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arriving in the UK that the local food did not agree with me at all. | lost around 15 kilograms
during the first three months. Thinking that my body might break down if | stayed for much
longer, | decided to return to Japan after about two years. After coming home, | realized just
how delicious Japanese food is!

During my short few years at University of Cambridge, | was conducting a lot of research and
| made many irreplaceable friends. | will never forget my experience at University of Cambridge;
it's a treasure for a lifetime that | will always cherish. | have published many refereed papers in
journal articles and many papers in refereed conference proceedings with my colleagues at
University of Cambridge. Out of those, this book includes (i) a paper in Soils and Foundations,
(i) a paper in Geéotechnique, the reviewer's opinion on the submitted paper and the
corresponding discussion paper, and (iii) a paper in ASCE Journal of Geotechnical and
Geoenvironmental Engineering and the corresponding discussion paper. In addition, the
appendix introduces an amazing event that occurred at the Chulalongkorn University in
Thailand about 20 years after the publication of these papers.

Kazuhito Komiya
22nd November 2023



Soils and Foundations
Volume 39, No.3
pp.37-52

June 1999

Japanese Geotechnical Society



SOILS AND FOUNDATIONS Vol. 39, No. 3, 37-52, June 1999

Japanese Geotechnical Society

FINITE ELEMENT MODELLING OF EXCAVATION AND ADVANCEMENT
PROCESSES OF A SHIELD TUNNELLING MACHINE

KazuHrto Komiya?, KENICHI Sogai), HIROKAZU AKAGID,
TosHIYUKI HAGIWARA™ and MaLcoLM D. BoLTONY

ABSTRACT

During shield tunnelling operation, a shield machine is driven forward by applying mechanical jack forces behind
the machine tail and excavating the soil in front of the machine with its cutting face. In this study, the advancement
and excavation processes of the shield tunnelling operation are modelled using the finite element method in order to in-
vestigate the effect of these construction processes on the ground response. A new excavating finite element, which
models the disturbed soil in front of the cutting face, is introduced. The operation of shield advancement and of soil
excavation is simulated using the finite element remeshing technique at each time step of the analysis. The accuracy of
the finite element remeshing technique is discussed by analysing one-dimensional consolidation of an isotropic elastic
medium. The proposed modelling techniques of shield tunnelling construction are applied to simulate a tunnelling
project in Tokyo and the numerical results are compared with the field measurements. The soil deformation mecha-
nism associated with the shield tunnelling operation is examined in detail.

Key words: cohesive soil, deformation, finite element method, stress, tunnel, water pressure (IGC: H5/E13)

INTRODUCTION

During shield tunnelling operations, the magnitude
and distribution of the ground deformations are largely
controlled by the construction process. The factors that
affect the ground deformation are (Lee et al., 1992; Mair
and Taylor, 1997):

(i) changes in earth pressure at the cutting face,

(ii) variation of external forces applied to the machine
such as jacking forces,

(iii) shearing of soil at the shield-soil interface due to
friction,

(iv) introduction of the tail void and injection of back-
fill between the tunnel lining and excavated tunnel cavity,
(v) overexcavation due to steering of the machine, and
(vi) long term consolidation due to excess pore pressure
dissipation and changes in groundwater hydraulic condi-
tions.

Many of the above factors are closely linked to the in-
teraction between the soil and shield machine, which
cause the stress state of the soil to change. The possible
earth pressure changes due to the shield machine advance-
ment are illustrated in Fig. 1. The figure is based on exten-

Cambridge, UK.
Lecturer in Engineering, University of Cambridge, UK.
Professor of Civil Engineering, Waseda University.

ii)
i
iv)
Y Reader in Engineering, University of Cambridge, UK.

Manuscript was received for review on November 11, 1998.

sive earth pressure and deformation measurements of a
sewer tunnel construction through soft ground in Tokyo
conducted by Hashimoto (1984). The figure implies that
the nature of the problem is three-dimensional and that
the magnitude of earth pressure change is related to the
machine characteristics, construction procedure, oper-
ator’s control, etc. Therefore, when estimating the
ground deformation caused by shield tunnel construc-
tion, care should be taken of how to model the character-
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Fig. 1. Earth pressure changes due to the shield machine advance-
ment (after Hashimoto, 1984)
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istics of the machine and the construction process.

Because of the complex boundary conditions of a
shield tunnelling problem, the use of the finite element
method is one of the popular methods to investigate the
ground deformation behaviour. In general, the finite ele-
ment analysis results reported in the literature have con-
tributed greatly in understanding various deformation
mechanisms associated with shield tunnelling (e.g.
Katzenbach and Breth, 1981; Clough and Leca, 1989;
Swoboda et al., 1989; Lee et al., 1992; Ohtsu et al., 1993;
Addenbrooke, 1996, 1997; Addenbrooke et al., 1997;
and many others). However, these past studies are often
made to examine the above-mentioned factors individual-
ly. Also, many of the reported analyses use the in-situ
stress condition as the initial condition of the problem
without any in-depth consideration of other factors
affecting the change in the stress state of the soil. For ex-
ample, both the steering problem and interface friction
problems are expected to influence the soil conditions
around the shield machine at the same time during its ad-
vancement and their effects cannot possibly be analysed
separately. Therefore, there is a need to examine the com-
bined effect of various aspects of shield tunnelling opera-
tions on ground deformation within one analysis.

The construction process of a shield operation is often
modelled by applying external forces, introducing trac-
tion, or forcing displacements at the boundary nodes of a
finite element mesh under a spatially fixed tunnel configu-
ration. In these analyses, the advancement of the shield
machine is not modelled. In reality, however, the stress-
strain state of the soil changes continuously as the shield
machine advances and then passes the spatial point of in-
terest. In order to fully understand the deformation
mechanism associated with shield tunnelling, the stress
history (or stress path) caused by shield advancement
needs to be investigated.

In this study, the advancement of a shield machine and
excavation at the cutting face are modelled, so that the
effect of these construction processes on ground deforma-
tion and stress-strain behaviour of the soil around the
tunnel can be examined. In open cut excavation prob-
lems, the finite element method has proved to be useful
for design purposes, even though the actual process of ex-
cavation is not modelled in an exact manner. Therefore,
an attempt was made to model the cutting operation of
shield tunnelling within the framework of the finite ele-
ment method.

The excavation and advancement of a shield machine
are modelled by (i) remeshing the finite elements at each
time step, (ii) introducing the excavating elements of a
fixed size in front of the shield machine elements, and
(iii) applying external forces such as jacking forces be-
hind the shield machine and slurry (or earth) pressures at
the cutting face. By doing so, it is aimed to satisfy the con-
tinuity condition as well as the boundary conditions of
the problem.

The proposed modelling techniques are used to simu-
late shield tunnelling construction project through
clayey ground in Tokyo. The results from the three

dimensional coupled soil-pore water analysis were com-
pared to the actual field measurements in order to exam-
ine the stress-deformation behaviour of the soils
caused by the shield tunnelling operation.

The modelling method described in this paper
originates from the doctoral dissertation by Komiya.
In the present study, their method has been modified by
implementing a more robust remeshing procedure for
three dimensional finite element analysis of tunnel excava-
tion. The accuracy of this new method is verified by per-
forming one-dimensional consolidation analysis and
comparing its result to the theoretical solution. A three
dimensional finite element analysis of shield tunnelling in
soft clayey deposits was carried out using the new
method. The computed three dimensional settlement
trough and the effective stress paths in the clay around a
shield machine are carefully examined and reported in
this study.

FINITE ELEMENT MODELLING OF EXCAVATION
AND ADVANCEMENT OF A SHIELD MACHINE

EXCAVATING ELEMENT

In shield tunnelling work, the soil in front of the cut-
ting face of a shield machine is extremely disturbed by its
cutting operation. The exact operation of the cutting
process is very difficult to model in the finite element
method, because the excavation process itself violates the
assumption of continuum mechanics used in the finite ele-
ment formulation. In the past, this excavation process
was commonly modelled by removing the finite elements
in front of the machine and applying nodal forces at the
boundary, which represents the cutting face (see Fig. 2).
The applied nodal forces are obtained from the given (or
recorded) hydraulic jack forces behind the machine
and/or the earth/slurry pressures at the cutting face.
Although this modelling technique satisfies the force
boundary conditions, the sum of the computed nodal dis-
placements at the cutting front and the length of the re-
moved elements may not necessarily match the actual
movement of the shield machine at a given time interval.

In this study, the excavation process is modelled by in-
troducing new excavating finite elements of a fixed size in
front of the shield machine (see Fig. 3). Solid finite ele-
ments are used for the excavating elements, and the
presence of these elements in front of the cutting face
aims to represent the disturbed area of the ground caused
by the excavation process. Mathematically, the introduc-
tion of the excavating elements provides the condition
where both displacement and force boundaries given by
the shield machine operation are satisfied. The boundary
conditions are (a) the known advancement of the
machine at a given time interval, (b) the given (or record-
ed) external forces applied by the hydraulic jacks placed
between the machine and tunnel lining, and (c) the given
(or recorded) earth pressure or slurry pressure at the cut-
ting face.

When various external forces are applied at the bound-
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Fig. 3. Excavation modelling using the excavating element

aries of the shield machine as shown in Fig. 3, the
process of excavation is represented by the (artificial)
deformation of the excavating elements. The size and the
constitutive model used for the excavating element are
rather arbitrary. However, they need to be selected so
that the calculated movement of the shield machine con-
trolled by the given force boundary conditions matches
the recorded movement of the shield machine. In this
study, the isotropic elastic model was used for con-
venience. In practice, the size and material properties of
the excavating elements are determined by trial and er-

S -

. L]
i §round'
r -

Hydraulic
jacking forces
]

I To
| B
[ | |
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Rearrangement of finite
element meshes

Fig. 4. Advance of shield machine simulated using excavating ele-
ments

ror, so that the computed data are compatible with the
monitoring data. However, the elastic properties of the
excavating element should be mainly related to the char-
acteristics of the shield machine (shape of the cutter, etc.)
and the workmanship. The method which determines the
material properties of the excavating elements will be de-
scribed in detail later on.

MODELLING OF SHIELD MACHINE
ADVANCEMENT

The advancement of a shield machine is modelled by
(i) remeshing the finite elements at each time step, (ii) in-
troducing the excavating elements of a fixed size in front
of the shield machine elements, and (iii) applying exter-
nal forces such as jacking forces behind the shield
machine and slurry (or earth) pressures in front of the
machine. Sequential illustrations of the finite element
modelling of the excavation at the cutting face of the
shield machine and the advancement of the tunnelling
machine are shown in Fig. 4. The shaded area in the
figure represents the proposed excavating element.

Figure 4(a) shows the status of the shield machine at
reference time f,. In order to model the hydraulic jacking
forces applied to the shield machine, forces are applied at
the nodes that represent the tail end of the shield
machine. The applied nodal forces are given from the
forces of the hydraulic jacks measured in the field at a
given time. For the case of simulating slurry type shield
tunnel operation, slurry and water pressures can be ap-
plied in the excavating elements, as shown in Fig. 3.

During the time interval of ¢, to #+4d¢, the excavating
elements and the soil elements adjacent to the shield
machine will deform by the jacking forces under un-
drained, partially drained conditions, or fully drained
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conditions, depending on the speed of the shield machine
and the permeability of the ground. The shield machine
itself will act as a rigid body since a large value of stiff-
ness is used for the elements representing the shield
machine.

After obtaining a solution for t=1¢,+4d¢, the finite ele-
ments are remeshed as shown in Fig. 4(c). The new mesh
will have the same mesh geometry relative to the shield
machine as t=t,, but the location of the shield has shift-
ed. Again, the excavating elements will be placed in front
of the cutting face before applying external forces given
for the next time step. By doing so, the advancement of
the shield machine and the associated stress-strain
changes of the ground are numerically simulated in a con-
tinuous manner.

UPDATING EFFECTIVE STRESSES AND PORE
PRESSURES IN REARRANGED MESH

After remeshing, the values of effective stresses and
pore pressures of the remeshed elements need be calcu-
lated from those obtained in the original deformed mesh.
This is necessary because the equilibrium condition needs
to be satisfied before conducting the next loading step.
The stress interpolation procedure is summarised in the
flow-chart shown in Fig. 5.

STEP 1: Element Identification

The first step of the interpolation procedure is iden-
tifying an element, which has the rearranged nodal point
inside it. The three dimensional finite element used in this
study is the eight-noded trilinear element. Let a rear-
ranged nodal point sz exist inside an element that has
eight nodes of n, to ng, as shown in Fig. 6(a). In this case,
the volume of the element should be equal to the volume
sum of the quadrangular pyramids (V; to Vs as shown in
Fig. 6(b)), which are formed by the side plane of the ele-
ment and the rearranged nodal point nz. When nodal dis-
placements are small, the volume of V, to V4 can be eval-
uated by the following vector calculations.

Vi=(1/6){(mn; x mny )+ (as X mng )} - Ay
Va=(1/6){(7s X i) + (Mt X Al )} - Firi

Va=(1/6){(marts X 1am7 )+ (naits X 113 ) } - Moy

V= (1) (it X 75 )+ (s X 7o)} - s

Vs=(1/6){(7ans X nyiis )+ (Aans X Aahty )} - Malig

Vs=(1/6){(nsng % nsn7 )+ (nsn; X #ong )} Ashiv
where X 1is the vector product and + is the scalor

product.

If the rearranged nodal point exists outside the ele-
ment, the volume sum of V; to V; will be larger than the
element volume V. By doing this operation, the element,
where the rearranged nodal point exists, can be identified
automatically. This operation is performed for all the
rearranged nodal points.

Identify an element, which includes the rearranged nodal point

lSTEP 2| Calculate the local coordinate of the rearranged nodal point in

[STEP J[ Compute the incremental displacement of the rearranged nodal points

STEP 4| Evaluate the effective stresses at the Gauss-Legendre integration

[

Evaluate the pore pressure at the centre of gravity of the remeshed

|STEP 6] Calculate the residual forces from the equilibrium check |

’STEP 1

the identified element

hed ol

points of the r

STEP 5

elements

Fig. 5. Flow-chart of the stress interpolation procedure

Fig. 6(a).
ng

Eight-noded trilinear element and a rearranged nodal point

7 )

Fig. 6(b). The volume sum of the quadrangular pyramids

STEP 2: Local Coordinates Calculation

The local coordinate system of an eight-noded trilinear
element is shown in Fig. 7. Assuming that the rearranged
nodal point exists in an element, which has nodal point
n; to ns, the local coordinate (&, 7, {) of the rearranged
nodal point is calculated using the flow chart shown in
Fig. 8. The computational algorithm shown in the figure
utilises Eq. (1) to save computing time. The operation
““calc’ in the flow chart is described in Appendix A.

STEP 3: Incremental Displacement Vector Calculation
The internal incremental displacement vector duy at
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Fig. 7. Local coordinate system of eight noded trilinea element

the rearranged nodal point ng can be computed from its
local coordinate and the incremental displacement vec-
tors of the nodal points n, to ng, using the following equa-
tion

dur=N;(¢, n, {)du; )

where N; (&, , {) (i=1, 8) is the shape function, and du;
is the incremental displacement vector at nodal point #;
of the element.

STEP 4: Effective Stress Update
Once the incremental displacement vector of all rear-
ranged nodal points is computed, the effective stress in-
crement da’ at the Gauss-Legendre integration points of
the new remeshed finite elements are estimated using the
following equation.
da’=jDBduR (3)
where D is the stress-strain relationship of the soil skele-
ton at the Gauss-Legendre integration points, and B is
the strain-displacement matrix, The selection of D de-
pends on the state of the soil; so that correct stress path
can be followed during the updating of the effective stress-
es. The effective stresses o’ at the Gauss-Legendre integra-
tion points of the remeshed elements at t=1,+ ¢ will be

4

where o is the effective stress state at t=¢,. Ideally, &}
should be determined from the effective stress field at
t=1, obtained in the original undeformed mesh. This
requires back-calculating the location of the Gauss-
Legendre integration points of the remeshed elements at
t=ty, and interpolating &4 at these points. However, this
additional calculation increases the computing time.
Therefore, in this study, &4 at the Gauss-Legendre in-
tegration point of the remeshed elements is simply as-
sumed to be equal to that of the original undeformed
element, provided that the incremental displacements
computed at each time step are small. The details of the
effective stress updating procedure used in this study are
described in Appendix B.

o' =agi+do’

n=-10,¢ =10
& =calc
E=+1.0, { =10
N =calc

| n=+1.0,¢{=-10
& =calc
E=-10,C=10
n =calc
E=+t1.0,n =10
£ =calc
E=-10,n=10
£ =calc
n=-10,{=+1.0
& =calc

E=t1.0,7 =+1.0
£ =calc

E=+1.0,¢=+10
n =calc
_ yes _ yes| &€ =-1.0,1n =+1.0
Q*O/ Y £ =calc
no
e @ yes| n=+1.0,{ =+1.0
& =calc
no
n =+1.0
&L =calc
3 es es| £€=-1.0,¢=+1.0
Vs N =calc
no|
- E =10
n,¢ =calc
_ es| & =t+1.0
Yl &n =calc
no
En, ¢ =calc
Fig. 8. Flow-chart for calculating of the local coordinate of a rear-

ranged nodal point

STEP 5: Pore Pressure Update

In this study, the coupled stress-deformation-pore pres-
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sure interaction was formulated using the method
proposed by Akai and Tamura (1978). This method is
similar to the one proposed by Christian and Boehmer
(1970), where the pore pressure is assigned at the centre
of the element. When remeshing is performed, the value
of pore water pressure in the element must be updated to
satisfy the total stress equilibrium condition.

