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Compaction grouting is the injection of a viscous grout into a soil under high pressure, which then den-
sifies the surrounding soil by reducing void space. Laboratory and field tests of compaction grouting
have been carried out. In this paper, a numerical model is used to simulate the compaction grouting
process with the primary purpose of investigating relationships among various control parameters,
such as injection pressure, void ratio and excess pore water pressure at various radial distances from
the injection point. The compaction process is treated as a cavity expansion process in the numerical
simulation. The soil is modelled with an elasto-plastic Mohr-Coulomb model using the commercial
finite element program ABAQUS. In addition to numerical simulations, pressure-controlled cavity
expansion laboratory tests were carried out on completely decomposed granite (CDG) soil specimens.
Data collected from laboratory tests are compared with the finite element simulation to validate the
finite element analyses. Factors that control the compaction process, such as the coefficient of earth
pressure (K), initial void ratio, number of loading cycles and effective confining pressure, are explored
in the numerical simulations.
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1. Introduction

In general, compaction grouting involves injecting an expanding
bulb of highly viscous grout with high internal friction into a com-
pressible soil. This process physically displaces the soil particles
and moves them closer together, thus achieving controlled densifi-
cation. The basic principle and procedure of compaction grouting
have been described by Graf [1]. The applicability of the procedure
in the field has been evaluated and experimental studies related to
the procedure have been reported by Warner and Brown [2]. Ide-
ally, compaction grouting can be simplified as a cavity expansion
process [3]. The expansion of a cavity in an infinite medium is a
well known problem in applied mechanics and is of particular
interest to geotechnical engineers [4-6]. Several solutions to the
problem have been proposed for a number of idealised materials
[7,8]. The three dimensional problem is usually simplified into
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two or one dimension by considering axisymmetric and plane
strain conditions. During compaction, excess pore water pressure
will develop because the soil is saturated and the void space is re-
duced under the compaction pressure. This excess pore water pres-
sure will be subsequently dissipated by draining water radially
away from the expanding cavity. The consolidation process that
follows the compaction is responsible for most of the decrease in
the void ratio in the surrounding soil, which leads to an increase
in the strength of the material [9].

Cavity expansion has been used to study many geotechnical
problems. For example, the state of stress and strain induced in
the soil by cone penetrometers, driven piles, and other instruments
has commonly been estimated by approximate analytical tech-
niques, such as cavity expansion [10-15]. Most analytical solutions
describing the cavity expansion process are derived for spherical or
cylindrical displacement-controlled cavity expansion in an infinite,
homogeneous and isotropic continuum under an isotropic stress
state in either un-drained or drained conditions [3,4]. The soil is
modelled as an elasto-plastic medium controlled by the Mohr-
Coulomb failure criterion or the Cam-clay failure criterion [3].
However, the behaviour of soil during compaction grouting is actu-
ally a pressure-controlled cavity expansion problem [4,23]. More-
over, these analytical methods do not consider cases of cyclic
compaction grouting where more than one cycle of cavity
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expansion is carried out [4]. Furthermore, the distribution of excess
pore water pressure generated by compaction grouting depend on
the initial stress state, boundary conditions and properties of the
soil [3], which are difficult to accurately assess in closed form ana-
lytical solutions.

Numerical solutions are available for calculating soil consolida-
tion around an expanding cavity. Jang et al. [16] used the finite ele-
ment program ABAQUS to simulate a self-boring pressuremeter
test including the strain holding stage. By modelling finite strain
deformation in the soil and large scale sliding at the interface be-
tween the penetrometer and the soil, the cone penetration process
was simulated successfully by Huang et al. [17]. Sheng et al. [18]
reported the finite element analysis of pile installation using
large-slip frictional contact. Kim et al. [19] used finite-element
modelling and beam-column modelling of ground anchors to
investigate the load transfer mechanism in ground anchors. Based
on the Arbitrary Lagrangian Euler method, cone penetration in
cohesive soils has been studied by Liyanapathirana [20]. However,
very few numerical studies have been carried out on compaction
grouting into completely decomposed granite (CDG) soils.

