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PROPOSAL OF TWO GROUT ANALYSIS METHODS
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A reliable grout analysis is important for the improvement of the grouting technology. Clarifying
difficulties in developing such an analysis method, this paper proposes the Monte-Carlo simulation
of fracture networks (MSFN) and the real-time inversion analysis (RTIA); the MSFN predicts the
spatial variation of Legion values and the RTIA evaluates the water channel conditions and the
grout agent flow. Input parameters of these analysis methods are geological data which are usually
surveyed, and require no special measurement. The rigorous formulation of the MSFN and RTIA
together with the explanation of a rock mass model to which the analysis method is applied.
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1. INTRODUCTION

Recently, it is requested to construct structures
in cites which have relatively cracked rock masses.
The key issue is to secure the safety, for instance,
on the impermeability. Grouting is essential' to this
end!)10:12).17)  The grouting technology ought to be
improved such that the construction becomes more
secured and economical, and can be applied to inex-
perienced regions.

The grouting technology is mainly based on
data and experiences which have been accumulated
through the construction of previous sites. For the
improvement of the grouting technology, one strat-
egy is to develop an analysis method which can pro-
vide quantitative information. Such a grout analy-
sis is-aimed at predicting the rock improvement for
given specifications, or evaluating conditions of grout-
ing which is being applied.

There are the following three major problems? in
developing a grout analysis:

1. difficulty in identifying water channel

2. unclarified flowing and hardening processes

3. rational evaluation of grouting effects
We are not expecting that these problems are fully
solved as available geological and hydrological data are
usually limited. It may be sufficient if a grout analysis
is reasonably accurate in view of the uncertainty and
limitation of these data.

In this and accompanying papers, we propose two

! Grouting will play a key role in constructing deposits

" of highly contaminated nuclear wastes, in order to pre-
vent the environmental contamination in a long time
span; see, for instance, 3).11),14),16)

2 See also 10H17).

analysis methods for grouting, namely, the Monte-
Carlo simulation of fracture networks (MSFN) and
the real-time inverse analysis (RTIA). The MSFN is
aimed at predicting the rock improvement for a given
specification, through the permeable flow analysis of
grout agents in fracture networks?»®)5) generated ac-
cording to the geological data. The RTIA evaluates
the range and distance of intruded grout agents, using
grout pressure and amount of flow which are contin-
uously measured at a grout nozzle. Table 1'summa-
rizes the two grout analysis methods.

The content of this paper is as follows: First, the re-
quirements of the grouting analysis is clarified in Sec-
tion 2. Then, we present the MSFN and the RITA in
Sections 3 and 4, respectively, paying attention to that
these methods satisfy the requirements. It should be
mentioned that the MSFN and the RTIA are to solve
well-set problems of grouting; the well-set means that
all input parameters are usually measured without re-

" questing special measurement. Models and assump-
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tions are made in developing these analysis methods,
such that the three major problems are solved by tak-
ing best advantage of available data.

2. REQUIREMENT OF GROUT

ANALYSIS

We set the basic request for a grout analysis as to
answer the following questions:

1. What are the most suitable grouting specification
for a target site?

2. Is the designed improvement actually achieved at
each stage?



Table 1 TWO GROUT ANALYS METHODS

| MSFN | RTIA
objective | predict rock improvement, evaluate grout intrusion
input geological data crack width
grout specification pressure and amount of flow
output | spatial distribution of Legion values range and distance of intruded grout agents
.model | fracture network of disk-shaped joints partially open parallel disk

The proposed MSFN and RTIA are for the first and
second questions, respectively. We consider counter-
measures for the three major problems which were
mentioned in the préceding section, in developing a
grout analysis, such that the MSFN and the RTIA
can provide answers to these questions.