In this study, it is assumed that the total stresses of the
remeshed element are equal to those of the original
deformed element at t=t,+d¢. With this assumption,
the pore water pressure p,zx of a remeshed element at
t+d¢t becomes the sum of the pore pressure of the
deformed elements before remeshing and the change in
the mean effective stress &, of the remeshed element, as
shown in the following equation.

DPw=pywto,—6/z (3)

where p,, is the pore water pressure before remeshing, o/,
is the mean effective stress of the element before remesh-
ing and ;. is that after remeshing.

STEP 6: Residual Forces Calculation

The simplified evaluation of ¢§ and do used in Step 4
and 5 will produce some errors when equilibrium is check-
ed. These errors result in residual forces. After stress up-
dating, the residual forces of the rearranged nodal forces
d¢r are computed using the following equation.

d¢R=S BdozdV—dF (6)

where dF is the external incremental forces.

Further iteration of Step 4 and 5 can be made to obtain
the correct stress/pore pressure field in the remeshed con-
dition that satisfies the equilibrium condition. However,
this iteration would result in a dramatic increase of com-
puting time. Therefore, in this study, the residual forces
computed at the rearranged nodal points are simply
added to the loading forces of the subsequent incremen-
tal step. A similar technique is used in CRISP94 (Britto,
1994).

SIMULATION OF ONE-DIMENSIONAL
CONSOLIDATION USING REMESHING
TECHNIQUE

In order to verify the accuracy of the proposed remesh-
ing technique, one-dimensional consolidation finite
element analyses with and without the remeshing tech-
nique were performed, and the results were compared to
Terzaghi’s consolidation theory solution.

The finite element meshes and the material properties
used in these analyses are shown in Fig. 9. After obtain-
ing a solution for f=¢+d¢ (Fig. 10(b)), the finite ele-
ments were remeshed as shown in Fig. 10(c) and the stress
state of each remeshed element was updated. All the
remeshed elements have the same mesh geometry. The
results of the analyses are compared to Terzaghi’s
consolidation solution for the relationship between the
time factor 7, and the degree of consolidation U which is

100 kPa
x4 I
[ ] [ ]
l
i * E= 500 kPa
| | V=035
g k=1.1574 X103 cm/s
Q L ®
w
| I
il . Undrained
boundary condition
|
i ® [ ]
X .
fagrd
1.0m

Fig. 9. Finite element model used in the one-dimensional consolida-
tion problem
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Fig. 10. Rearrangement of finite element meshes

defined as the percentage of the current surface settle-
ment to the final surface settlement, as shown in Fig. 11.
The solid circles in the figure are the results obtained by
the remeshing technique, whereas the open circles are the
results obtained without the remeshing technique. The
numerical analysis with the remeshing technique appears
to give a better match to Terzaghi’s solution.

The computed isochrone curves of the excess pore
water pressure are shown in Fig. 12(a) for analysis with
remeshing and (b) for analysis without remeshing. The
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vertical axis of the figures is the ratio of the distance from
the drained surface z to the initial height of the model z,,
whereas the horizontal axis is loaded pressure p (=100
kPa). The result of the analysis with remeshing provides
a better match to the theoretical solution, especially at
the beginning of the consolidation and at locations close
to the drainage boundary.

THREE DIMENSIONAL FINITE ELEMENT
MODELLING OF SHIELD TUNNELLING

During shield tunnelling work, the position and direc-
tion of the shield machine are controlled by changing the
driving forces of the hydraulic jacks installed behind the
machine. Therefore, three dimensional movements of the
machine, i.e. the pitching and yawing, take place in a
complicated manner.

Time factor Tv

0.0 0.2 04 0.6 0.8 1.0
. : T
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100 - :
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Degree of consolidation U (%)

Fig. 11. Relations between the degree of consolidation U and time fac-
tor-T,
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Fig. 12.

Complicated boundary conditions exist, particularly in
the case of shield tunnelling in urban areas, since the dis-
tance between the shield tunnel and the pre-existing un-
derground structures or the foundations of superstruc-
tures frequently becomes very small. Hence, the three
dimensional nature of a shield tunnelling problem must
be considered carefully in order to have proper control of
the construction.

The long term subsidence around a tunnel is directly
related to the excess pore pressures generated during the
shield machine advancement. Therefore, the coupled
soil-pore water analysis is necessary to assess the time-de-
pendent ground deformation caused by shield tunnelling
construction.

With the above considerations in mind, a three dimen-
sional coupled soil-pore water analysis was conducted to
simulate the construction process of a tunnel of 3.7 m di-
ameter in Tokyo. The tunnel was approximately 33 m
deep, and 0.55 km long. The machine used was of shield
type with an earth pressure balance, and air bubbles were
injected in the excavation chamber to stabilise the soil
and control the earth pressure in front of the shield
machine.

FINITE ELEMENT MODELLING

Soil Modelling

The Sekiguchi and Ohta’s model (1979) was used to
model the stress-strain behaviour of the clay. The input
parameters used in the analysis are listed in Table 1. Most
of the input parameters were determined from the results
provided by standard geotechnical tests on samples ob-
tained at various depths. Other input parameters, which
were not able to be determined from these tests, were cal-
culated by the method suggested by lizuka et al. (1985).

p/p

0.0 0.5 1.0
o
2/z0 0 ™2 1y=0.05
0.1
05 0.15 o) N
0.5
QO
o] q
1.0 I

(b) Without rearrangement

Isochrone curves of excess pore water pressure
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The initial distribution of the preconsolidation pres-
sure was obtained based on the results of standard
oedometer consolidation tests. The variation of precon-
solidation pressure versus depth used for the analysis is
shown in Fig. 13.

The initial distribution of the water content was ob-
tained from the samples taken, and the unit weight of the
soil was estimated by assuming that the soil is fully satu-

Table 1.

rated. The initial void ratio distribution is shown in Fig,.
14. The ground water table was assumed to be at the
ground surface and initially hydrostatic water condition.
Accordingly, the initial vertical effective stresses were
computed as shown in Fig. 13. The coefficient of lateral
earth pressure was assumed to be 0.55, irrespective of the
overconsolidation ratio.

The coefficient of permeability at various depths was es-
timated by the method proposed by lizuka et al. (1985),
which uses the preconsolidation pressure and the void ra-
tio at the preconsolidation pressure. The distribution of
the coefficient of vertical permeability is shown in Fig.
15. For comparison, the values measured from the
oedometer tests are plotted in the figure. The measured
values (as shown in white circle symbols in the figure)
agree well with the estimated profile.

Values of coefficient of horizontal permeability were
not measured in the laboratory. They were assumed to be
twenty times those of vertical permeability, as it is com-
mon that the horizontal permeability is larger than the
vertical.

Shield Machine Modelling

The shield machine was modelled as a rigid body by
assigning a large value of elastic modulus of 2.0 x 10°
(kN/m?) and Poisson’s ratio of 0.499. The weight of the
machine was modelled by applying a body force. The di-
ameter and length of the shield machine are 3.737 m and
5.67 m, respectively.

Shield Machine and Soil Interfuce Modelling

It has been recognized that the long-term subsidence af-
ter soft clay tunnelling is partly caused by excess pore
pressure induced by disturbance associated with the inter-
face friction between the soil and shield machine. There-
fore, joint elements were placed at the interface of the ele-
ments that represent the shield machine and the adjacent
soil, in order to investigate interface friction effects on
ground deformations. The behaviour of the joint ele-
ments shows zero stiffness when the frictional force ex-
ceeds some critical value.

Input parameters for shield tunnelling simulation

Young’s modulus £

Poisson’s ratio v
Density p

Shield machine

1.96 x 10° kPa
0.499
3.00 g/ cm?

Poisson’s ratio v
Density p

Excavating element

Young’s modulus £

138.3 kPa
0.100
1.62 g/cm’

Specific gravity of soil particle Gs
Compression index A

Swelling index x

Cohesive soil : f .
Poisson’s ratio v

Critical state parameter M
Density of saturated soil p,,

2.680
0.320
0.054
0.355

1.62 g/cm’

Joint element Yield value 7,

|
1.05
‘ 4.9kPa
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Excavating Elements

The excavating elements represent the area that is dis-
turbed by cutting and mixing of the excavated soils with
slurry in front of the cutting face of the shield machine.
The excavating elements are used to match the volume
change and shear distortion of the elements to the actual
movement of the shield machine. Therefore, the material
properties of the excavating elements depend on various
factors such as the method of excavation, machine char-
acteristics, the size of the elements, etc. Hence, they need
1o be obtained by trial and error.

In this analysis, the excavating element was assumed to
be an isotropic elastic material, and the thickness of the
excavating elements was selected to be 20 cm. The air bub-
ble pressure measured during the construction was ap-
plied as a pressure boundary within the excavating ele-
ments. The measured jacking forces were applied as
nodal forces behind the shield machine. The elastic prop-
erties of the excavating elements were then determined by
matching the computed advancement of the shield
machine at a given time step to the measured field move-
ment data. The initial analysis showed that a Young’s
modulus of 141 kPa and Poisson’s ratio of 0.1 should be

Fig. 16(a). Location of fourteen hydraulic jacks

used in the subsequent machine advancement analysis.

Shield Machine Operation

The advancement of the shield machine was simulated
by applying forces at the tail of the shield machine, where
the hydraulic jacks are located, and providing pressures
inside the excavating elements. The applied forces and
pressures were obtained from the actual driving records
of the machine. In this construction, fourteen hydraulic
jacks were installed behind the machine as shown in Fig.
16(a). The jacking records are shown in Fig. 16(b), where
the top column is the elapsed time. In this shield opera-
tion, each hydraulic jack did not operate independently,
and the jacks were in the mode of either on or off. The
solid circles in the bottom column of Fig. 16(b) show the
time sequence of on/off mode of each hydraulic jack.
The values in the central row of Fig. 16(b) are the com-
bined hydraulic force of all the jacks in operation.
Hence, the driving force of each jack can be computed by
dividing this combined hydraulic force by the number of
jacks in operation.

After the tunnel linings are installed, ground move-
ment occurs as the earth pressure is released in the tail
void, which corresponds to the space made between the
excavated area of the tunnel machine and the outer sur-
face of the tunnel lining. In order to avoid this ground
movement, backfill injection is commonly made into the
tail void. In this analysis, the finite element meshes adja-
cent to the tunnel lining were expanded in a radial direc-
tion by applying a pressure equivalent to the measured
backfill pressure. Once the backfill operation was com-
pleted, the nodal displacements were fixed in position.

388kN 510

0.000day 0.005 0.022 0.035 0.087 0.088 0.104 0.110 0.118 0.218 0219 0.223 0.232 0.234 0.238 0.247

0000000000000 000

0.259day 0.264 0.405 0411
839N 0

0412 0417 0418 0419 0421 0423 0426 0429 0431

@@@0@@@@@@@@@@@@

0.432 0.434 0436

0.438day 0.489 0.506 0.509 0.510 0.511 0.523
Okn - 711

1.058 1.082

@@@@@@@@00@@@@@@

1.099 1.104 1.126 1.612 1.634 1.637 1.638

Fig. 16(b).

The jacking record
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NUMERICAL RESULTS

Ground Settlements

The three dimensional views of the computed settle-
ment trough at 1 m above the crown of the machine at
various times are shown in Fig. 17. The sequence of finite
element remeshing operation with the machine advance-
ment is illustrated in the figure.

In this case study, the subsurface displacements and
pore water pressures were also measured at 1 m above the
crown of the shield machine as the machine passed the
measurement point. The arrow in Fig. 17 shows the meas-
urement point. The surface settlement was also meas-
ured.

The computed vertical displacements at the ground sur-
face and at 1 m above the crown are shown in Fig. 18.
The horizontal axis of the figure is the elapsed time from
the beginning of the numerical simulation. The measured
data are also plotted in the figure for comparison.
Although the measured data show that there is a sudden
ground upheaval approximately 10 hours after the arrival
of the shield machine face due to some unknown reason,
both the calculated and measured vertical displacements

Measurement point

1.64357 day

Fig. 17. Three dimensional views of the computed settlement (1 m
above the crown of the machine)

are almost identical after the passage of the tail of the
shield machine. The vertical settlement after the shield
machine passed the measurement point was 6.9 mm,
which corresponds to the measured displacement in the
field. The vertical ground surface displacement was
almost zero in this case. It is important to notice here
that the field monitoring was stopped when the tail of the
machine passed the measuring point. Therefore, the
deformatlon related to tail void closure is not modelled
in this analysis, and larger vertical displacement is expect-
ed to occur in the later stage of tunnel construction.

The contour plot of the vertical displacements at 1 m
above the crown at f=1.64 days is shown in Fig. 19. Due
to variation in the jacked forces applied to the machine,
there was an upheaval of approximately & mm in front of
the machine. Unfortunately, the field measurement start-
ed just before the machine approached to the monitoring
point. Therefore, it was not possible to compare this com-
puted result to the actual upheaval behaviour in the field.

Peck (1969) showed that the transverse surface settle-
ment trough immediately following tunnel construction
is well-described by the following Gaussian distribution
curve.

S::=Smax'exp (—y2/212) (7)

where S, is the vertical settlement, Sy, is the maximum
settlement on the tunnel centre line, y is the horizontal
distance from the tunnel centre line and / is the horizon-
tal distance from the tunnel centre line to the point of
inflexion of the settlement trough. The computed settle-
ment trough at 1 m above the crown of the tunnel lining
was fitted by the Peck’s Gaussian distribution curve, as
shown in Fig. 20. The maximum settlement at the centre
of the tunnel was 6.9 mm. The shape of the computed set-
tlement trough at 1 m above the crown of the shield tail is
similar to the one suggested by Peck.

Pitching Angle of the Shield Machine

The computed vertical tilt of the shield machine, i.e.
the pitching angle 8, is plotted against the elapsed time in
Fig. 21. The recorded pitching angle of the machine is
also plotted in the figure.

Ground surface A:measurement
/ —:analysis

Measurement point

Vertical displacement (mm)
|
I~

-6 Q:measurement Q
—:analysis
_8 L 1 |
0 05 1 1.5 2
Elapsed Time (day)

Fig. 18. Vertical displacement at the ground surface and at 1 m above
the crown
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Fig. 21. Pitching angle of the shield machine

The figure shows that the pitching angle increased sud-
denly when the machine started to operate, implying that
the machine was inclined from the horizontal level. The
angle increased as the machine advanced and the increase
ceased when the machine stopped. This is mainly due to
the variation in the mechanical jacking forces applied be-

Contour plot of the vertical displacements (1 m above the crown, t=1.64 day)

hind the machine, which is controlled by the machine
operator. This is one of the reasons that some upheaval
ground movement was observed in front of the machine.

During the advancement, the upper tail of the machine
is moving away from the tunnel linings as it excavates,
providing a larger tail void space at the crown of the tun-
nel. On the other hand, at the invert section, the lower
tail of the shield should be providing a downward force
to the ground.

Stress Paths of the Soil Around the Shield Machine

The effective stress paths in the soft clay around the
shield machine during the advancement are shown in Fig.
22. The stress paths are plotted in terms of mean effective
stress p’ and deviator stress g= v2J,, where J, is the sec-
ond invariant of the deviator stress tensor. Eight ele-
ments adjacent to the circumferential face of the shield
machine were selected for plotting. The initial K, line, the
critical state line and the current yield surface based on
the Sekiguchi-Ohta model are also drawn in the stress
path figures.