In this study, numerical simulations and laboratory experimen-
tal tests were carried out to provide a better understanding of the
consolidation deformation and shear strength enhancement char-
acteristics of CDG soils in Hong Kong using compaction grouting.
The main advantage of small scale laboratory tests and numerical
modelling is that many details of the model can be fully controlled.
In addition, the soil selected for this study has been characterised
with supporting laboratory data. Moreover, the boundary and
loading conditions are well defined and the drainage conditions
at the boundaries can be controlled. In this study, laboratory-scale
“ideal compaction grouting” experiments, i.e., no occurrence of
bleeding or solid penetration during the grouting process, are per-
formed and soil behaviour during the cavity expansion is investi-
gated. Biot consolidation processes are simulated using the finite

element method. Consolidation behaviour of the soil around the
expanding cavity is examined. The experimental data are com-
pared with a numerical simulation to verify the numerical model.
Factors affecting compaction efficiency are studied using the vali-
dated numerical model.

2. Laboratory tests for ideal cavity expansion test

Fig. 1 shows the schematic layout of the ideal compaction gro-
uting (cavity expansion) experimental tests [23]. The diameter and
height of the specimens are 100 mm and 200 mm, respectively.
The soil was compacted in a triaxial apparatus to obtain the de-
sired initial void ratio. Confining pressure was applied to the spec-
imen, which was surrounded by a rubber membrane. Confining
pressure and pore water pressure were measured using Transduc-
ers 1 and 2, respectively (shown in Fig. 1). Water was injected into
the specimen from the bottom of the triaxial cell to achieve full
saturation. The injection needle was located in the centre of the
specimen. Water could enter and expand the membrane/balloon
through a hole at the end of the steel injection tube. This technique
of has been used by Au [4] to simulate ideal compaction grouting in
the laboratory.

In addition to measuring confining pressure and pore water
pressure in the soil using Transducers 1 and 2, injection pressure
was measured using Transducer 3 (shown in Fig. 1). When the
membrane is expanded by the injection of water, it is needed to
first overcome the effect of the confining pressure applied on the
soil. Further increases in pressure will cause an expansion of the
membrane, which will compact and densify the surrounding soil
[9,23]. Due to an increase in injection pressure, excess pore water
pressure is generated which will be subsequent dissipated with
time. The amount of drained water was measured using Trans-
ducer 4 (shown in Fig. 1). Transducer 4 performed two functions:
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Fig. 1. Schematic layout of static and dynamic compaction grouting experimental apparatus [23].
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one to control the back pressure during the saturation process; the
other function is to measure the volume change during the drained
test when the back pressure transducer was turned off [23]. During
the injection process, the injection pressure (p) and the injection
rate (q) were also measured. Water injections were carried out
using a pressure/volume controller, which controlled the injection
rate and volume. Vertical displacement of the specimen was mea-
sured using a linear voltage differential transformer (LVDT). Final-
ly, different coefficients of earth pressure (K) were created using a
dead weight loading mechanism. All data collected from the trans-
ducers were automatically recorded using a data logging system
[9,23].

Soil samples for the compaction grouting tests should be pre-
pared in such a way that they are quite reproducible. The sample
should achieve a predetermined dry density and should be homo-
geneous. More details about sample preparation can be found in
[9].

The testing procedure was divided into four steps [23]. The first
step was saturation of the specimen, which was necessary to pro-
vide reliable measurements of the volume change in drained or un-
drained tests. By flushing the sample with carbon dioxide before
filling it with water the pore pressure response, parameter B, was
found to be 0.98-1.00, indicating that the samples were properly
saturated. The second step was the consolidation of the specimen
to the desirable initial void ratio and effective confining pressure.
During the second stage, water was not injected into the injection
needle. During the third stage, water was injected through a hole at
the end of the injection needle to expand the membrane, which
caused compaction of the surrounding soils. The final step was
allowing consolidation of the soil until the back pressure and pore
pressure reached equilibrium (Au =~ 0), i.e., until consolidation was
completed. See [9] for more details on the experimental setup.

The soil used in this study, approximately 2 m3, was excavated
from a construction site at Beacon Hill, Kowloon Tong, Hong Kong.
The natural water content of the soil was approximately 8%. The li-
quid and plastic limits were 36% and 25%, respectively. The opti-
mum moisture content was 11%, which was determined using a
Standard Proctor compaction test. The permeability of the soil
was estimated to be 1.16 x 10~® m/s. The maximum void ratio
(émax) was 1.096 and the minimum void ratio (en;,) was 0.493.

Table 1
Basic physical properties of Hong Kong CDG for
the physical model [22,23].