Regarding to the first problem (water channel iden-
tification), it is not necessary to measure each wa-
ter channel. The overall connectivity of the channels
should be estimated to stop permeable flow or leak-
ing by grouting. The MSFN uses a Monte-Calro sim-
ulation of fracture networks to simulate the overall
connectivity; a probabilistic distribution of fractures
is estimated from geological data of cracks which are
ordinarily measured. The RTIA uses an alternative
model for the water channels, one thin disk into which
the permeable flow runs. The disk is not necessarily
saturated with the grouting agent, which accounts for
the connectivity. More complicate modeling may not
be acceptable, as available data are limited.

Several phenomena have been considered for the
second problem (flowing and hardening processes); for
instance, the turbulence flow, the choice of particu-
lar channels, the damaging of cracks, or the diffusion
and stacking of grout agents are pointed out. While
some basic researches are necessary, simple modeling
of these phenomena are essential in developing a grout
analysis. As shown later, the MSFN considers some
models which account for phenomena leading to the
non-linearity. The RTIA does not use any special
model, since the non-linearity can be reproduced to
some extent by considering the local variation of the
water channel connectivity.

In order to solve the third problem (grouting ef-
fect evaluation), we must set a certain computable
quantity such that the rock improvement is quanti-
fied. The Legion value, which is a measure of in-site
permeability, is a candidate for such a quantity, and
the MSFN predicts the spatial variation of the Legion
values. The RTIA evaluates the range and distance of
grout agents as the target of the analysis. It should
be mentioned that the MSFN takes care of the vari-
ance of the Legion values; it can predict the mean and
standard deviation of the Legion values.
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MSFN FOR GROUTING EFFECT
PREDICTION

As mentioned, the MSFN solves® the three major
problems considered in Section 1 in the following man-
ner:

1. Water channels are modeled as fracture networks
which are fully determined by geological data.

. The three mechanisms are assumed for the non-
linear flowing and hardening processes.

. The reduction of the Legion value is computed by
the amount of grout agents fulfilling fractures.
The assumed mechanisms are the local connectivity
of fractures, the deformation and damage of fractures
due to grout pressure, and the hardening and stacking
of grout agents. In the following subsections, these

three features of the MSFN are explained.

(1) FPracture Network Model

It is reported that permeable flow runs through
cracks forming pipe-like! water channels. Since ge-
ological data for cracks are the dip and strike angles
the opening width, and the spacing, the best modeling
of such water channels are a fracture network consist-
ing of circular-disk-shaped joints. The permeable flow
runs from one intersections of joints to another if the
joint edges are impermeable.

In the MSFN, all joints are a common circular-disk
of the radius a and the thickness h. The joint radius is
determined by a parametric study, and the density p
is determined® by using this a and the measured crack
spacing d. For each joint, the dip and strike angles,
(¢,8), are randomly chosen from the measured ones,
and the location is randomly determined in a target
rock mass. Table 2 summarizes the joint parameters
which can be determined from the geological data.

We assume the slow quasi-steady state of the per-
meable flow, i.e, the Poiseulle flow. The governing
equation is a two-dimensional Laplace equation, and
a simple linear relation can be derived. To show this,
we consider a joint 2 with n intersections II* from
which fluid goes in and out. In Fig. 1, for instance, a

3 See also 817,

4 See, for instance, 12); see also 4)13)19) for the perme-
able flow in rock masses and porous media.

® For instance, p(ma®cos$) = d holds when the dip
angle ¢ is given.



Table 2 Parameters of Joint

dip and strike angles
crack-opening width

joint radius determined from para-
metric study

crack density determined from
crack spacing

(4.,9)
h
a
p

joint at the left side has two intersections, and a joint
at the center has three intersections. Taking the z
and y axes in the plane of {0, we have a pressure field

p = p(z,y) satisfying
o’p 9%

oz2 " Oy? 0

inQ; 1
Eq. (1) is the continuity equation for the fluid pressure
in Q, and hence it does not account for some portion
of the fluid which hardens. Effects of hardening on

" the permeable flow are considered as the change in
the fluid viscosity, as will be explained in the next
subsection. When the pressure along II® is constant
and given as P9, i.e,

p=P* onll®, (2)