The results show that the elements around the crown
of the machine (solid circles in the figure) are in a condi-
tion of unloading due to stress release as the machine
passes along the element. The effective stress states move
within the current yield surface, producing some elastic
unloading deformation.

The positive pitching angle of the machine shown in
Fig. 21 suggests that the lower tail of the shield is provid-
ing a downward force to the ground. The elements below
the invert of the machine (open circles in the figure) are in
the condition of loading due to the weight of the machine
and the jacking operation. In this area, the yield surface
of the soil expands from its initial condition, producing
some plastic strains.

Excess Pore Pressure Generation
The calculated and measured excess pore water pres-
sure changes at the measuring point above the crown of
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the shield machine are shown in Fig. 23. The initial in-
crease in excess pore pressure is due to stress created at
the face by the jacking force. The finite element result
shows that the excess pore pressures become negative as
the shield machine passes the measurement point. This is
due to the unloading of the soil, as illustrated in Fig. 22,
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The measured value, however, demonstrated a sudden in-
crease in excess pore water pressure approximately 10
hours from the arrival of the shield machine for some
unknown reason. Such a discrepancy between the meas-
ured and calculated values is similar to the sudden
change in measured vertical settlement shown in Fig. 18.
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Fig. 24. Variation of excess pore water pressure at the bottom of the

shield machine

The calculated excess pore water pressure at the bot-
tom area of the shield machine is shown in Fig. 24.
Again, there is an initial increase in excess pore pressure
when the point of interest is in front of the machine. As
the machine passes, there is an increase in excess pore
pressure due to the loading condition observed at this lo-
cation.

The results shown in Figs. 23 and 24 imply that the
pore water pressure behaviour during shield tunnelling is
closely related to loading /unloading condition of the soil
caused by the positional and directional change of the
shield machine. The pattern and magnitude of the excess
pore pressures generated during the shield machine ad-
vancement will directly affect the long term subsidence
around the tunnel, especially in the case of shield tunnel-
ling through soft ground. Therefore, the postural change
of the shield machine needs to be modelled, and con-
trolled as accurately as possible for assessing the short
and long term ground settlement due to shield tunnelling
construction.

CONCLUSIONS

In this paper, the advancement and excavation proc-

esses of shield tunnelling operations were modelled us-
ing the finite element method in order to investigate the
effect of these construction processes on the ground
response. A new excavating finite element, which
modells the disturbed soil in front of the cutting face,
was proposed. The operation of shield advancement and
of soil excavation was simulated using the finite element
remeshing technique at each time step of the analysis.

The proposed modelling techniques of shield tunnel-
ling construction were applied to simulate tunnelling
project in soft cohesive soil in Tokyo and the results were
compared with the field measurements. The soil deforma-
tion mechanism associated with the shield tunnelling
operation was examined in detail. The vertical ground dis-
placement profile, the effective stress paths in the soft
clay, the excess pore water pressures, and the postural
change of the shield machine, were obtained from the
three-dimensional finite element simulation using the
proposed modelling technique, and the results agreed
with the field observations.

The cohesive soil around the crown of the machine was
in a condition of unloading, due to the stress release as
the machine passes. The effective stress states moved wi-
thin the current yield surface, producing some elastic un-
loading deformation. The excess pore pressure became
negative around the crown as the shield machine passes.

At the invert section, on the other hand, the lower tail
of the shield was providing a downward force to the
ground. The ground in this region was in a condition of
loading due to the weight of the machine and the jacking
operation. Therefore, the yield surface of the soil expand-
ed from its initial condition producing some plastic
strains. The excess pore pressures increased due to the
loading condition at this location.

These pore pressures provide its proper input to a
long-term analysis of the loading on the tunnel lining,
and of ground surface displacements.
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NOTATION

»=Scaler product

X =Vector product

B=Strain-displacement matrix

D=Diameter of shield machine

D =Stress-strain matrix

F=External force

J~'=Jacobin matrix inverse
J,=Second invariant of the deviator stress tensor
n;=Nodal points of finite element
ngp=Remeshed nodal point
N;=Shape function
p.=Pore water pressure
p’ or o,,=Mean effective stress
g=Deviator stress
gleueserip) = A fter remeshing

S,=Vertical settlement

u;—Displacement vectors at the nodal points »,
uz=Displacement vectors at the remeshed nodal point ng

&, n, {=Local coordinate of the iso-parametric finite element

¢=Residual forces of nodal forces

Appendix A

As shown in Fig. A-1, the mapping of vector dx within
the finite element in the global coordinate system (x, y, z)

ng(-1, L ) n,(1 1, 1)
ns (A1) ng (A4,-1) I)
ng (G4, ¢ ) g"w
S
T L/n. (-1 1L,-D| (1, 1)
n(L-L-D  ny(1L-1-1)

dr=Jdx

g (Xg: Yg: Zg) n,(xs, ¥7, 27)

Ny (X g5 24) n\(x3/¥3, 23)

nl(x‘“yl'z") nz(xzynyzz)

Fig, A-1,
tem

Mapping between the grobal and the local coordinate sys-

to the vector dr with the local coordinate system of the
element (¢, x, {) is given by the following equation;

dr=J 'dx (Al)

where J~! is the inverse of the Jacobin matrix.

The local coordinates of the rearranged nodal point #z
can then be found from the coordinate of one nodal
point. For example using the nodal coordinate of n;,.

(Ers MRy CR)=T " (Xp—X1, Yr— 1, Za—21)

+(—1,—-1,—-1) (A2)

where (&g, nr, {r) is the local coordinates of the rear-
ranged nodal point, (Xg, Y&, Zz) is the global coordinate
of the rearranged nodal point, (xi, yi, z1) is the global
coordinates of the nodal point n; and (—1, —1, —1) is
the local coordinates of the nodal point #;.

Appendix B

The effective stress state ok at the Gauss-Legendre in-
tegration points of the remeshed elements at t=f,+d¢ is
computed using the following equation.

cr=0c+doc’ (B1)

where o is the effective stresses estimated from the origi-
nal undeformed mesh at t=t,, do is the effective stress
increment produced within a time step d¢.
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Fig. B-1. Back-calculation of the remeshed element

Fig. B-2.

o’ at the Gauss-Legendre integration points of the
remeshed elements needs to be estimated from the effec-
tive stress field obtained in the original undeformed mesh
at r=1,. This estimation requires back-calculation of the
location of the remeshed element at r=t,, as shown in
Fig. B-1. However, this calculation will result in large
computing time, and it was considered to be uneconomi-
cal. Therefore, in this study, it is assumed that ¢ at the
Gauss-Legendre integration points of a remeshed ele-
ment is the same as that of the original element.

The calculation of de¢’ requires stress-strain D matrix
as shown in Eq. (3). When the soil is in plastic condition,
the value of D changes with applied strain increment
de=Bdu. Therefore, do needs to be calculated by strain
integration when the soil is in a plastic condition. This in-

(o
GR i Ren—— _,,_.4__?
/
/
O,5=Cp. [~
B du,
—B du
&
Fig. B-3.
o
oy .
o’ =0, 1 =
do
G,
GG
B du,
B du
€
Fig. B-4.

tegration results in additional computing time because
the stress calculation should be performed twice in this
analysis; (i) when the analysis is made using the original
mesh and (ii) when the stress update is performed for the
remeshed elements. Again, the second stress calculation
was considered to be uneconomical and the stress update
procedure was simplified in this study, as described be-
low.

Hereafter, de is the incremental strain at the Gauss
points of the deformed mesh, whereas dey is that of the
refined mesh.

Case 1 The new stress state of both original and
remeshed are both in the elastic region (Fig. B-2)
In this case, o} is simply calculated as follows in one
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oy’ 0
1
do
o \ ﬁ

= Bduog
Bdu i
€
Fig. B-5.
step.
or=0¢+D.der (B2)

where D, is the elastic stiffness.

Case 2 The new stress state of the original element is in

the elastic region, whereas that of the remeshed element
is in the plastic region (Fig. B-3)

In this case, the stress state calculated from Eq. (B2)
will be outside the current yield surface for the remeshed
element and the strain integration is necessary to com-
pute the stress state oz of the remeshed element. To
reduce the computing time, a% is simply corrected back
to the yield stress state of the current yield surface using
the method proposed by Owen and Hinton (1980).

Case 3 The stress state of both the original and
remeshed element are in plastic condition (Fig. B-4)

Since both increments produce plastic deformation,
the strain integration is necessary to obtain the stress
state ¢ of the remeshed element. In this case, ¢} is as-
sumed to be equal to the stress state of the original ele-
ment ¢’

Case 4 The stress states of both the original and
remeshed element are unloaded into the elastic region

Similar to Case 1, o is calculated to be equal to
o +D.deg, where D, is the elastic stiffness.

Case 5 The stress state of the original element becomes
one of unloading, whereas that of the remeshed becomes
one of plastic loading (Fig. B-5)

The stress state g% is assumed to be equal to ay.
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Soil consolidation associated with grouting during shield tunnelling in soft
clayey ground

K. KOMIYA.® K. SOGA.+ H.

The effectiveness of grouting to reduce surface settlements
during underground construction in clayvey ground was in-
vestigated by a field trial and laboratory tests. The field trial
was carried out during shield tunnelling work conducted in
alluvial clay deposits in Koto-ku, Tokyo. Grout was injected
at some distance away from the tunnel, and both surface
and subsurface settlements above the tunnel were monitored.
Although the initial heave was achieved immediately after
the grout injection, the ground continued to settle with time,
owing to soil conselidation and grout shrinkage. A labora-
tory investigation was conducted to investigate the para-
meters that control the long-term behaviour of grouting in
clay. It was found that better long-term grout efficiency can
be achieved in overconsolidated clay than in normally con-
solidated clay, and the efficiency increased with increasing
injection volume. Finite element analysis of the laboratory
experiments confirmed that the amount and extent of excess
pore pressures generated during injection govern the long-
term grout efficiency. Finite element analysis of the field
trial was also performed to simulate the long-term ground
deformation after grout injection.

KEYWORDS: clays; consolidation: grouting:
numerical modelling and analysis: tunnels.

laboratory tests:

AKAGI. M. R. JAFARI§ and M. D. BOLTON

Nous étudions 'efficacité de la cimentation pour réduire le
tassement de surface pendant les constructions souterraines
dans des sols argileux au moyen d’essais sur le terrain et
d’essais en laboratoire. Les essais sur le terrain ont été faits
pendant des travaux de per¢age de tunnels protecteurs effec-
tués dans les dépots d’argile alluviale de Koto-ku a Tokyo. Le
ciment a été injecté a une certaine distance du tunnel et les
tassements de surface et de sous-surface au-dessus du tunnel
ont été observés. Bien que le gonflement initial se soit produit
immediatement aprés P'injection de ciment, le sol a continué
a se tasser peu a peu en raison de sa consolidation et de la
contraction du ciment. Une investigation en laboratoire a été
mencée pour trouver les parameétres qui commandent le com-
portement a long terme de la cimentation dans ’argile. On a
trouvé que Defficacité a long terme du ciment est meilleure
dans une argile surconsolidée que dans une argile a consoli-
dation normale et que DPefficacité augmentait en méme temps
avec le volume injecté. L'analyse d’éléments finis pratiquée
sur les essais en laboratoire a confirmé que I'importance et
I’étendue des pressions interstitielles excessives produites
pendant 'injection gouvernent Iefficacité a long terme du
ciment. Nous avons fait également des analyses d’éléments
finis pour Pessai sur le terrain afin de simuler la déformation
a long terme du sol aprés I'injection de ciment.

INTRODUCTION

The shield tunnelling method is frequently applied for con-
structing underground structures for railways and utility lines in
urban areas. The method has been used extensively for more
than 30 years, and many advances—such as the development of
new excavation machines and the implementation of computer-
controlled operation—have been made in order to optimise the
method. Based on the large amount of experience and expertise.
the sources of ground deformation associated with shield tun-
nelling are well investigated and widely reported (e.g. Mair &
Taylor. 1997). In recent years. the magnitude of soil deforma-
tion by earth pressure balance shield tunnelling in soft ground
has become remarkably small: surface settlements of less than
10 mm are common (e.g. JSSMFE, 1993).

Even with recent advances in the method, shield tunnelling
in soft clayey ground, where the SPT N value is close to zero,
is still a major technical challenge for tunnel engineers. Defor-
mation in this type of ground tends to occur several months or
years after the completion of tunnelling. as shown by the typical
time-settlement curve in Fig. 1. This long-term settlement is
due mainly to consolidation of clayey soil around the tunnel,
originating from the excess pore water pressure generated
during the shield tunnelling work as the ground is sheared and
disturbed (e.g. Clough er al.. 1983: Shirlaw, 1995). Drainage
into the tunnel can reduce pore pressures below their original
values, and also contributes to the long-term settlement.
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During shield tunnelling in soft ground. grout materials can
be injected around the upper part of tunnel linings to improve
the strength of the soil and to reduce the magnitude of surface
settlements. In recent years. compensation grouting and grout
Jjacking have been applied successfully in many major tunnelling
projects to limit ground settlements under important structures.
In this operation. grout is injected at locations between the
tunnel and the building foundations in order to ‘compensate’ for
stress relief and ground loss induced by tunnel excavation. In
compensation grouting, grout injection is often performed at the
same time as tunnel construction (as shown by the shaded zone
in Fig. 1), so that building settlements are maintained within
the specified criteria. Successful applications of compensation
grouting in stiff London clay have been reported for the under-
ground construction of the Jubilee Line Extension Project
(Harris er al., 1996; Osborne er al., 1997; Harris et al.. 1999).
However, its effectiveness in soft clayey soils is still in question
(Shirlaw er al., 1999; Soga et al., 1999).

In this study. grout injection tests were performed in the
laboratory and in the field to investigate the short- and long-
term deformations of clay around grout injection points. Finite
clement modelling of the laboratory grouting tests was con-
ducted, and the parameters controlling the long-term behaviour
of grouting in clay were investigated. Finite element analysis
was also performed to simulate the field trial, where grout was
injected in soft clayey ground at a shield tunnclling site in
Tokyo. Based on the comparison between the numerical results
and the laboratory/field data, soil consolidation associated with
grouting is discussed in this paper.

CONCEPTUAL MODELLING OF GROUTING IN CLAYEY SOILS

The mechanism of soil-grout interaction during grout injec-
tion is a very complicated one. However, a simple conceptual
model, which covers the main features of grouting process in
clay. is proposed for the discussion in this paper.
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Grout injection for
compensation grouting

Surface
settlement

Machine
face tail

Short-term

Long-term

P Time

—

Long-term consolidation settlement
with compensation grouting

Long-term consolidation

A without compensation grouting

Machine Tail void
injection

Fig. 1. Settlements associated with shield tunnelling and compensation grouting

Grouting can mainly be carried out in two different modes:
(a) compaction grouting and (b) fracture grouting. Compaction
grouting involves the injection of high-viscosity stiff grout (e.g.
a soil-cement—water mix) into the soil mass. When this type of
grout is injected, it does not penetrate into the soil pores but
remains in a homogeneous mass, forming an approximately
spherical bulb. The formation of a bulb displaces the surround-
ing soil. Fracture grouting involves the injection of lower-
viscosity grout (e.g. cement and bentonite), which tends to
result in a split opening the ground (often described as hydrau-
lic fracturing). As the grout flows into the fractures, the
surrounding soil is displaced. Hydraulic fracturing can happen
even in compaction grouting, which results in loss of control of
the grouting process. The shape of a grout body and the subse-
quent soil fracturing are affected by various parameters such as
injection pressure, injection rate, gel time of the grout, rheology
of the grout, confining pressure and permeability of the soil
(e.g. Mori et al., 1990, 1992; Warner, 1992, 1998).

Grout

injection point

At the initial stage of grouting, the grout pushes the soil
outwards and forms a bulb, as shown in the schematic diagram
of Fig. 2(a). As more grout is injected, the clay deforms
plastically and the size of the grout bulb grows. It increases
until the grout pressure builds up to the fracturing pressure and
a plane of weakness is formed by hydraulic fracturing, as shown
in Fig. 2(b). Fracture can also occur along a natural fissure,
joint or bedding. As fracture occurs, the stress condition in the
soil suddenly changes and the injection pressure drops. When
lower-viscosity grout is used, the grout will intrude more readily
into planes of weakness to form fracture grouting (Fig. 2(c)).
When higher-viscosity grout is used, the grout may not able to
get into planes of weakness (Fig. 2(c)). The grout bulb con-
tinues to expand, and the injection pressure starts to rise again.