Properties Value
Natural water content 8%
Gravel 30%
Sand 64%
Fine particles (0.075 mm) 6%
Do 0.18 mm
Ds3g 0.7 mm
Deo 1.8 mm
Coefficient of uniformity 10
(Dso/D10)
Liquid limit 36%
Plastic limit 25%
Plasticity index 11%
Gries 1.096
Crifim 0.493

Optimum moisture content  11%

Table 1 summarises the physical properties of the extracted CDG
soil [22,23].

3. Finite element simulations of ideal compaction grouting tests

The commercial finite-element code ABAQUS/Standard was
used to perform the numerical simulations of the ideal compaction
grouting (cavity expansion) tests [21]. An isotropic elasto-plastic
model using the Mohr-Coulomb failure criterion with a non-asso-
ciated flow rule was adopted. The model was expressed in terms of
stress invariants in ABAQUS [21]. In this model, the Young’s mod-
ulus, Poisson’s ratio, cohesion, friction angle and dilation angle
must be provided by the user. Void ratio can be related to volumet-
ric strain [21]. The properties for CDG soil in Hong Kong used in the
finite element models are summarised in Table 2.

The analysis of the ideal compaction grouting was treated as a
two-dimensional axisymmetric problem. Eight-node axisymmetric
pore pressure elements with reduced integration (ABAQUS ele-
ment type CAX8RP) were used in this analysis. The finite element
discretisation consisted of 932 elements. The mesh was graded in
the radial direction; it was finer near the injection cavity where
the pressure gradient was expected to be the highest. Variations
of void, permeability, stresses, strains and excess pore pressures
were monitored at six selected points, as illustrated in Fig. 2.
Expansion of the latex membrane provided an internal pressure
around the injection cavity. A uniform pressure boundary was ap-
plied in the finite element model. In addition, the vertical right
boundary and the top boundary were subjected to stress control
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Fig. 2. Finite element axial-symmetric mesh and boundary conditions for R50
compact injection tests using ABAQUS 6.3.

Table 2
Soil properties of Hong Kong CDG for the numerical model.
Density Permeability Young’s modulus Poisson’s ratio Friction angle Dilation angle Cohesion
Soil 1.65 Mg/m3 1.16E-6 m/s 14 MPa 0.34 340 11° 26 kPa
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Fig. 3. Pressure-volume responses versus time during cavity expansion.

conditions and only the bottom boundary was fixed because lateral
and vertical deformations were allowed. The top and bottom
boundaries were considered to be fully drained.

An initial cavity radius of 8.5 mm was used in the simulation.
The nodal reaction forces around the cavity at equilibrium under
the confining pressure were calculated first. The same forces were
then applied at the nodes to maintain the initial spherical shape of
the cavity, which simulated the stresses applied on the injection
needle due to the confining pressure. The area inside the boundary
around the cavity was allowed to deform before the application of
the injection pressure [3,4]. After the application of the confining
pressure, injection was modelled by applying injection pressure
around the spherical cavity to create a cavity expansion. Injection
pressure and injection volume versus time, measured from the
experimental test, are shown in Fig. 3. Due to the use of Biot’s the-
ory of consolidation in ABAQUS, a realistic estimation of time
dependent behaviour can be obtained from the numerical
simulations.

4. Comparison of experimental results with numerically
simulated results

In order to compare the experimental and numerical simulation
results, it is necessary to define a criterion for evaluating the de-
gree of compaction. Hence, assuming that the sandy soil is totally
saturated, the effect can be expressed by the change in mean void
ratio of the soil (Aé). Because the maximum void ratio (eqax) and
the minimum void ratio (emi;) can be measured beforehand
[22,23], the compaction grouting efficiency #*, is defined as
follows:

. Ae
N =

€max — €min

(1)

where € is the average void ratio, and it is calculated from
é=eg — A@. eq is the initial void ratio, which can be controlled in
the test and Aé is measured from the volume of drained water in
the test. In addition, based on the definition of compaction grouting
efficiency, the average un-drained strength enhancement ratio &
can be derived as follows [9,23]:

(emax - ?min) . ’7*) (2)

o = exp( ;

where 1 is the gradient of the normal consolidation line in e-In p’
space [24], which can be measured from the triaxial test. Since

the geotechnical engineer is often more concerned about the overall
performance of the soil in a site, in the current study, the average

un-drained shear strength enhancement ratio of a soil specimen,
as defined in [3], was used. A greater change (reduction) in void ra-
tio results in a greater increase in un-drained shear strength of the
soil.