Egs. (1) and (2) together with zero flux conditions on

the boundary 89 pose a boundary-value problem for

p. Once p is determined, we can compute the amount

of flow in the z and y-direction, ¢, and gy, as

8
5)--(8
qy 55 ’
where 1 is the viscosity of the fluid. Due to the linear-

ity, the total amount of flow running in or out through
1%, denoted by Q%, is expressed in terms of P®’s as

hS
_.IZ_M

©)

Q* =) kagP". (4)
B=1

Here, an n-by-n matrix [kag] is called a joint perme-
ability matriz; see Appendix for the analytic compu-
tation of [kag] when the configuration of Q2 is given.

When a fracture network contains N joints and M
intersections, the permeable flow in the network can
be computed by using joint permeability matrices for
N joints. Suppose that two joints, Q with n inter-
sections and ) with n' intersections, are connected
through a common intersection, which is the a-th for
© and the o/-th for . Since the flow going to (or
coming from) §2 equals the flow running from (or go-
ing to) ', the following relations hold:

f: kap PP + {: kot PP = 0,
B=1 g'=1

(5)
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joint not connected to outside

dead end

Fig. 1 Boundary Conditions

where ko) and [k 4] are the joint permeability ma-
trices of 2 and Q'. Hence, numbering M intersections
suitably and using the joint permeability matrices, we
can rewrite Eq. (5) for all intersections as

[Krs)[Ps] = [0]. (6)

This M-by-M matrix is called a global permeability
matrix.

As shown'in Fig. 1, some intersection pressures
are prescribed; an intersection to a grouting hole is
an inlet with the nozzle pressure, whereas an intersec-
tion to the target domain boundary is an outlet with
zero pressure. As the quasi-static state is assumed,
using the solution of Eq. (6) incrementally, we can
compute the permeable flow which changes as the in- '
trusion time goes. When a joint is initially saturated
with water, the water is run out as the grout agent
flows into the joint. In this manner, we can compute
the flow process (which can be viewed as a moving
boundary problem for grout agents) using the quasi-
static state solution. Figure 2 shows a case when
fluid runs to an empty network; a white joint is fully
saturated with fluid whereas a darker joint is less satu-
rated. If [k]’s and [K] change depending on the flowing
and hardening processes, it results in the non-linearity
of the permeable flow; see the next subsection.

It should be mentioned that Eq. (6) is of the same
form as used in the finite element method (FEM) for
solid mechanics. For instance, intersection pressure
and flow correspond to nodal displacement and forces,
as a joint and a intersection corresponds to an element
and a node; see Table 3. As one advantage of the
FEM is a simple computation of element stiffness ma-
trices, the MSFN has the joint permeability matrices
which can be determined mainly by analytic compu-
tation.

(2) Flowing and Hardening Processes

The local connectivity of joints in the MSFN can
cause some non-linear relation between the applied
pressure and the intruded flow. To show this, consider
two cases when one joint is connected to one and two,
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Fig. 2 Permeable Flow in Fracture Network

as presented in Fig. 3. When a constant pressure
is given at one end intersection, the pressure gradi-
ent decreases as the flow runs to further joints. The
amount of flow that is intruded from the end intersec-
tion decreases for the case of one to one. However, it
increases for the case of one to two, as the number of
outlets increases as the flow runs further. Indeed, we
can compute the change of the intruded flow as

1/Int one to one

(amount of flow) { t/Int one to two

where ¢ is the intrusion time. This explains one mech-
anism of the non-linear change in the intruded flow
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Table 3 Comparison of FEM and MSFN

FEM MSFN
element oint
node ntersection

nodal displacement
nodal force

element and global
stiffness matrices

average pressure
amount of flow
joint and global perme-
ability matrices

with respect to time, which is caused by the number
of intersections in a joint.

change of pressure gradient

s
e ox Sm e v o

one joint connected to one joint

change of pressure gradient

one joint connected to two joints

Fig. 3 Two Examples of Connected Joints

There are other mechanisms which induce the non-
linearity in the permeable flow, beside the inherent
non-linearity due to the connectivity. The effects of
turbulence, which occurs in high velocity regions, is
one mechanisms, though they are not considered in
the MSFN as it assumes the Poiseulle low. When
the grouting pressure is relatively high, we consider
that the deformation and damage of cracks is another
mechanisms. The permeability of a thin plate depends
on the cubic of its thickness, as shown in Eq. (3).
Slight change of thickness, therefore, can cause large
difference in the permeability and the non-linear be-
haviors.