The effectiveness of compensation grouting/grout jacking is
often evaluated by the amount of soil heave obtained for a
given injected grout volume. Ideally, if soil deformation is
occurring in the undrained condition, the heave volume is equal

Grout

Zone of excess pore
pressure due to plastic
deformation

/ Hydraulic fracture

(d)

Fig. 2. Conceptual modelling of grouting in clay: (a) initial stage of grout injection; (b) initiation of fracture; (c) penetration of
grout into fracture, low-viscosity grout; (d) penetration of grout into fracture, high-viscosity grout
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to the injection volume. However. this is often not the case in
the field, since there will be increased deformation towards the
excavation and lateral subsurface displacements leading to sur-
face heave outside the designed compensation area. Therefore
injection needs to be controlled by careful monitoring of the
surface deformation. so that the overall surface settlements
become close to zero after tunnel construction.

Although compensation grouting and grout jacking can be an
cffective way to reduce surface scttlements in the short term,
their long-term effectiveness is still not very well known. It is
likely that the clay around the grout will consolidate with time,
owing to dissipation of the excess pore pressures generated
during the injection (Fig. 2(c). (d)). This is especially the case
for normally consolidated clays. In addition, the free water in
the grout can bleed out from the designed compensation area. If
lower-viscosity grout is used, it is possible that the grout
escapes from the designed area through the fractures made
during injection.

FIELD INVESTIGATION OF GROUTING IN ALLUVIAL CLAY
Field trial

A field trial of grout jacking was performed during shield
tunnelling work conducted in alluvial clay deposits at Koto-ku,
Tokyo. A tunnel 3 m diameter and 670 m long was constructed

at a depth of 143 m using an earth pressure balance shield
machine. The soil profile and the location of the tunnel are
shown in Fig. 3. The thickness of the clay was approximately
30m, and the SPT N value is reported to be close to zero
throughout the layer. Some physical properties of the soils are
listed in Table 1. The clay is normally consolidated with a
liquidity index close to 1. and is a typical alluvial clay in
Tokyo. Because of the high sensitivity values, large compressi-
bility due to soil structure degradation can result in large long-
term settlement, as discussed by Mori & Akagi (1985).

The grout injection trial was performed at three different
locations, as shown in Fig. 4. In case A, mortar was injected
into the gap between the tunnel lining and the excavated ground
(tail void) immediately after the machine passage and installa-
tion of tunnel linings. Grout pipes were installed at the tail of
the shield machine. and injection was performed when a
segmental lining came out from the machine. The injected
volume was approximately 120-150% of the theorctical tail
void volume, and the injection pressure recorded at the invert
was 300 kPa.

Instead of performing tail void grouting, grout jacking was
performed above the tunnel by installing five injection pipes
from the tunnel (cases B and C in Fig. 4(a)). The effectiveness
was examined by injecting grout at two different distances from
the tunnel: 1-0 m and 2:0 m in cases B and C respectively (see

Settlement monitoring points

-5

=S

L -] — 3m

() m——

Depth: m

-30 —t——

v

Fig. 3. Soil profile at a field trial site
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Table 1. Physical properties of the soils at the field trial site

KOMIYA, SOGA, AKAGI, JAFARI AND BOLTON

Soil Total unit weight, | Plasticity index, Pl | Undrained shear Sensitivity. S Void ratio. ¢ I('nmprcssion index.
yikN/m® strength. ¢,:kPa Ce
Fill 17 - -
Clayey silt 15:6 23:7 309 10 1:70 0-94
Sand 18 - - -
Clay | 15-8 384 49-1 16 1-62 0-87
Clay 2 15-8 40-4 665 23 1:56 0-86
Clay 3 174 394 116 20 1-33 0-72
Clay 4 174 22:2 143 41 1:33 0-49
Sand 18-0 - = _
O Monitoring points
(O Injection points
Case A Case B Case C
| . 455 N l\ 175
|‘- L B
] e 1 b
— \y) A4 335 A
2~ 2 ; 2
© @ ©
128 3 3~ 3
L O

Shield tunnel /

20-0
27 May

17 June

13 June

Date of the tunnel face location

(a)

Design improvement area

Injecting point

Injection pipe

(b)

Injecting point

Injection pipe

Case C

Fig. 4. Grout injection locations: (a) side view of the tunnel and grouting locations; (b) injection details for case B

and case C, dimensions in metres

Fig. 4(b)). The ground settlement (or heave) was measured at
three different locations above the injection points, as shown in
Figs 3 and Fig 4(a). A mixture of cement, water and water-glass
(Na;O0-38i0; aq.) with gel hardening time of 20 s was used as
the grout. The mass ratio of the mixture was cement: water-
glass : water = 1:1:25:3-43. The use of a rapid-hardening grout
was considered essential in order to avoid grout shrinkage after
the injection.

The volume of injected grout was predetermined to be
3-4m® (0-68 m* per injection tube) for case B and 6 m® (1-2 m’?
per injection tube) for case C. The grout was injected 8-5 h and
24 h after the machine passage in cases B and C respectively.

corresponding to the time when the machine was approximately
5m ahead of the injection points. The maximum injection
pressure was recorded to be 500 kPa.

Test results

The measured ground displacements with time at the three
monitoring locations are shown in Fig. 5, and the data are
summarised in Table 2. In the table, the immediate deforma-
tions after machine passage and tail void grouting (S;) and the
upward displacements due to grout jacking (S,) are listed
(downward movement is taken as positive). The consolidation
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Table 2. Summary of ground displacements from the field trial

Case Monitoring point Immediate settlement, | Heaving due to grouting, | Long-term sezlement, Fimal sertlement, Sp: mm
St mm 81 mm Somm
Case A 1 —1-5% — —242 +22:7
2 —3:0% s =240 +21:0
3 —4-0™ - —26:0 +22:0
Case B 1 +2-5 —10:0 —37-2 +29-7
2 +2-5 —14-0 —32% 213
3 F2:5 —16:0 —333 +19-8
Case C 1 +3-0 —5:5 +33-7 +31:2
2 +3-0 =70 —34:5 +30-5
3 +4-5 =150 —343 +23-8

* Includes the effect of tail void grouting.

settlements (S.) were measured 3 months after the grouting (at
the end of month 9 in Fig. 5). The final settlement (S;) is
calculated as the sum of S, S, and S..

Case A showed some upward displacements immediately
after tunnel construction, owing to the tail void grouting opera-
tion. The displacement decreased with increase in distance from
the tunnel. The consolidation settlement, S;, was smaller than
the other cases, and it was approximately the same for the three
measurement points (~25 mm).

In cases B and C there were immediate settlements after
machine passage owing to closure of the tail void (no tail void
grouting was performed in these cases). When grout jacking
was performed, the ground surface heaved more than the
original level because a large amount of grout was injected.
The magnitudes of the heave measured at subsurface monitoring
point 3 were similar in both cases. However, a larger injection
volume was required for case C to achieve this. More surface
heave was obtained in case B than in case C. In case B the
rigid boundary of the tunnel lining close to the injection points
may have affected the soil deformation pattern. The interaction
between the tunnel lining and grout injection seems to have
caused more uniform upward movement of the soil above the
injection points.

Both cases B and C had larger consolidation settlements, S,
than case A; the jacking effect achieved in the short term
disappeared. This is possibly due to additional large excess pore
pressures generated when the clay was sheared and became
plastic during the injection. Since the clay was sensitive and
compressible, considerable consolidation settlement would occur
during the dissipation of the excess pore pressures. Hence,
although a good jacking effect was achieved immediately after
the grout injection in this field trial, the grouting was not
cffective in terms of reducing the ground deformation in the
long term.

LABORATORY INVESTIGATION OF GROUTING IN CLAYS
Test apparatus, soils and grouts

The field study highlighted the possible effect of soil con-
solidation on the long-term effectiveness of compensation grout-
ing/grout jacking in clays. Laboratory tests were carried out by
injecting two types of grouting material in three different clays:
two normally consolidated clays (samples A and C), and one

Table 3. Physical properties of tested clays

lightly overconsolidated clay (sample B). The tested clays were
sampled from Tokyo alluvial clay deposits using either large-
diameter, thin-wall sampling tubes (150 mm diameter) or block
sampling. The physical propertics of the clays are listed in
Table 3.

A schematic diagram of the laboratory injection test appara-
tus is shown in Fig. 6. For the tests, cylindrical specimens of
150 mm diameter and 180 mm height were made from the tube
or block samples. Before the specimen was placed into a mould,
a S5mm diameter hole was drilled from the bottom of the
specimen into the centre, and an injection pipe was installed.
The specimen was then consolidated from 9-:8kPa up to a
specified pressure in stages. The drainage was allowed only
from the top plate, and the consolidation stage took ap-
proximately one week. The final vertical pressures applied
were 235 kPa for sample A specimens, 245 kPa for sample B

Vertical load Dial gauge

O

/ Drainage
pd

Loading plate

Pumps

Approx 180 mm

Grout

1 Pressure
\ transducer
Injection tube
dia. =5 mm

Fig. 6. Schematic diagram of laboratory injection test

Sample A
Name Etchujima-clay
Water content, wg 78%
Liquid limit, LL 74%
Plasticity index, PI 41%
Preconsolidation 204 kPa
pressure, 0.
OCR 1
Undrained strength 102 kPa
Sensitivity, S, 17

B C
Yashio-clay Keihinjima-clay
51% T7%
58% 87%
24% 49%
392 kPa 135 kPa
16 1
216 kPa 45 kPa
14 8
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specimens and 157 kPa for sample C specimens; sample A and
C specimens were normally consolidated, whereas sample B
specimens were overconsolidated (OCR = 1:6). After consolida-
tion, grouting material was injected into the specimens using a
manual injection pump.

Two types of grouting material were used in the experiment:
(a) a mixture of cement and water-glass (type I), and (b) a
mixture of cement, water-glass, chemical hardening material
and bentonite (type 1I). The mass ratio of type 1 was cement:
water-glass: water = 1: 1:25: 3-43. The gel-hardening time was
120 s, and its unconfined compressive strength was 75 kPa after
1 day curing. In type II, two liquids were prepared: (a) a
mixture of water and water-glass (= 1: 1) and (») a mixture of
cement, water, bentonite and chemical hardener (=1: 2.2:
0-15: 0-5). The liquids were placed in different pumps, as
shown in Fig. 6, and were mixed immediately before the injec-
tion in order to avoid hardening inside the pump. With the
chemical hardener, a shorter gel-hardening time of 20 s was
achieved. Its unconfined compressive strength was 143 kPa after
1 day curing.

A total of 18 injection tests were performed. Type 1 grout
was used in samples A and C and type II grout was used in
samples B and C. The amount of injected grout varied between
7% and 26% of the volumes of the post-consolidated clay
specimens. During injection, the injection pressure was meas-
ured by a pressure transducer connected to the injection pipe.
The measured fracturing pressures were approximately 500 kPa
for samples A and B and 400 kPa for sample C. The post-grout
deformation was measured with time by a dial gauge placed on
top of the loading plate.

In addition to the tests on natural clay specimens, the effect
of grout shape (fracture or compaction type) on the long-term
behaviour of soil after grouting was investigated. A rubber
balloon was fitted to the injection point, and clay slurry
originating from sample C (initial water content = 174%) was
then poured into a mould. After consolidating the clay to a
pressure of 49 kPa, the grout was injected into the balloon. The
water content of the clay before injection was approximately
75%. The undrained shear strength was estimated to be 9-8 kPa
from vane shear tests. It was considered that the use of a rubber
balloon would prevent the grout from intruding into fractures
and create a coherent grout bulb with no bleeding effect.

Test results

Typical cross-sectional views of grout injected specimens are
shown in Fig. 7(a) and (b). In the case of small injection
volume, the distribution of the grout was limited to the region
adjacent to the injection point (Fig. 7(a)). The pattern of soil
deformation was more or less like a compaction mede type.
When more grout was injected. however. the soil fractured or
deformed largely in a plastic manner. and the injected grout
spread sideways to form a horizontal layver (Fig. 7(b)).

In all cases the top loading plate displaced upwards immedi-
ately after the injection as the clay heaved. The amount of
volume expansion calculated from the mital displacement of
the top plate was approximately equal to the injection volume.
indicating that the soil deformation during mjection was in the
undrained condition. The vertical displacement of the top plate
was continuously measured for several days until the excess
pore pressure in the specimen had dissipated and the rate of
settlement became negligible.

The upward displacement of the top plate was plotted against
the normalised injection volume (grout volume/initial soil vo-
lume), as shown in Fig. 8 For each test, two data points are
plotted: the upper value is the heave immediately after injection,
whereas the lower value is the final heave after excess pore
pressure dissipation. The decrease in the heave with time is due
to (a) dissipation of the excess pore pressures in the clay
generated during grout injection and (b) shrinkage of the grout
itself by ‘bleeding” its water into the surrounding soil. When a
faster-setting grout was used, the long-term settlement was
smaller because of reduced grout shrinkage.

Grout
Injection
point
(a) Injection volume/sail volume = 6.7%
Grout
Injection
point

22.1%

(b) injection volume/soil volume

Fig. 7. Photos of sample after grout injection (sample A): injection
volume/soil volume (a) 6:7%, (b) 22:1%

In this paper the grout efficiency. /i, measured in the

laboratory is defined as follows:

Heaved volume (17%) Vi—V.—VFg
s = L = Vol = i
Injection volume (7}) Vi
(1)
where 17 is the injection volume, Ve is the decrease in volume

due to consolidation, and Vg is the decrease in volume due to
grout bleeding. The volume loss ratios of consolidation effect
and grout bleeding are defined as A¢c = V¢ /Vi and Ag= Fg/Vi
respectively,

Typical curves of grout efficiency against time are shown in
Fig. 9. Immediately after injection the grout efficiency is close
to 1. but it reduced with time. For example, when a small
volume of grout (injection volume/soil volume = 6:7%) was
injected in sample A, the grout efficiency reduced to less than
10% after 1 day. The grout efficiency of sample A increased to
60% as the injection volume increased (injection volume/soil
volume = 22-1%). Better grout efficiency was obtained when
the fast-setting type 1l grout was used.

In order to separate the soil consolidation effect from the
bleeding effect, 15 in equation (1) needs to be determined.
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Fig. 8. Measured initial and final heaves of the upper plate: (a) type
I grout; (b) type 1I grout
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Fig. 9. Changes in grout efficiency with time

Consolidation tests were performed on the tested grouts with
the same consolidation mould as used for the grouting tests,
The grout was placed between two clay blocks, and a vertical
stress corresponding to the injection tests was applied. Type
I grout after hardening lost 30% of its original volume
(Ag = 0-30), whereas, for type 1l grout, Ag reduced to 0-07.
Although it is possible that more bleeding will occur in the
injection tests owing to larger injection pressure, these values
were used as the volume loss due to grout bleeding (Ag) for the
subsequent discussion. However, further investigation on the
compressibility of grout is needed for better characterisation of
the tested grouts.

Using equation (1) with measured 7, and Ag, the implied
volume loss due to consolidation (A¢) can be estimated. The
calculated values of A¢ for different injection volumes are
shown in Fig. 10. For small injection volumes, there is a large
loss due to soil consolidation (Ac = 0-65): the grout efficiency
is therefore small owing to excess pore pressure development
during injection and subsequent consolidation of the clay. As

1-0
@ Cavity (N.C. clay)
B Cavity (O.C. clay)

i 08 O Fracture (N.C. clay)
5 ® O Fracture (O.C. clay)
T 08L X Balloon expansion
& (N.C. clay)

3
goar XX
=
e)
>
] X ©)
o © 0 6< o
~ 3 OQ 1 O
D 1
0 10 20 30

Grout volume/initial soil volume: %

Fig. 10. Volume loss ratio due to consolidation

the injection volume increased. Ac decreased to a value of
approximately 0-10, and consequently the grout efficiency in-
creased. The calculated volume loss ratio, A¢, was independent
of the type of grout used, suggesting that the pattern and
amount of excess pore pressure development during injection
were similar for both type 1 and [l grouts,

As shown in Fig. 10. the overconsolidated clay (sample B)
had a smaller volume loss than the normally consolidated clays
(sample A) when the grout formed a bulb (solid symbols). This
is due to the smaller excess pore pressures developed and the
smaller plastic zone generated for a given injection volume
compared with the normally consolidated clay.

The pattern of volume loss obtained from the grout injection
into a balloon (cross symbols in Fig. 10) was similar to that
without the balloon: A¢ decreased with increasing injection
volume. The difference in volume loss between the balloon
cases and the grout injection cases was approximately 0-1. The
difference may be due to the mode of soil deformation (cavity
mode rather than fracture mode) and variation in the initial
conditions (natural rather than reconstituted specimens, applied
vertical stresses, etc.). It was also considered that the size (or
the boundary) of the mould might have affected the deformation
pattern of the soil around the grout, and hence the grout
efficiency. This boundary effect will be investigated in the
numerical analysis described in the next section.

