This
leads to a simple matrix equation for the intersection
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pressure, and the matrix components can be analyti-
cally determined like the finite element method. The
MSFN considers the non-linear behavior of the t-P-Q
relation, making two models, the elastic and inelastic
deformation of joints due to the grout pressure and
the stacking and hardening process of grout agents in
joints. These models introduce unknown parameters,

a and 3, as
dh/dP = —ak, p=p°(1+B(t/h)),

where h and P are the joint thickness and pressure,



and k is the elastic stiffness computd from the joint
shape, and p and p° are the current and initial vis-
cosity, and ¢ is the intruded time. The MSFN also
evaluates the grouting effects as the reduction of the
joint thickness due to the intruded grout agents, and
the third unkown parameter v is introduced as

Ah' = -8,

where Ah' and S are the reduction of the joint thick-
ness and the volume fraction of the agent in the joint.

The RTIA predicts the water channel conditions
and the grout filling, modeling a water channel as a
partially opened paralle disk. The thickness is set
as constant, h, and the radius is sufficiently large.
The water channel conditions are represented by the
change of the part of the disk in which the grout agents
flow, and the grout filling is evaluated as the distance
at which the grout agent reaches. As mentioned, this
problem setting leads to the inversion of the r-W rela-
tion (the distance and the width filled with grouting)
and t-R relation (the time and the distance) from the
measured t-P-Q relation, as follows:

Wiy < \/(% -%) " ow

Bk
R}

where k and k' are the permeability of water and the
grout agent. Thus, the width (W) at the distance (R)
are determined.
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