The deformation of a joint is computed by using
a penny-shaped crack model. When subjected to a
uniform fluid pressure p, the deformation is

l(e,y) = V@@ -l )

where [w] is the opening of the joint, and E and v
are Young’s modulus and Possion’s ratio of the rock
mass. While [w] varies place to place, we assume that
the average of [w] gives the increase of the thickness,
Ah, and set the following relation:

16(1-r*)a
Mnian)={ g FE O 20 (g
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Fig. 4 Model for Joint Deformation

where o, is the nominal pressure given by the differ-
ence of the average flow pressure to the ground stress.

Cracks are damaged when subjected to an exces-
sive grout pressure, and this leads to the increase of
the permeability. To account for the crack damage, we
modify Eq. {8) considering the inelastic deformation
of the joint. The simplest modification is to replace
E with a smaller value as the damage makes the rock
mass softer. As the reduction of E is not easily evalu-
ated, we introduce one parameter, «, and rewrite Eq.
(8) for the case of ¢, > 0 as

16(1—v*)a
3nE, On

16!1—-1/2 a

3raE

Ao, > 0,

9
Ao, <0, ©)

n

Ah(on, A = {

where Ag, is the change of the nominal pressure. Fig-
ure 4 shows Eq. (8) and Eq. (9).

The flowing and hardening processes of grout agents
in water channels are not fully clarified; for instance,
the stacking and de-hydration of grout agents and
the non-uniform fulfillment of cracks are often re-
ported. As no quantitative information is available,
we make the simplest model at the current stage, with-
out assuming complicated phenomena and introduc-
ing many parameters which require further measure-
ments.

The possibility that the stacking of grout agents
occurs increases as the agent flows a longer distance in
thinner water channels. Modeling this as the increase
of the viscosity, we assume that the viscosity increases
proportionally to the intrusion time ¢ and the inverse
of the joint thickness h. Introducing a parameter 3,
we set the following form of the viscosity:

t
p(h,t) = p° (1 +ﬂﬁ) ,
where p° is the initial viscosity.

(3) Grouting Effects

" As the Legion value is only one parameter which is
commonly used, we evaluate the grouting effects using
the spatial variation of the Legion value. The MSFN

(10).
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Table 4 Parameters Used in MSFN

reduction of Elasticity due to damage
viscosity change due to stacking
joint closing due to grout fulfillment

< || R

computes Legion values carrying out a fictitious Le-
gion test which makes a grout hole at a location of
interest and simulates the intrusion of water.

The' principle mechanism that the grouting im-
proves the impermeability is the fulfillment of cracks
by cement. We model the fulfillment as the decrease
of the joint thickness, depending on the amount of in-
truded cement. The saturation ratio, denoted by S,
is defined as the volume fraction of the cement, i.e.,
the ratio of the intruded cement volume, V¢, to the
current joint volume, Vy = waZh,

_Ye

5= (11)

The value of Vi can be computed even when various
W /C’s are used,; if there is v volume of a grout agent of
W /C=a, it contributes v/(1+a) to V. We assume the
simplest linear relation between S and the decrease of
the joint thickness, Ah'. Introducing a parameter -y
for this linear relation, we set

AR =48. (12)

Once a fracture network is generated, the non-linear
flowing and hardening processes in each joint are com-
puted by using Eqs. (8) and (9) together with Eq.
(10), and the reduced thickness is determined from
Eq. (12). Fictitious Legion tests are simulated by
using the same fracture network with reduced joint
thickness. The spatial variation of Legion values is
then computed, and can be used as a measure® of the
grouting effects. It should be noted that since only the
joint thickness is changed in the MSFN, the effects of
the grouting up to the n-th grouting are expressed as
the sum of the reduced thickness at each grouting,

AH™ = AH™ ! + AR™, (13)
where Ah'™ is the reduction of the n-th grouting and
AH™ is the sum of the reduction up to the n-th grout-
ing.