The boundary condition imposed in the laboratory tests needs
extra consideration for any practical implications of the findings
for a field scenario. In the laboratory tests, the grout cannot
escape laterally because of the mould boundary: it is contained
in the mould. In the field. the grout can escape laterally to any
extent from the designed area. This will result in decreasing
grout efficiency, especially when low-viscosity grout is used:
hence the small volume losses at large injection volumes meas-
ured in the laboratory may not occur in the field.

FINITE ELEMENT MODELLING OF GROUTING IN CLAYS
Simulation of the laboratory experiments

Compensation grouting or grout jacking in the field involves
a series of complex procedures and stages (for example drilling
the borehole, installing tubes-a-manchettes, filling the borehole
with cement bentonite, and pre-conditioning). Obviously some
of these procedures are very complicated, and it is very difficult
to model all the stages in great detail. However, the laboratery
investigation described above highlighted the effect of the over-
consolidation of clay and the boundary condition on the long-
term grout efficiency. An attempt was made here to assess the
finite element method’s ability to model the long-term behaviour
of grouting observed in the laboratory.

Several assumptions were made in the numerical investiga-
tion in order to capture the most important features of compen-
sation grouting responsible for its long-term effectiveness. The
finite element mesh used to model the laboratory tests is shown
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in Fig. 11. The model geometry is the same as in the laboratory
tests. The wall friction was assumed to be zero. The initial size
of injection cavity was taken to be equal to the size of the
injection needle diameter. Four-node axisymmetric consolidation
elements (Akai & Tamura, 1978) were adopted for the analysis.
The Cam-clay model (Schofield & Wroth, 1968) was used, and
the material properties and the initial conditions are listed in
Table 4.

At the beginning of the analysis, the initial condition of the
sample (stress state and stress history) was defined. The grout
injection process was simulated by applying uniform pressure at
the boundary of the injection cavity; the fracturing phenomenon
is not simulated. The pressure was ramped until a specific
injection volume was obtained. After fixing the nodes at the
cavity boundary, consolidation analysis was then performed until
the excess pore pressures in the model became zero. The injec-
tion volume is fixed throughout the consolidation analysis,
which means that bleeding of the grout is not modelled. The
displacement of the top boundary was computed with time to
calculate the volume loss ratio, Ac. As the cavity boundary is
fixed, Ag is equal to zero in the analysis.

The volume loss ratio was computed from various injection
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X >
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Fig. 11. FE mesh used for laboratory simulation

volumes for both the normally consolidated condition (sample
A) and the overconsolidated condition (sample B). As shown in
Fig. 12, a trend similar to that found in the laboratory tests was
obtained. Smaller volume loss ratios were obtained for the
overconsolidated condition than for the normally consolidated
condition, and the volume loss ratio decreased with increasing
injection volume. The computed volume loss at large injection
volume was close to the results of the balloon tests.

The contours of the excess pore pressures developed immedi-
ately after grout injection are shown in Fig. 13 for three differ-
ent injection volumes (5%, 11% and 23% of the original soil
volume) in sample A. In the figure, the calculated excess pore
pressures were normalised by the maximum excess pore pres-
sure. It is clear that the mould boundary starts to affect the
pattern of excess pore pressures in the specimen as the injection
volume increases. The location of the maximum excess pore
pressure moves from the injection boundary into the soil. More-
over, the actual magnitudes of the excess pore pressures do not
increase as much as the increase in the injection pressure or
volume. This is the main reason why the volume loss due to
consolidation is small in the large injection volume cases. It
seems that the change from cavity expansion to fracture ob-
served in the laboratory had only a small influence in increasing
the grout efficiency.

Simulation of the field trial

Both laboratory tests and the finite clement analysis showed
that soil consolidation due to the excess pore pressure generated
during grout injection was responsible for reducing the grout
efficiency in the long term, especially for normally consolidated
clay. The finite element analysis of the laboratory tests high-
lighted the importance of the boundary effect when long-term
grout efficiency needs to be assessed. Therefore the grout—soil
interaction needs to be solved as a boundary value problem.
Adopting the same modelling technique used to simulate the
laboratory tests, the field trial described earlier was simulated.

The three-dimensional finite element mesh used for the
analysis is shown in Fig. 14. The mesh models both case B
and case C conditions. A total of 11232 eight-noded cubic
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'% 06 - O Lab overconsolidated
@ X Lab balloon test
[=]
O 04k
£ 0:4
=
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Grout volume/initial soil volume: %

Fig. 12. Finite element results of volume loss ratio due to con-
solidation

Table 4. Cam-clay properties used for simulation of the laboratory experiment

Name Normally consolidated clay Overconsolidated clay
Sample A Sample B
A 0-647 0-23
K 0:107 0-038
M 1-17
ey at 1 kPa 1-25
Poisson’s ratio, v 0-338
20 235 kPa 402 kPa
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Fig. 13. Computed excess pore pressure development during injection; normalised excess pore pressure contours
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Fig. 14. FE mesh of field trial

consolidation elements were used to model the soil. The Cam-
clay material properties were determined independently from
conventional laboratory tests, and they are listed in Table 5.
The tunnel lining was modelled using rigid beam clements, and
the tunnel boundary was assumed to offer no drainage.

The injection points were modelled as an initial cavity size
of 0:07 m diameter, which is the same as the injection pipe
diameter. As in the laboratory test simulation, the grout injec-
tion was modelled by applying uniform pressure at the cavities.
The magnitude of the applied pressure was increased until the
computed heave at monitoring point 3 matched the measured
one. The cavity boundaries were then fixed, and consolidation
analysis was performed. It is important to note here that the
construction of a tunnel is not modelled in this analysis. The
geometry of the tunnel is fixed, and there is no inward move-

Table 5. Material properties used for simulation of the field trial

Layer
1 ) 3
Depth 0-10m 10-15m Below 15m
yi 0-291 0-371 0311
K 0-049 0-062 0052
M 1:04 1-02 1-03
e at 1 kPa 1-62 1-56 1-33
v 0-358 0-361 0-360
Ky 0-558 0-563 0-562
k 107" m/s 107 m/s 10° m/s

ment of the soil into the tunnel: hence the computed deforma-
tion will be due to grouting operation only. The analysis was
intended to investigate the long-term effect of grout jacking
decoupled from the effect of tunnel construction.

In order to match the heave at monitoring point 3, the
volume expansion necessary for each injection point was only
0:00723m® and 0:00512m* for cases B and C respectively.
These values are much smaller than the actual injected volumes
(0-68 m® and 1:2m> for cases B and C respectively). In the
field, the other portion of the low-viscosity grout may have
escaped into the fractures formed during injection. Unfortu-
nately, no field inspection was conducted to confirm this.

The computed deformations with time at the three monitoring
points are compared with the measured data in Figs 15 and 16
for cases B and C respectively. The computed heaves at
monitoring points 1 and 2 immediately after the injection
agreed reasonably well with the actual measurements. The
initial heave achieved by grout jacking gradually decreased with
time as the excess pore pressures generated by the cavity
expansion dissipated. The final settlements were greater than the
heave initially generated. The large injection pressures at the
injection points sheared the surrounding normally consolidated
clay, and large excess pore pressures were generated, leading to
large consolidation settlements during the dissipation.

Although the trends are similar, the computed long-term
displacements are smaller than the measured ones: the differ-
ence is approximately 10 to 15 mm. It is considered that this
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Fig. 15. Comparison between computed results and field data for
case B

discrepancy is due mainly to the additional excess pore pres-
sures generated during the shicld tunnel construction and the
change in drainage condition around the tunnel, which will also
contribute to the long-term deformation of the surrounding soil.

Case A was also simulated by expanding the tunnel boundary
radially until the computed displacement at monitoring point 3
matched the actual one. Fig. 17 shows the computed settlement
curves compared with the long-term measurements at the three
monitoring points. Again, the measured settlements are approxi-
mately 10—15 mm larger than the computed ones. which is
similar to the results found in cases B and C. Therefore. in
order to match the actual measurements, the shield machine
excavation process needs to be modelled.

CONCLUSIONS

The effectiveness of grout jacking to reduce surface settle-
ments during underground construction in clayey ground was
investigated by a field trial in Tokyo. The results from the field
trial showed that, although sufficient heave was achieved im-
mediately after the grout injection, the ground continued to
settle with time owing to grout shrinkage and soil consolidation
associated with the excess pore pressures developed during the
grout injection. Larger long-term ground settlements were ob-
served in the grout jacking operation compared with the tail
void grouting operation.

A laboratory investigation was conducted to find the para-
meters that reduce the long-term grouting efficiency in clays. It
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—40 . L
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()
Fig. 16. Comparison between computed results and field data for
case C

was found that better long-term grouting efficiency can be
achieved in overconsolidated clays than in normally consoli-
dated clays, and the cfficiency increased with increasing injec-
tion volume. Finite element analysis of the laboratory
experiments confirmed that the amount and extent of excess
pore pressures generated during injection govern the long-term
grout efficiency. When the soil deformed as an expanding
cavity. the grout efficiency was as low as 10%. However, when
a large amount of grout was injected, the grout efficiency
increased as the clay fractured and the grout penetrated into the
fractures. The finite element analysis of the laboratory tests
confirmed that the mould boundary contributed to the increase
in the grout efficiency.

Finite element analysis of the field trial was performed to
simulate the long-term ground deformation after grout injection.
Adopting the same modelling technique as used in the labora-
tory test simulation, it was possible to obtain a similar trend for
the long-term behaviour of grout jacking as observed in the
field trial. The final settlements were greater than the initial
heave generated. owing to the large excess pore pressure gener-
ated in the sensitive clay around the injection points. However.
the actual shield tunnel construction process needs to be mod-
elled in order to match the field data.
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SOIL CONSOLIDATION ASSOCIATED WITH GROUTING DURING SHIELD TUNNELLING
IN SOFT CLAYEY GROUND

OVERVIEW

a) The subject of the paper is topical and of considerable interest.

b) There is an enormous amount of information within the paper which includes a field trial
and laboratory experiments together with finite element analyses of both. Perhaps inevitably with
such an ambitious scope the level of detail is not great and in some instances facts which are pertinent
to understanding the results are omitted. These are listed within the Specific Comments section below.
Two particular instances are important: Firstly, the sensitivities of the clays are given, however, the
potential influence on the observed performance of the high values quoted is not addressed. Secondly,
the FE analysis of the tunnel shows settlements greater than the heave generated; it is considered that

this result is of great interest and should be discussed in the paper.

¢) The content or the Paper has not been published elsewhere to my knowledge.

d) Speculative material is indicated but where further deductions are made based on an assumption

further reference to the original assumption would be beneficial.

e) The objectives are clearly stated.

f) The relationship between compaction grouting, compensation grouting and grout jacking should
be described. The material presented pnmarily addresses grout jacking rather than compensation

grouting.

g) The information presented appears to be accurate and consistent although there appears to be an
error in the units of heave on Figure 8.

h) The conclusions drawn follow from the presentation of information but some very interesting

facets of the data are not discussed. (See comments under b)

i) Although the level of information given is probably sufficient, areas where further data would
assist in understanding the conclusions drawn are highlighted in the Specific Comments section

below.



SPECIFIC COMMENTS

INTRODUCTION

the word “lifelines” is not understood

it is not accurate to say in general terms that surface settlements due to turnnelling are typically less
than 10mm. This statement needs to be qualified in some way e.g. for EPB machines in soft clay.

Figure 1 shows that majority of movement during tunnelling for the curve without compensation
grouting i.e. about 70% at line indicating tail void injection. This is at variance with the statement in
the text.

The role of drainage into the tunnel should be mentioned - is it the intention to state that dissipation
of generated pore pressure is much more significant than reduction of pore pressures below their
original values due to drainage into the tunnel? Significant long term movements can also occur for

months and years after tunnelling in stiff clay, pnmarily due to drainage.

CONCEPTUAL MODEL OF GROUTING N CLAYEY SOILS

In that the discussion relates to clayey soils it is probable that neither compaction nor fracture grout
will penetrate into the soil pores — both will remain as homogeneous masses albeit with markedly
different shapes. The conceptual model of grouting Within clay is that it is an undrained event and

therefore no immediate densification of the ground will occur.

Fracture grouting generally exploits an existing plane of weakness to form a fracture rather than

forming a plane of weakness.

If soil deformation is occurring undrained the displaced volume must equal the injected volume. The
heave volume is only one component of the displaced volume, others include increased deformation

towards the excavation and lateral displacements.

If water bleeds from the grout into the ground there is no immediate volume change since the ground

volume would increase.



FIELD DIVESTIGATION OF COMPENSATION GROUTING IN SOFT ALLUVIAL CLAY

The soil in which the grout was infected has a sensitivity quoted as 23. Some comment on the impact

of this is required.

The grout was injected after the tunnel passed and the “volume loss” settlements were small (<5mm).
The grouting also induced heaves in excess of the tunnel related settlements. The process is thus

grout jacking rather than compensation grouting.

There are a number of pertinent facts which are not stated for Case A:
was the tail void routinely grouted and the volume increased for Case A?
over what length of tunnel was Case A undertaken?
what grout mix was used?
what were the actual grout volumes injected?

How were the injection tubes installed?
For Cases Band C was the tail void injected at all? How far from the TBM were the injections?
Terminology such as “volume of ground to be improved” suggests that the aim of the grouting was
densification by compaction (grouting) rather than controlling movements by compensation grouting.
To compare the results some discussion of potential inaccuracies is required. E.g. the tests were very
localized; were 3D effects significant?; what is the natural variability of the ground response to

tunnelling without compensation grouting?

Were grout volumes determined prior to injection as implied in the description of the field trial or

was a specific heave of the lowest monitoring point targeted as implied in the test results section?

Figure 5 shows a flattening of the curves for Case A in the middle of month 6 which appears to be at
the time of injections for Cases B and C - is this significant?

LABORATORY UMVESTIGATION OF GROUTING IN SOFT CLAYS

The shear strengths quoted in Table 3 are not consistent with the description “soft” used in the text.

Th drainage boundary conditions could usefully be added to Figure 6.



The properties of the sample consolidated from a slurry are not given.

The heave upon injection is stated to be equal to the injection volume. Figure 8 shows significant
divergence from the linear relationship determined for the nominal length of sample quoted - sample
lengths would have to vary by up to 40% to account for differences. Vertical scale of both parts of
Figure 8 should be in centimetres to be consistent with stated sample length and grout volume

percentages.

The assumption that the oedometer measured compression of the grout would be re-produced in the
grout injected within clay is not proven. The boundary conditions for drainage are very different.

The comparison of the two results for the “Cavity” mode of behaviour states that the overconsolidated
sample had a "slightly smaller volume loss" [ratio]. This is not justified by the two data points given

Which differ by a factor of more than 3.

It is not clear whether the “balloon” was successful is maintaining an approximately spherical shape

of the injected grout. Did the balloon prevent bleed of the grout into the surrounding soil?

The clay used for the balloon tests was consolidated from a slurry whereas the other tests were on

intact samples - a comment on the significance of this difference would be helpful.

Once the grout starts to fracture and reaches the edge of the container, uplift can continue at a pressure
sufficient to overcome the overburden pressure and any friction between the soil and the container
with little or no deformation or the soil. Did the results show this type or behaviour?

FIMTE ELEMENT MODELLING OF COMPENSATION GROUTING IN CLAYS

Lab Tests

Strictly the process being modelled is grout jacking rather than compensation grouting.

The boundary conditions used to model the lab apparatus are shown on Figure 11 - this should be

stated. The drainage boundary conditions could also be added to this figure.

Three sets of parameters are given in Table 4. It is not clear which set were used to produce the results

presented.



The OCR used in the analyses is not stated.

Are results available for all three sets of parameters?

It is stated that the analyses were pressure controlled - are the shapes of grout bulb indicated on Figure

13 therefore a result of the analyses?

Comment On the implications of the analyses results on the change in mode from cavity to fracture
mechanisms observed in the lab would be of interest. Also comment on the grout efficiency ratio
could be added.

Field Trial

It is interesting that the analysis re-produces the observation that settlement following grouting
exceeds the heave produced. This facet of behaviour warrants further comment Particularly with
respect to the potential influence of sensitivity and drainage into the tunnel. This result implies that
an efficiency of greater thanl 00% can be achieved by compaction grouting in non-sensitive soils. A
comparison of the volume of settlement and the volume of grout would be of great interest.

Soil Consolidation Associated with Grouting During Shield Tunnelling in Soft Clayey Ground.

Komiya K. Soga K. Akagi H, Jafari M R, Bolton M D

General comments for the authors

=

I would suggest that the English is thoroughly checked by the English-speaking author.

2. Page 3 - what are “lifelines”.

3. Page 3 - could the authors refer to projects in which settlements have been less than 10mm.

4. Figure 1, most settlement appears to occur during tunnelling. Also tile kinks in the profile

may not be evident a different symbol should bc used to illustrate the intention.

5. Page 5, compensation grouting my also travel along a natural fissure, joint or bedding.



6. Table 1. it would be useful to include strength data. It is noted that the clay is highly plastic
and sensitive, some discussion is required on the soil properties. Is the degree of sensitivity
important to the observed behaviour?

7. Page 7. over what length of tunnel is the grouting carried out.

8. Page 8. why 24% of the volume of the ground.

9. As ageneral point, do the authors expect drainage to occur into die tunnel?

10. Table 3, the strength of the soft clay is quite high and not compatible with the preconsolidation
pressure for normally consolidated material.

11. Do the authors expect the samples of this highly sensitive clay to be of high quality and

undisturved?

12. Was any attempt made to measure pore pressure in the field following compensation grouting.
13. Page - what is the effect of grout bleed on the surrounding soil?

14. Page I5. the authors arc correct to point out that the laboratory test results may not reflect the
field situation. The main conclusions of relevance are the generation of pope pressure and

consolidation settlement.

15. Page 17 - the OCR is not given and the parameters are not Clear.
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DISCUSSION

Soil consolidation associated with grouting during shield tunnelling in
soft clayey ground

K. KOMIYA, K. SOGA, H. AGAKI, M. R. JAFARI and M. D. BOLTON
(2001). Géotechnique 51, No. 10, 835-846

J. N. Shirlaw, Land Transport Authority, Singapore

The authors have provided a very interesting paper, with a
case study, laboratory testing and finite element analysis of
the effects of grouting during EPB tunnelling. However, little
detail is given on the monitoring and tunnelling in the case
study, and further information would help to provide a fuller
record of their work.

For the monitoring, were settlements measured using an
array orthogonal to the direction of advance, to measure the
width of the consolidation settlement trough? Based on my
experience in Singapore with grout injected after tail void
closure, I would expect the settlement troughs during con-
solidation for arrays B and C, and possibly A, to follow an
‘error function’ shape with a width similar to that of the
initial settlement trough. Consolidation settlements due to
this type of grouting have the effect of delaying the immedi-
ate settlement due to tunnelling, but the final effect is the
same as immediate settlement. Using an i value of half the
depth to tunnel axis, this would imply that the total volume
loss due to tunnelling was 5-7%, 7-5% and 7-9% for cases
A, B and C. These are relatively high values, but would be
consistent with the closure of a gap of about 60 mm all
around the tunnel. It would be useful to know the size of the
tail void (the diameter cut by the machine minus the
external diameter of the lining), to allow comparison with
these volume loss figures.

The volume loss figures given above are high for an EPB
machine operating in a firm clay. The stability number with
no support pressure is 3-49. The total settlements recorded
are high for such a stability number, even disregarding the
support provided by the EPB machine. It would be useful to
know the range of face pressures used during tunnelling, and
whether the face was over-pressurised, which could lead to
remoulding of the very sensitive clay.

The volume loss figures given above can also be ex-
pressed as volume losses of 0-405-0-558 m*/m of tunnel.
Trials B and C involved the injection of 3-8 and 6 m® of
grout. Comparing these figures, I presume that the conven-
tional tail void grouting was discontinued for several metres
of the tunnel, but it is not stated over what length of tunnel
the tail void grouting was replaced by the alternative grout-
ing. This is important, because it appears that the settlement
over Trials B and C was not just related to the effects of the
trials. The surface settlement over the two trials would be
due to the cumulative effects of tunnelling from a point
about 21 m before the settlement point to about 21 m
beyond the settlement point. It would therefore appear that
the surface settlements over trials B and C would have
included effects both from the trial injection and from the
more conventional grouting as used in Trial A. I would note
that the ‘immediate’ settlement identified in the paper does
not allow for the time necessary for the full development
of the immediate settlement trough, owing to this three-
dimensional effect.
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The conventional tail void grouting appears to have been
more effective than the trial injections at controlling total
surface settlement. However, the settlement was still large
for this size and type of machine operating in firm clay. The
authors do not state whether the tail void grouting was
carried out using grout pipes laid along the tail skin, to
allow grouting simultaneously with machine advance, or
through the lining. The former of these has been found to
be much more effective at filling the tail void before it
closes (in soft clays) than the latter.

I was very interested in the high compressibility of the
cement/silicate grout (Type I) used, and the significant
reduction in grout compression using the Type II grout. This
is clearly an area that warrants further investigation. How-
ever, I would appreciate some clarification on some of the
items in the paper. The authors report a 120 s gel-hardening
time for the Type I grout, but for the identical grout used in
the tunnelling trial report a 20 s gel time. In the consolida-
tion testing of the grouts, the authors report that Type I lost
30% of its original volume ‘after hardening’. I am not clear
whether the 30% loss was measured on hardened grout, or
during the interval between injection and hardening. I also
note that with Type I grout the laboratory trials show an
initial volume expansion of very close to 100% of the grout
volume used in all but one case. For the Type Il grout the
initial volume expansion is well below 100% of the grout
volume used in three out of seven cases, implying some
other losses in the system. The authors also do not state the
mix used for grouting in trial A: it would be useful to know
whether this grout was also prone to significant loss of
volume.

As a final comment, I question the normalisation of the
grout volume by initial soil volume in Figs 10 and 12.
Within the laboratory trials the soil volume is defined by the
size of the container. However, for wider application, this
method of presentation is of limited value. Did the authors
consider expressing the data in terms of r+ > r/r, where r
is the radius of the initial injection cavity, and r+ 3 r is the
radius of the expanding bulb (assuming expansion as a
sphere)?

Authors’ reply

The authors thank Dr Shirlaw for showing his interest in
the paper. The trial was performed at a site owned by the
client. Owing to space constraints, unfortunately it was not
possible to measure settlements orthogonal to the direction
of advance. The tail void gap was approximately 50 mm all
around the tunnel: therefore the estimates made by Dr Shir-
law are reasonable.

The face pressure was set to be approximately 255 kPa.
This value was determined by adding 20 kPa to the total
overburden pressure, which is standard practice in Japan.
Because of this large pressure, it is possible that the clay in
front of the machine was disturbed or remoulded, resulting
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in additional consolidation settlement. Unfortunately, there is
no evidence to confirm this from the limited monitoring
data.

Conventional tail void grouting was not performed when
the alternative grouting method was employed. The distance
of the section without tail void grouting was approximately
10 m. When the tail void grouting was performed at Trial A,
the monitoring points at B and C did not show any
immediate settlements. However, the authors cannot confirm
that the settlements at one trial site after some time were not
affected by the grouting operations at the other trial sites.
The data show only that Trials B and C generated larger
settlements than Trial A, indicating an effect of grout-
ing method (tail void grouting compared with alternative
grouting).

No grout pipes were installed at the end of the shield
machine. The tail void grouting was performed from either
the first or the second lining placed outside the machine.
The distance between the machine and the grouting point
was about 30—50 cm. This corresponds to a time lag of
about 30 min, allowing the gap possibly to close. Hence it is
possible that this time lag has contributed to the large
settlements observed.

In the experiment, the compressibility of the grout was
evaluated separately from the grout injection tests. A given
volume of grout was poured between heavily overconsoli-
dated soil samples placed at the top and bottom of a large
consolidometer. This was to create a more realistic soil—
grout interface, which may affect the bleeding characteristics
of grouts. After waiting for gel hardening, the composite
soil—grout sample was consolidated at the same vertical
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pressure as used in the grout injection tests. With the know-
ledge of the compressibility of the overconsolidated soil
sample, the volume loss of the grout due to vertical loading
was measured and hence the compressibility of the grout
was calculated. The 30% loss given in the paper comes from
this test result.

Some initial loss observed in the Type II grout injection
tests is due primarily to uncertainty in the amount of grout
injected. The gel-hardening time of Type II was extremely
short, and therefore it was not possible to measure the
injected volume accurately. However, our experimental pro-
cedure has been improved since the presented work was
performed, and injection volume is now determined more
accurately. At present, grout efficiencies of close to 100%
are obtained when grout is injected rapidly enough for the
soil to be in undrained condition. The grout used in Trial A
was a mixture of mortar and hardener; the volume reduction
of this grout is considered to be small.

The authors do agree with Dr Shirlaw that the normal-
isations made in Figures 10 and 12 are not useful for
practical application. In fact, a more extensive grout injec-
tion testing programme has been conducted at the University
of Cambridge to investigate the effect of soil consolidation,
grout properties, and injection method on grouting efficiency
(Au, 2001), and these data are normalised in a similar
manner to what Dr Shirlaw proposes.
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Introduction

In recent years, compensation grouting has become a popular
method for settlement control during underground construction.
The basic principle is that grout is injected in the zone between
underground openings and building foundations to compensate
for the ground loss and stress relief caused by the underground
excavation. Grout injection is often undertaken simultaneously
with construction in response to detailed observations so that
settlement and distortions are limited to specified amounts. The
use of real-time monitoring of settlement, such as by electrolevels
attached to buildings, is the key to success for an effective com-
pensation grouting operation (Mair and Hight 1994; Buchet et al.
1999; La Fonta 1999; Soga et al. 1999). In many cases, the infor-
mation gathered from a real-time monitoring system has forced
changes to the original grouting plan.

Successful applications of compensation grouting to tunneling
are reported for the London Underground Jubilee Line extension
project (Harris et al. 1996; Osborne et al. 1997; Harris et al.
1999), the Viennese subway project (Pototschnik 1992), the Saint
Clair River tunnel project near the USA-Canada border (Dramer
et al. 1994; Droff et al. 1995), the London Dockland extension
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project (Sugiyama et al. 1999; Essler et al. 2000) and the Lisbon
underground line (Schweiger and Falk 1998). A summary of some
of the past compensation grouting projects is listed in Table 1.
The ““compensation efficiency” in the Table 1 is defined as the
ratio of the volume of heave obtained to the injected volume of
grout. In general, low compensation efficiencies were calculated
in soft clay conditions, whereas better compensation efficiencies
were achieved in stiff clays. The field trial in Singapore soft clay
reported by Shirlaw et al. (1999) showed that the heave obtained
immediately after grout injection reduced with time due to soil
consolidation associated with the dissipation of the excess pore
pressures generated during injection. In some cases, the surface
level came back close to the original condition. Similar findings
were obtained in the field trials reported by Ikeda et al. (1996)
and by Komiya et al. (2001), addressing the undesirable long-
term effect of grouting in soft clay for settlement control pur-
poses.

Possible Mechanisms of Decreasing Compensation
Efficiency

Fig. 1 shows the conceptual modeling of compensation grouting
in clays. At the initial stage of compensation grouting, the grout
pushes the soil outward and deforms plastically, forming a ball.
As the grouting pressure increases, the size of the ball increases
rapidly until the grout pressure builds up to the fracturing pres-
sure and a plane of weakness is formed by hydraulic fracturing as
shown in Fig. 1(b). As a result, the stress condition in the soil
suddenly changes and the injection pressure drops. When grout
with low viscosity and/or low solid content is used, it will intrude
into planes of weakness to develop grout-filled fractures. When a
grout with high viscosity and/or high solid content is used, the
grout would not be able to penetrate into fractures and the grout
ball simply continues to expand. In Europe, fracture grouting is
often used in compensation grouting because it is possible to
regrout from the same grouting port.

The effectiveness of compensation grouting can be evaluated
by the amount of soil heave obtained (compensation effect) for a
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Table 1. Case Studies of Compensation Grouting

Depth Tunneling Grouting Compensation

Project (m) Soil type method  method Grout type efficiency Results

Viennese Subway 10 Soft clay NATM?  Fracture Silica gel 3% 50% settlement was reduced.

(Pototschnik 1992) grouting

Imperial Oil’s research building 7 Soft clay  EPBP Fracture Cement N/A Soil fracture grouting proved to be an

St. Clair River grouting  bentonite PFA effective means of protecting the research

(Droff et al. 1995) building. The predicted settlement was

reduced from 120 mm to the actual
settlement about 10 mm.
Waterloo Station, London 5 Stiff clay  EPB®  Intrusion Cement N/A Compensation grouting proved to be very
(Harris et al. 1996) Grouting bentonite PFA successful in limiting settlement from
40 mm to 20 mm.

Big Ben Clock Tower Stiff clay Open face Fracture Cement N/A Tilt of the tower has been controlled within

(Harris et al. 1999) shield grouting bentonite very fine tolerances.

Docklands Light Railway 6.5 Stiffclay EPB® Fracture Cement 20% Maximum settlement (predicted) was

Lewishm Extension grouting bentonite, reduced from 30 mm to 0 mm (actual).

(Essler et al. 2000) PFA, Silica gel Overlying structure has been protected.

Japanese Storehouse 11 Softclay  EPB® Fracture Silica gel 3% Compensation grouting undertaken from

(Ikeda et al. 1996) grouting inside of the tunnel had been proven to be
very effective in limiting settlement. The
settlement was reduced from 60 mm to

14 mm heave.

Grouting trial in Singapore 7 Soft clay No Fracture Cement —5% Compensation grouting as a building

marine clay tunneling  grouting bentonite, protection measure within Singapore

(Shirlaw et al. 1999) PFA, Silica gel marine clay is unlikely to be successful.

2NATM indicates new Austrian tunneling method.
PEPB indicates Earth pressure balance machicne.
°PFA indicates pulverized fuel ash.

IN/A indicates not applicable.

given injected grout volume. Ideally, if an injection is rapid so
that soil deformation is occurring in an undrained condition, the
amount of heave is equal to the injected volume. However, this is
often not the case in the field due to (1) increased deformation
towards the excavation; (2) lateral subsurface displacements due
to vertical fractures resulting in surface heave outside the desig-
nated compensation area; and (3) escape of the grout through
extended fractures. Even if a good compensation effect is
achieved immediately after injection, the effectiveness can de-
crease with time. The clay around the grout will consolidate due
to the dissipation of excess pore pressures generated during injec-
tion [Fig. 1(c)] and the constituents of the grout can migrate into
soil pores (bleeding and solid penetration).

The aim of this research was to investigate the factors affect-
ing the long-term efficiency of compensation grouting. Grout in-
jection tests were performed in the laboratory to examine soil

oy Injection
%‘.ﬁu jpoint
JE

Zone of excess pore

Sail (i) Low viscosity and/or low solid content grout
Mavement pressure due to plastic
deformation

(&) Initial stage of grout injection Grout

@ ;ra clu rel.
.

(b} Initiation of hydrofracture

{il) High viscosity andfor high solid content grout
(c) Penetration of grout into fracture

Fig. 1. Conceptual modeling of compensation grouting process

fracturing patterns and consolidation effects in relation to com-
pensation grouting. Both compaction and hydrofracturing modes
of grouting were tested. During injection, the volume expansion
of the specimen and the injection pressure were measured. Postin-
jection settlement was recorded to assess the magnitude of the
consolidation effect. The factors varied in the laboratory testing
program were the overconsolidation ratio (OCR) of the clay,
grout materials, and the injection method (regrouting and grout
spacing).

Experimental Investigation

The experimental layout of the laboratory grout injection tests is
shown in Fig. 2. E-grade kaolin was consolidated in a modified
consolidometer with an injection needle incorporated into the
base. Two modified consolidometers with different diameters (50
cm or 100 cm) were employed. A 4 mm outer diameter (OD) and
3 mm inner diameter (ID) copper needle was used as an injection
tube. The total length of the needle was 130 mm and the height
above the bottom porous plate was 50 mm [see Fig. 2(a)]. In
order to prevent the grout from leaking down the sides of the
injection needle, a 40 mm long 4.5 mm ID copper tube was used
as a retaining collar around the injection tube. As shown in Fig.
2(b), injection was made using a GDS Pressure/Volume Control-
ler, which can control the injection rate and volume. A pressure
interface chamber (PIC) was used to transmit the pressure from
the hydraulic fluid in the GDS Controller to the grout during
injection. Injection pressures were measured using a pressure
transducer positioned between the PIC and injection needle, while
surface displacements of the specimen during and after injection
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Fig. 2. Experimental setup for grout injection tests

were measured using a linear variable differential transducer at-
tached to the top plate of the consolidometer.