The three parameters, «, ﬂ and v, are introduced
in the MSFN; see Table 4. These parameters are
determined by a parametric study such that measured
data can be reproduced well.

6 We can evaluate a grouting specification for the target
rock mass, carrying out this MSFN using that speci-
* fication.
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Fig. 5 Partially Open Parallel Disk

4. RTIA FOR GROUT INTRUSION
EVALUATION

The RTIA predicts the water channel conditions
and the grout filling, using only real-time data of the
grouting pressure and flow. In view of the quantity
of these data, the RTIA assumes the simplest model
for a water channel, a partially open parallel disk.
The thickness of the disk is determined from mea-
sured crack-opening width, and fluid flows in a radial
manner from the center to regions where the disk is
open. The range of the direction corresponds to the
water channel condition, i.e., as the channel has better
connectivity, the range becomes larger. The distance
at which grout agent reaches can be computed once
this range is determined.

(1) Partially Open Parallel Disk Model

The partially open parallel disk model with thick-
ness h is shown in Fig. 5. The range of the open part
is W, and the head of the liquid is located at R; W
is a function of the distance from the center, r, and
R is a function of the intrusion time, t. Note that
W is W = 2#r for a fully connected water channels,
whereas W is constant or decreases with respect to 7
for poorly connected water channels.

The partially open parallel disk model cannot tell
the number of cracks intersecting the grout hole or
the change of the disk width. If there are more than
one cracks, W/r becomes larger than 27. While it is
possible to set the number of cracks as an unknown
number or to set the disk thickness as a variable, we
fix the crack number and the thickness for simplicity
in the this paper, and admit W/r > 2.

(2) Flow in Partially Closed Parallel Disk
Model
Based on the same assumptions as in the MSFN,
we set the following field equation for the pressure
and velocity fields, p(r,t) and v(r,t), when the fluid
runs to r = R(%):

—K'88(r,t) 0<r<R(),

“kZ(r,t) R(t)<r, (14)

o) = {
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where k' and k are the permeability of the intruded
and pre-existing liquids. The continuity condition is
expressed in terms of v as

AW (r)v(r,t) = const. 0<r < R(t). (15)

The boundary conditions at r = 0 and r = R are

p(r,t) = P(t) & hW (r)v(r,t) = Q(¢)

r=0,

r = R(t):

(16)
v(r,t) = %(t)

where P and () are the grouting pressure and the
amount of flow.

Suppose that W is known. As R increases with re-
spect to t, Eq. (14) and Eq. (15) with Eq. (16) pose a
moving boundary value problem. However, they can
be solved by first assuming R, which leads to two equa-
tions for P and @, separately. To show this, deleting
v from Eq. (14) and Eq. (16) as

_Q@ 1
vir;t) = & W)’
we derive
Q 1 op
— &P
“Twe - ernd Bl<n

Integration of these relations from 0 to r and from r
2|

d

W

to 0o, respectively, leads to
J
0<r< R(@),

Q
k'h
-_Q [~_1
—p(T, t) S —Zt—ﬁ/r W(T)d’l‘
Rt) <.

p(r,t) — P(t) = —

As p is continuous at r = R, the following equation is

derived:
R(t)
L3 ! dr
k' Jo W (r)
1 1

Q) (1 .
& (k - W(r)d)'

h
Another relation between P and @ is derived from the
boundary condition, v = dR/dt at r = R, as,
QE) 1

“h W(R)

Q)
3

P(t) =

(17)

dR
= Ht—(t)' (18)
Equations (17) and (18) determine P and R for given
Q (or Q and R for given P), if W is prescribed.