In order to investigate the compensation effect under different
stress histories, clay specimens were prepared at different OCR’s
ranging from 1 to 10. Clay slurry was made by mechanically
mixing dry E-grade kaolin powder with de-aired water under a
vacuum, giving a water content of 120%. The slurry was placed
in a consolidometer and the volume of slurry was determined
based on the condition that the specimen height before injection
will be approximately 100 mm. The vertical effective stress dur-
ing the injection stage was fixed to be 140 kPa.

Different injection materials were used to investigate the effect
of grout bleeding and solid penetration on the long-term effi-
ciency of compensation grouting: (1) Deaired water: Water will
fracture the clay but can drain out from the fractures with time
(large bleeding effect). (2) Epoxy resin: The epoxy resin used is
manufactured by Sempol Surfaces Ltd. A ratio of 10:6 of resin
and hardener by weight was selected to obtain the highest
strength of epoxy resin. Epoxy resin does not bleed (no water),
but can penetrate into clay fissures before hardening. The use of
epoxy resin allowed the examination of the fracture pattern by
washing the soil away after the test. (3) Laponite water mixture:

Laponite is a colloidal synthetic layered silicate manufactured by
Laporte Industries Ltd. A typical Laponite crystal is negatively
charged and is about an order of magnitude smaller than a typical
clay particle. Mixing of gel-grade Laponite with water forms a
highly thixotropic gel with high viscosity at low shear. In this
study, Laponite grout was prepared by mixing 3% by weight of
gel-grade RD Laponite powder in 200 g de-aired water dyed red.
The lack of setting properties and the small particle size mean that
both bleeding of water and migration of the Laponite particles
into the clay pores can occur. (4) Cement bentonite: A mixture of
ordinary Portland Cement, bentonite, and water was adopted
based on the grout mix used in current compensation grouting
practice. The size of all of the solids is considered to be larger
than the clay pores; hence, no solid penetration is expected. How-
ever, the water can bleed out from the grout with time. In order to
examine the magnitude of the bleeding effect, tests were per-
formed using three different water/cement ratios (w/c):w/c
=0.6, 1, and 3. Due to large wall friction through the piping, the
GDS pressure controller could not inject cement bentonite grout
with a water/cement ratio lower than 0.6. 3% bentonite by weight
of cement was added to the mixture to increase the workability of
the grout. (5) Balloon expansion: A latex balloon was placed at
the tip of the injection needle and either water or epoxy was
injected into the balloon to simulate an ideal compaction grouting
model, where no bleeding or solid penetration could occur.

The injection volume of grout was fixed to be 5 ml. This was
to ensure that the grout will be contained within the specimen and
will not migrate through fractures reaching the boundaries. It was
found from the preliminary tests using the smaller 50 mm diam-
eter consolidometer that, if the grout volume is larger than 5 ml,
the grout would escape from the testing boundaries through frac-
tures, resulting in an artificial reduction in grouting efficiency. A
series of regrouting tests were also conducted to investigate the
effect of time lag between two injections and to find out which
injection method would give the best long-term compensation
effect.

Effect of Overconsolidation Ratio

The effect of OCR on grouting efficiency is shown in Fig. 3(a) for
the balloon expansion tests using the 100 cm diameter consoli-
dometer. The rate of injection was 500 mm®s. The grout effi-
ciency (n) is defined as the ratio of heaved volume to the initial
injection volume. The initial part of the curves immediately after
injection implies that the injection process is not completely un-
drained. If the injection was performed in undrained conditions
without grout permeation into the soil pores, the heaved volume
should be equal to the injected volume resulting in 100% grout
efficiency. However, it was common that the measured initial
grout efficiencies (v;) after the injection were slightly less than
100% even when the injection was done in a relatively small
duration of about 10 s. This is thought to be due to the compres-
sion of tiny gas bubbles trapped in the grout materials and in the
connections leading to the injection needle. Since the injection
volume was only 5 ml, the effect of the compression of the air
bubbles could not be neglected. In general, the amount of the
initial efficiency loss was about 5% to 10% in most of the injec-
tion tests. Nevertheless, the outcome of Fig. 3(a) is clear. For the
normally consolidated clay sample, negative grout efficiency was
measured at the end of the consolidation stage. The final grout
efficiency dramatically increased when the OCR increased from 1
to 2 and reached almost 100% for the heavily overconsolidated
clay of OCR=5.
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Fig. 5. Computed normalized excess pore pressure distribution
within a clay specimen

Finite-element analysis of the balloon expansion tests was per-
formed using ABAQUS version 5.8 with consolidation elements
(HKS 1998). The axisymmetric finite-element mesh used is
shown in Fig. 4. The radius of the initial cavity was assumed to be
the radius of the latex balloon. The pressure was applied in the
cavity until the cavity volume expanded by 5 ml. After fixing the
displacements at the cavity boundary, the soil was allowed to
consolidate. The modified Cam-clay model was used to simulate
the deformation behavior of E-grade kaolin and the input param-
eters were \=0.13, k=0.03, M=1.05, '=2.65, v=0.2 and k
=2x10"°m/s. The details of the analysis are described in Au
(2001).

The computed grout efficiency time curves with different
OCR’s are plotted in Fig. 3(b). Since the initial efficiency loss
observed in the experiments does not exist in the finite-element
analysis, the computed final grout efficiencies are consistently
10-20% higher than the experimental test results. When this ini-
tial loss is taken into account, the finite-element analyses gave
good agreement with the experimental results.

The computed excess pore pressures during the injection stage
along the horizontal direction from the injection point are shown
in Figs. 5(a and b) for OCR=1 and 5, respectively. The computed
excess pore pressures are normalized by the initial vertical effec-
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tive stress (o, =140kPa). In both normally consolidated and
overconsolidated clay cases, the magnitude of the excess pore
pressure around the injection point increased with the volume of
injection.

For the normally consolidated clay, the computed excess pore
pressures were all positive as shown in Fig. 5(a). Hence, the large
decrease in grout efficiency with time for the normally consoli-
dated clay specimen is due to dissipation of the positive excess
pore pressures generated during injection. Fig. 6 shows the stress
paths (in p’-q-e space) of the elements identified in Fig. 4. In
Fig. 6, p'(=(o,+0o/+0)/3) is the mean effective pressure, q
=g, —o, Is the deviator stress, e is the void ratio, o, , o/, and
o, are the vertical, radial, and circumferential effective stresses,
respectively. The shear stress (t,,) was computed to be very
small at these elements. The stress paths show that elements 2 and
3 were close to the undrained condition during the injection stage
(solid symbols in Fig. 6). Element 1, which is adjacent to the
injection boundary, showed partial drainage during the injection
due to the large computed hydraulic gradient. During the postin-
jection stage (open symbols in Fig. 6), a large decrease in volume
occurred due to the increase in mean effective pressure as the
excess pore pressures dissipated.

For the overconsolidated clay case, the excess pore pressure
was positive at the injection boundary, but it was negative at the
outer boundary due to dilative behavior of the clay, as shown in
Fig. 5(b). Fig. 7 shows the stress paths of the elements selected in
Fig. 4. Element 1, which is adjacent to the injection boundary,
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decreased in volume during the injection stage along the critical
state line (solid circles in Fig. 7). This is due to partial drainage
caused by the large hydraulic gradient in the element. During the
consolidation stage, the negative pore pressures that were gener-
ated some distance away from the injection point compensated for
the excess positive pore pressures around the injection point. This
resulted in a decrease in volume of element 2 (open triangles in
Fig. 7) and swelling in element 3 (open squares in Fig. 7). As the
excess pore pressures dissipated, the clay deformed elastically
leading to a small loss in the grout efficiency as shown in Fig.
3(b).

Effect of Bleeding and Solid Penetration

The effect of bleeding and solid penetration on grout efficiency
was investigated by injecting different types of grouts. The injec-
tion rate was kept as 500 mm®/s. The 100 mm diameter consoli-
dometer was used for the investigation.

The measured changes in the grout efficiency with time for
various grouts injected into normally consolidated clay specimens
are shown in Fig. 8. The injection of water resulted in the smallest
final efficiency of —120%, whereas expansion of a latex balloon
gave the largest final efficiency of —20%. The measured final
grout efficiencies for different OCR’s and different grouts are
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summarized in Fig. 9. The final grout efficiency improved dra-
matically when the OCR changed from 1 to 2.

The decrease in grout efficiency with time in the balloon ex-
pansion was mainly due to soil consolidation associated with ex-
cess pore pressures generated around the balloon. For the cement
bentonite injection case, an additional decrease in the efficiency
was caused by the bleeding of the water from the grout. From the
field test result reported by Shirlaw (1990), the typical value of
the w/c ratio in a fracture is about 0.3. McKinley (1994) per-
formed laboratory tests to examine the consolidation of filter cake
under the filtration pressure ranging between 5-60 kPa and found
that the moisture content of the hardened grout fracture was ap-
proximately 0.35 for ordinary Portland cement. Hence, it was
reasonable to assume the bleeding had occurred in the current
experiments.

In order to confirm the bleeding effect, additional injection
tests with different w/c ratio grouts were conducted using the 50
mm diameter consolidometer. Fig. 10 shows that the final grout
efficiency increased when the w/c ratio decreased from 3 to 0.6.
Hence, a high solid content grout will give good final grout effi-
ciency owing to less bleeding effect.

Visual examination of the sectioned samples after injection
indicated that the extent and thickness of fracture were different
for different OCR’s. Fig. 11(a) shows that a thick localized
spherical ball was formed in the OCR=1 specimen. On the other

F

g Balloon A
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Bentonite (w/c=3)

Epoxy

Final Grout Efficiency
88
&2

Fig. 9. Effect of grout material and overconsolidation ratio on final

grout efficiency
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Fig. 10. Effect of water cement ratio on final grout efficiency for
overconsolidation ratio=1

hand, Fig. 11(b) shows that the grout injection in the OCR=5
specimen formed a horizontal fracture. When low solid content
cement bentonite grout (w/c=3) was injected in an OCR=1
specimen, a thin horizontal fracture was formed across the sample
as shown in Fig. 11(c). This suggests that the fracture initiation
and propagation were also influenced by grout bleeding. When a
grout material contains a higher solid content, filter cake is

(a) Cement bentonite (w/c=0.6) in OCR = 1 specimen

(c) Cement bentonite (w/c=3) in OCR = 1 specimen

Fig. 11. Behavior of cement bentonite grout in overconsolidation
ratio=1 and 5 specimens
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(c) Epoxy fractures in OCR = 5 specimen (side view, horizontal fracture)

Fig. 12. Fracture patterns of epoxy injection in overconsolidation
ratios=1, 2, and 5 specimens

formed rapidly around the cavity during the injection stage to
block the minute cracks which developed around the injection
cavity. Since the penetration of grout into fractures is less likely
to occur by this blockage, further grout injection leads to shear
failure around the injection cavity, similar to the balloon expan-
sion tests.

When epoxy resin was injected into OCR=1 specimens, the
fractures were thin and widespread, propagating to form a vertical
fracture as shown in Fig. 12(a). Excess pore pressures were gen-
erated in a larger area, which resulted in a large decrease in grout
efficiency with time. On the other hand, horizontal fractures were
formed when epoxy was injected in overconsolidated clay speci-
mens as shown in Figs. 12(b and c) for the OCR=2 and 5 speci-
mens, respectively.

Laponite—water mixtures also resulted in low grout efficiency
for normally consolidated clay specimens due both to bleeding
and the solid penetration effect. The fracture generated in the
OCR=1 specimen is shown in Fig. 13. The zone around the frac-
ture was red indicating that bleeding and penetration of the grout
occurred from the fracture. The injected water extensively
sheared the OCR=1 specimens, creating a large zone of excess
pore pressures. The large decrease in grout efficiency is due to the
drainage of the injected water and the dissipation of the excess
pore pressures. The post-test examination showed that the frac-
tures propagated in different directions.

Fig. 13. Horizontal fractures by Laponite grout. Dyed Laponite
grout penetrated from the fractures into the soil.

Effect of Boundary Condition

The interaction of a single-grout injection and the outer rigid
boundary of the modified consolidometer is analogous to the in-
jection of grout simultaneously at multiple points in a closely
spaced grid, as shown in Fig. 14. The effect of the radial bound-
ary condition was examined by injecting 5 ml of grout into modi-
fied consolidometers with different diameters (50 mm versus 100
mm). Fig. 15 shows that, for a given volume of grout, the reduc-
tion in the radial boundary size (i.e., grout spacing) was able to
improve the final grout efficiency significantly when the OCR of
the clay was between 1 and 2.

Finite-element simulations of balloon expansion tests were
performed at two different radial size boundaries and Fig. 16
shows the comparison of final grout efficiencies calculated by
finite element to those obtained in the experiments. Since the
initial grout efficiency loss due to compression of tiny air bubbles
does not occur in the finite-element analysis, the final grout effi-
ciencies calculated by the finite-element analysis were consis-
tently higher that the experimental data by about 10 to 20%.

Fig. 17 shows the computed excess pore pressures distribu-
tions along the horizontal line from the injection boundary for the
50 mm diameter and 100 mm diameter cases. The result indicates
that a close radial boundary can limit the magnitude and extent of
excess pore pressures zone effectively in normally consolidated or

D=1.138

Fig. 14. Single injection with radial boundary condition
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Fig. 15. Effect of radial boundary size on final grout efficiency

lightly overconsolidated clays which, in turn, increases the final
grout efficiency. As a separate study, experiments to investigate
the boundary effect as well as multiple grouting effect were per-
formed and the discussion on these test results can be found in
Au (2001).

Effect of Regrouting

It is common practice in compensation grouting to use a tube-a-
manchette, which allows grout to be injected many times from the
same port. If a given volume of grout is injected over a fixed area,
it is possible to either regrout many times at the same point with
small injection volumes, or conversely, perform a smaller number
of regrouting processes but with larger injection volumes. Three
tests were undertaken in normally consolidated clay specimens to
investigate the effect of a waiting period on long-term grout effi-
ciency after the regrouting process. In the experiment, an injec-
tion of 5 ml for each injection was made four times for the re-
grouting injection tests. The duration between each injection was
varied (T;=2 min or 120 min). The test results were compared to
the result of a single-injection test, which was carried out by
injecting 20 ml at once. The rate of injection was fixed at 500
mm?/s.

Fig. 18 shows that the single injection with large injection
volume resulted in the best final grout efficiency. When regrout-
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0% - - 8 - - 100 mm diameter Finite element
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Fig. 16. Comparison of final grout efficiency computed by finite-
element to that from the experiments
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Fig. 17. Effect of radial boundary on excess pore pressure distribu-
tion

ing was made, the behavior of the first injection was similar to the
comparative part of the original injection. During the waiting pe-
riod, consolidation occurred and more excess pore pressure was
generated in the subsequent injections due to the previous con-
solidation effect. Therefore, the regrouting process resulted in
smaller grout efficiency than for the single injection.

Conclusions

Laboratory grout injection tests were carried out to examine the
effect of consolidation and grout properties on long-term grouting
efficiency. The test results showed that the grout efficiency dra-
matically reduced with time for normally consolidated or lightly
overconsolidated clays due to extensive shearing during the injec-
tion and the ultimate increase in mean effective pressure around
the injection point caused by the injection pressure locked in
when the grout solidified. For heavily overconsolidated clays, on
the other hand, pore water migrated from the positive excess pore
pressure zone around the injection point to the negative zone
some distance away from the injection point, during the consoli-
dation stage. The compression near the injection point and swell-
ing at some distance away from the injection point resulted in a
negligible consolidation effect for heavily overconsolidated clays.

The effect of bleeding and solid penetration on long-term con-
solidation was examined by injecting different types of grouts.

100%

80%
g 60%
@
S
E 40% | Single Injection
5 b\! M
o Ts=2 tes T
G 20% | 's=2 minutes

0% \M——___
Ts=2 hours
-20%
0.1 1 10 100 1000 10000 100000

Time (sec)

Fig. 18. Effect of waiting period (T) on grout efficiency
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Water injection gave the lowest grout efficiency due to the drain-
age of the injected water as well as extensive positive pore pres-
sures generated during the injection stage. The ideal compaction
grouting tests (balloon expansion tests) resulted in the highest
grout efficiency because of no bleeding/solid penetration effect.
Hydrofracture grouting resulted in grout efficiency less than the
balloon expansion tests due to the extensive shearing of the soil
occurring around the fractures and various degrees of bleeding
and solid penetration depending on the grout properties.

The effect of partial consolidation during the injection stage
was examined by performing regrouting tests. The test results
show that regrouting is not as effective as injecting the whole
volume of grout in one effort due to extra consolidation effects.
The grout efficiency increased when a smaller diameter consoli-
dometer was used. This is because the outer radial boundary sup-
pressed the magnitude and extent of excess pore pressure genera-
tion in the soil. This result suggests that grout efficiency can be
improved if the spacing between injection ports were closer.

Although the tests identified some factors that affect the long-
term efficiency of compensation grouting, the interpretation of the
test data is limited by the scale of the laboratory tests. Further
field trials are needed to examine the applicability of the findings
to field scale conditions.
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The discusser 1s very interested in the results presented in this
paper, and would like to offer these comments on the authors’
interpretation.

Inducement of Fracture Grouting

It is qualitatively known that thick grout tends to result in com-
paction grouting, and thin grout is likely to induce fracture grout-
g in clays. However, it is hard to define quantitatively the criti-
cal viscosity of the grout, because the mode of grouting depends
upon some other factors, such as injection volume of grout per
hole, rapidity of injection, overconsolidation ratio (OCR) of clay.
and restriction of soil mass. Generally speaking, thin grout, large
amounts of grout per hole, slow injection, high OCR, and less
restriction of soil mass tend to result in fracture grouting. But it
does not mean thick grout or small OCR is unable to induce
fracture grouting, for instance, slowly injecting a small amount of
thin grout results in fracture grouting under very small grouting
pressure and fracture grouting may also occur in the same clay if
a large amount of thick grout is injected into a hole.

The authors’ test results, shown in their Fig. 11, evidently co-
incide with the previously mentioned experience. It can be seen in
their Figs. 11(a and c) that thick grout resulted in compaction
grouting while thin grout resulted in fracture grouting when other
conditions were equal. Meanwhile, the comparison of Figs. 11(a
and b) reveals that compaction grouting occurred in normally
consolidated clay while fracture grouting occurred in overconsoli-
dated clay when the same kind and amount of grout were used. It
has been noticed in the field that compaction grouting sometimes
becomes fracture grouting while the injection volume of grout is
increasing and/or the grout viscosity is decreasing. After fracture
grouting occurs, it will not change to compaction grouting again
even if grout is thickened. Therefore, fracture grouting occurs
more 1‘1‘equenily in the field.

Process of Fracture Grouting

Hydraulic fracture usually occurs in the minor principal stress
plane. Once fracture is induced. the grout will enter the fracture,
and the rate of grout take will increase abruptly. At that time, if
the rate of grout takes is larger than that of grout supply of pump,
the grout pressure will drop simultaneously. However. the value

of grout pressure will rebuild gradually with the increase of grout
volume injected until the grout pressure acting on the fracture
exceeds the original intermediate principal stress and a new frac-
ture appears along an intermediate principal stress plane. After the
grout enters the new fracture another grout vein is formed and the
grout pressure drops again. As a result. a net of grout veins may
form in soil mass. The lower the compressibility of the clay. the
higher the restriction of soil mass. then the greater the stresses
induced by the invading of grout veins and the sooner the forma-
tion of a net of grout vein.

Mechanism of Improvement

Fracture grouting is able to seal the cohesive fill of embankment
dam and strengthen the foundation clay, but their mechanism is
different. In dam grouting. grouting holes along the dam axis are
usually drilled from the dam crest to near the bottom of the fill.
When the grout pressure exceeds the minor principal stress in the
dam near the hole. fracture occurs along the minor principal stress
plane, which is a vertical plane parallel to the dam axis. Though
the pressure of grout acting on the minor principal stress plane
increases with grout take. the increment is very small because the
fill of the dam is less restrained. and thus the stress increase due
to the invading of a grout vein is small. Therefore. new fractures
might not form along the plane other than the minor principal
stress plane. If the dam is grouted in this way, a vertical mud wall
consisting of overlapped grout veins will form along the dam axis
(Chen and Zhang 1989). The mud wall as well as the grout intru-
sions in the cavities is capable of controlling seepage through the
dam.

In the case of highly restrained soil mass such as foundation
clay, the minor principal stress increases relatively rapidly with
the increase of grout take, and a new fracture will form along the
original intermediate principal stress plane. As a result. not only
will the maximum shear stress decrease, but the principal stresses
will increase substantially, the latter largely increases the mean
normal stress and thus the stiffness of the foundation soil (Chen
1994). Meanwhile, the grout veins formed in foundation soil are
not in the same orientation, the vertical component of the grout
vein jack-up may compensate the foundation settlement.

Effect of Grout Viscosity and Soil Compressibility
on Final Grout Efficiency

After completion of grouting work, the bleeding of the grout vein
as well as the yielding and consolidation of clay near the grout
veins results in not only the settlement. but also the decrease of
stress in soil and thus the stiffness of foundation clay. Both reduce
the grout efficiency until the stress induced by grouting reduces to
a value, which could not induce further bleeding of grout and
consolidation of clay. Since thick grout is less likely to bleed, the
final grout efficiency should increase with the decrease of water—
cement ratio, as shown in the original Fig. 10. On the other hand.
since the clay, having higher OCR. is less likely to yield and
consolidate. the final grout efficiency should increase with the rise
of OCR, as shown in the original Fig. 15.
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Effect of Stress State on Grout Vein Orientation and
Final Grout Efficiency

The process of fractures formation generally depends upon the
initial state ol stress in a clay specimen. In a normally consoli-
dated specimen (OCR=1). the minor principal stress plane is ver-
tical. therefore. the grout vein formed at first is vertical, while in
the overconsolidated specimen (OCR=2 or 5). the minor princi-
pal stress plane and grout vein become horizontal. as shown in
Fig. 12.

The invading of a vertical grout vein significantly increases the
lateral total stress because the lateral deformation is highly re-
stricted by the rigid container of the specimen. As a result. sig-
nificant consolidation and drop of grout efficiency with time
occur in the normally consolidated clay specimen. While the in-
vading of a horizontal grout vein in an overconsolidated clay
specimen could only induce a small increment of the vertical
stress. the vertical stress was mainly controlled by the dead
weights placed at the top of the specimen and by a small amount
of side friction between the specimen and the rigid container.
Therefore. grouting can cause a very limited amount of consoli-
dation and thus no significant drop in grout efficiency with time
for overconsolidated clay. Though this explanation accords with
the test results shown in the original Fig. 3(a), it may not be
reasonable because Fig. 3{a) was based on balloon tests in which
the shape of the balloon under the pressure of grout is usually
considered to be spherical but not planar or nearly planar as as-
sumed in the discusser’s explanation. Therefore, the validity of
the discusser’s explanation depends upon the real shape of the
cavity around the balloon after the test is observed by the authors.
If the shape of the cavity was nearly planar or even elliptical. then
the orientation of the fissure in the specimen changing gradually
from horizontal to vertical. while its OCR. decreasing from 2 to I,
might be one of the factors causing the dramatic drop of final
erouting efficiency between OCR 2 and 1. as shown in Figs. 9.
15. and 16.

Effect of Volume Proportion of Grout on Final Grout
Efficiency

The volume proportion of grout to the soil to be treated. V,/V, .
plays an important role in fracture grouting. High V,/V, may
result in fracture rather than compaction grouting as discussed in
the preceding paragraph. Moreover. high V,/V  also produces
high final grout efficiency when the grouting mode is the same. In
the authors” tests. the value of V| is easily calculated and remains
constant during the test. When equal amounts of grout are in-
Jected into 50 and 100 mm diameter specimens. the V,/V, value
of a 50 mm diameter specimen is greater than that of a 100 mm
diameter specimen, therefore. a 50 mm diameler specimen pro-
duces a higher final grout efficiency as shown in Fig. 15, Strictly
speaking. the volume of grout V, should indicate the volume of

grout after bleeding when different grouts are used. Though the
same amount of grouts was injected in the tests, the V, of epoxy
after bleeding might be the smallest, and the V, for the balloon
test would be the largest because of no bleeding. Therefore, the
final grout efficiency of epoxy was the lowest and the balloon test
was the highest as shown in Figs. 8 and 9.

It should be noted that the value of V, of a single grouting hole
in the field may not equal the volume of soil defined by the radial
boundary of the hole as shown in Fig. 14. In other words. the
values of V, for each hole are different from each other. This is
because once fracture occurs in foundation soil, the extension and
widening of the fracture will not stop until the completion of
grouting of the hole or formation of a new fracture. Sometimes
fractures extend. far exceceding the center-to-center distance of
grouting holes. especially for the initial holes that received a large
amount of grout. Therefore, if an equal amount of grout is in-
jected into each hole, the final grout efficiencies will be different.
and the holes grouted in the early period usually will have a much
lower efficiency.

On the contrary, the final grouting efficiency of each hole in
the field may be relatively equal for compaction grouting because
the V, of each hole is nearly equal to the volume of soil defined
by its radial boundary.

Negative Final Grout Efficiency

The grout efficiency was defined as the ratio of heaved volume to
the initial injection volume. Therefore, the negative grout effi-
ciency physically means grouting induces settlement instead of
heave. The authors consider that the negative value of grout effi-
ciency was caused by the compression of trapped air in the grout
and by the consolidation of clay due to grouting. Since the com-
pressibility of normally consolidated clay is higher than that of
overconsolidated clay. and the consolidation pressure induced by
grouting is higher in a normal consolidation clay specimen than in
an overconsolidated clay specimen. the negative value is much
higher for normally consolidated clay as shown in Figs. 15 and 8.
This explanation is reasonable for the authors’ test results, but if it
is applied to the field grouting work, it will mean that fracture
grouting usually causes settlement instead of heave in normally or
lightly overconsolidated clay. and is only effective in heavily
overconsolidated clay layers in foundation soil. This problem
needs further study.
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The writers thank the discusser for providing additional insights
into the experimental data presented in the paper. Generally
speaking. we support the discusser’s comments and it appears
there are no conflicting statements to our original discussion.
However, the writers would like to clarify several points in re-
sponse to the discusser’s comments.

Inducement of Fracture Grouting

The writers agree with the discusser that the occurrence of differ-
ent grouting modes are influenced by various factors including
grout properties. soil properties. soil state. and injection methods.
Possible interactions of these factors in relation to fracture initia-
tion and orientation are discussed extensively in Au (2001). In
particular. the effect of the injection rate is presented in Soga
et al. (2003).

Process of Fracture Grouting

The process of soil [racturing by grouting deserves proper inter-
pretation using theories of soil mechanics, rather than a simple
conceptual interpretation made by the discusser. For instance, the
“lower compressibility of the clay™ should imply a heavily over-
consolidated clay in which tensile fracture is possible by elastic
deformation upon injection rather than plastic yielding. Normally
consolidated clays yield at the early stage of the deformation and
therefore it is difficult to see how plastic yielding initiates a frac-
ture. A possible explanation is that the increase in a plastic shear
failure zone creates shear bands or an unstable state around the
injection cavity. This leads to a localized microscale crack and the
injected fluid can penetrate into the crack to produce local tensile
stresses at the crack tips.

Eifect of Grout Viscosity and Soil Compressibility of
Final Grout Efficiency

The discusser’s statement implies that the change in stress in-
duced by grouting controls grout bleeding and soil consolidation.
This is not correct. The consolidation is caused by the excess pore
pressures generated during injection. The change in grout-induced

stress state is the outcome of stress relaxation associated with the
bleeding and hardening of the grout as well as the change in
effective stresses of the soil during consolidation rather than the
cause as implied by the discusser.

The high final grout efficiencies measured in overconsolidated
clay specimens are not only due to its large yield stress and less
compressibility. but also due to interesting pattern of excess pore
pressure generation and dissipation observed in Figs. 5 and 7. The
negligible decrease in grout efficiency in the long-term for the
overconsolidated clays is because (1) the compression due to dis-
sipation of the positive excess pore pressures generated near the
injection is small (more or less on the reloading line): and (2) the
shear induced negative excess pore pressure away from the injec-
tion leads swelling as shown in Fig. 7.

Effect of Stress State on Grout Vein Orientation and
Final Grout Efficiency

In order to heave the soil by vertical fractures. it is necessary to
shear more volume of soil by higher pressures compared to the
condition with horizontal fractures. Hence, a dramatic decrease in
grout efficiency with time is observed in specimens with vertical
fractures. The low grout efficiencies measured in the balloon ex-
pansion tests of the normally consolidated clay specimens are
mainly due to dissipation of shear induced excess pore pressures.

Effect of Volume Proportion of Grout on Final Grout
Efficiency

The writers consider that the ratio V,/V_ given by the discusser
can lead to unnecessary confusions when interpreting our data. As
given in the paper. the grout efficiency is defined as the ratio of
the heave volume achieved (i.e.. volume increntent ol soil me-
dium with injected grout) to the volume of injected grout. The soil
volume is not considered at this stage. Once the heave volume is
known. it is possible to consider this volume in relation to the
volume of the treatment zone and decide whether the injection
volume is enough or not to achieve the compensation effect.
Hence. the grout efficiency and the soil volume should be treated
separately. The effect of radial boundary on grout efficiency
shown in Fig. 16 is therefore the consequence of the grouting
process interacting with the radial boundary. It is not because of
the ditferences in initial soil volume as stated by the discusser. As
discussed in the original paper, the radial boundary effect can be
considered to be equivalent to performing simultaneous multiple
injections. Although the actual injection in the field does not re-
semble this process, the multiple injection tests presented in Soga
et al. (2004) show that a better grout efficiency can be obtained
by injecting grout at multiple locations simultaneously rather than
sequentially. Further details of multiple grouting effects are given
in Soga et al. (2004).

Negative Final Grout Efficiency

As presented in the introduction of the paper. there are several
reported Held cases in which the injection of grout in sofi clay
actually resulted m settlements in the long-term even though
heave was achieved in the short-term. Hence. the negative etfi-
ciencies observed in our laboratory experiments do happen in the
lield as well.
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In summary. fracture initiation in soil requires careful exami-
nation of interaction between pore fluid pressure and soil defor-
mation as discussed in the paper and in this closure. However. the
actual mechanisms of fracture development in a soil are consid-
ered (o be more complex. They may involve plastic deformation
at the crack tip. soil rate effects. penetration of injection fluid into
the cracks. and permeation of injection fluid from cracks to the
soil medium. If the clay is overconsolidated. the negative pore
pressure generated by shearing in front of the crack may lead to
cavitation and dry cracks can develop in front of penetrating in-
jection fluid. Further investigation is needed.
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2017 8 H2 H, TETEKRPFO¥YRL >, TEILFERYEFaTurvay
KL & DR TR LRSS 2 1T 9 72 © O KA ST & i il D 28
D=®IC, BHFaTvvav KREEHNRE L,
FaduvavREOPRLTERED & ORI KT, RNEICKIB L, F#ic
WEMFE D720 DHEffZIRD 5 Z LI Y L7z,

T2, KRBT LEESCE, ABLTuLGE VI EREE, KAEICDH S
Géotechnique & ASCE DX D a v —%FAD L T AICHi>TE T, fICRAD I A
VHRBLWESWE LTz, ZOFHERELWAT = T X o T, 5T
D EAY, BBWML~DH A = S LE—R{TWVE LTz,

ZDH. 201846 H19HICFaTuvya vy K¥IcC, TETEYEARY LF2I0 v
VRFLAE E ORISR FEHRMES i I nE Lz, FAlk, Famrvavk
HTHEDDICL H)—2DH 4 vELE L,

S5 11 H22H
=

On 2nd August 2017, when | was serving as the president of Chiba Institute of Technology, |
visited Chulalongkorn University alone, and | negotiated conclusion of a Memorandum of
Understanding (MOU) between Chiba Institute of Technology (CIT) and Faculty of Engineering
of Chulalongkorn University (Chula Engineering) for student exchange and joint research etc
with the President and Deans of Chulalongkorn University.

My negotiations for the conclusion of the MOU were amicable and successful, and it was
decided to begin preparations for the conclusion of the MOU as soon as possible.

Then, just after the negotiations were finished, a young associate professor, who was at the
meeting, came up to me. He had copies of the Géotechnique and ASCE papers which were
included in this book and he wanted my signature on these papers. Due to this unexpected
and happy happening, the attendees of the meeting were very excited, and a signing ceremony
was hurriedly held in which | signed the papers he had brought.

After that, on 19 June 2018, the MOU was signed between CIT and Chula Engineering. | have

signed another for Chula Engineering in the MOU signing ceremony.

Kazuhito Komiya
22nd November 2023
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The signing ceremony on 2 August 2017
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