(3) Inversion of Closeness and Range of Flow
When P and @ are continuously measured, we can
determine W and R using Eq. (17) and Eq. (18).
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Fig. 8 Concept of Inversion from t-P-Q to t-W-R

Table 5 Input Data for RTIA

constant crack-opening width
grout pressure at time ¢
amount of grout at time ¢

O o) =

This is an inverse problem of W and R for given P

and Q. Indeed, dividing both sides of Eq. (17) with

Q and taking dertvative with respect to ¢, we have
P(t)

(Q(t) %)

It then follows from this equation and Eq. (18) that
dR/dt and Q are given by
)

1 P(t)
k_) 20 (56
) )

R (CES o)

In view of Egs. (19) and (20), we can summarize
the procedure of the RTTA, as follows:

1. determine dR/dt from Eq. (19)

2. compute R integrating dR/dt with respect to ¢

3. compute W from Eq. (20) using this R
As is seen, the RTIA can evaluate the connectivity
of the water channels (W) and the distance to which
the grout agents flow (R) only from data obtained by
continuous monitoring of the pressure and the amount
of flow; see Fig. 6 for the basic concept of the RTIA.
Table 5 presents the input data which are used in the
above procedures of the RITA.

1

)= (e

kl

1 dR

——W(R)E(t).

dR

1
T t)

=¢(__

and

1
K
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5. CONCLUDING REMARKS

The two analysis methods for grouting, the MSFN
and the RTIA, are presented in this paper. Both the
MSFN and the RITA accounting for the three major
difficulties in developing a grout analysis, even though
idearized models of water channels are used and sim-
ple mechanisms are considered for complicated flowing
processes.

It should be emphasized again that the MSFN and
the RTIA solve their own well-set problems which do
not require special measurements of the rock geology
or hydrology. In another word, the target problems
of the MSFN and the RITA are posed such that full
advantage is taken of geological and flow data which
are ordinarily measured.

APPENDIX: JOINT PERMEABILITY
MATRIX

The joint permeability matrix can be computed an-
alytically by using complex potentials. Suppose that
Q is regarded as a unit circle in a two-dimensional
palne. When € has one hole at the origin and an-
other at (z!,y') and a unit volume of fluid runs from
(z*,y"') to the origin, the pressure is given as

p(z,2") = ¥{(2 — 2 — 2Y)Inz
— (o + 24 /") In(z — 2%)
— (G + 2?2 In(z — 2')},

where z = £ + 1y, 2! = 2! + 1! and 2 = 1/2T and
3{} stands for the imaginary part. Recall that zero
flux conditions along the boundary are used.

The integration of p(z, 2!) with respect to z' along
a certain arc Il in Q gives a pressure field for flow
coming from IT and going out to the origin. Now, we

1



coming from II and going out to the origin. Now, we
assume that Q has n intersections. When a unit flow
comes from, say, II? and goes to the origin, We can
compute the average pressure on, say, 1%, as

/ dz [ dzlp(z,2").
o s

While the above setting is not realistic, we can com-
pute a joint permeability matrix analytically using
P8 By definition, P*# — P — 18 gives the pressure
at I1* when the unit flow runs from I1? to IT' (3 # 1).
Hence, the joint permeability matrix must satisfy

-1 ki k2 ks 0
1 ka1 ko koa p*% _ p1#
0 | = | ka1 ks2 ka3 p3 — p18

Forming an n — 1-by-n — 1 matrix (with component of
P8 _ Pl for o, f =2, 3, -+, n), we can compute

[kag) = [P — P17,

for @, B = 2,3, ---, n. Since constant pressure at
all intersections does not produce permeable flow, we

have "
klﬁ == Z kaﬁy

a=2
for 8 = 2,3, -- -, n. Finally, according to the reciprocal
theorem, we have k! = k'# and k"' = - 35, k'
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