To minimise variability in the experimental results, three pres-
sure-controlled compaction grouting laboratory tests were con-
ducted to evaluate the validity of the numerical model. The
experimental results presented here are an average of the three
tests. The consolidation process was finished within 30 min [9].
Simulated consolidation calculations were stopped after 30 min,
which was the duration observed in the laboratory experimental
tests. It is difficult to monitor void ratio change and pore water
pressure distribution at every point in the soil due to cavity expan-
sion in experimental tests. As such, the experimental result pre-
sented here is the average change of void ratio of the sample.
However, numerical modelling has the advantage of providing
information about every point.

Both the numerical and experimental results on void ratio
changes with time are shown in Fig. 4. The calculated void ratio
at points oriented radially from the injection cavity decreases grad-
ually and the total void ratio change also decreases for each cycle.
These findings were also observed in the experiment. At locations
close to the injection cavity, void ratio changes were larger. For
example the total normalised void ratio change, e/eq, for Point 6
(close to the injection cavity, Fig. 2) is about 0.17. In comparison,
the void ratio change for Point 1 (farthest from the injection cavity,
Fig. 2) is nearly zero, which indicates that the influence of radius
due to cavity expansion does not exceed the radius of the sample.
In addition, the average void ratio change of all six points for the
corresponding experiment was about 0.07. This is similar to the
experimental result which had a mean void ratio change of
0.069. This similarity suggests that the numerical model effectively
to simulate the experimental tests.

Based on Eq. (1), Fig. 5 illustrates the calculated compaction
efficiency for the normalised radial distance, which is defined as
the ratio of the distance from the injection cavity to the initial ra-
dius of the injection cavity. From Fig. 5, the compaction efficiency
is the highest near the injection cavity and decreases gradually
from 0.237 to 0.007 as you move away from injection cavity. Sim-
ilarly, from Eq. (2), the mean shear strength enhancement ratio in
Fig. 6 represents the same trend as the compaction efficiency
shown in Fig. 5. The mean shear strength enhancement ratio also
decreases radially from the injection cavity. The highest mean
shear strength enhancement ratio is 4.5, and the lowest mean
shear strength enhancement ratio is 1.0. In addition, both the com-
paction efficiency and the shear strength increase more promi-
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nently close to the injection cavity, which can be seen from the
gradient of their trends being higher at the cavity and then becom-
ing steady as shown in Figs. 5 and 6.

Fig. 7 shows the pore water pressure versus time for different
radial distances. During the process of cavity expansion and subse-
quent consolidation of the soil, the pore pressure usually increases
suddenly and then drops rapidly until it levels off to a steady value,
which indicates that consolidation is finished. Furthermore, the
closer the distance to the injection cavity the higher the peak pore
water pressure at a given point.

5. Numerical results and discussions

5.1. Effect of the coefficient of earth pressure (K) on compaction
efficiency

In this section, the effect of the coefficient of earth pressure (K)
on compaction grouting efficiency is studied, based on the material

S.Y. Wang et al./ Computers and Geotechnics 37 (2010) 977-990

parameters calibrated using the experimental data discussed
above. K ranges from 0.6 to 1.4. K is changed by keeping the verti-
cal stress constant and changing the confining pressure. The initial
void ratio is 0.86. It is difficult for laboratory tests to control the
boundary condition for a specimen when K > 1. However, numeri-
cal simulations do not have such limitations. All plots shown in this
section are taken from Point 4, which is located in the middle of the
monitoring points. Point 4 was selected because it represents the
mean response of the soil.

Fig. 8 shows the numerical results of e/eq versus time for differ-
ent values of K. The normalised void ratio change is highly affected
by K; the higher the value of K, the smaller the normalised void ra-
tio change. Based on Eq. (1), the compaction efficiency decreased
from 0.233 to 0.078 when K increased from 0.6 to 1.4 (Fig. 9). Sim-
ilarly, based on Eq. (2), the mean shear strength enhancement ratio
decreased from 4.325 to 1.629 when K increased from 0.6 to 1.4
(Fig. 10). Fig. 11 shows simulated pore water pressure versus time
for three selected values of K (0.6, 1.0 and 1.4). From Fig. 11, it is
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Fig. 7. Numerical simulated results of pore water pressure versus time for six selected points.
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apparent that pore water pressure decreases with increasing K.
This is due to the confining pressure decreasing gradually with
increasing K, although the input injection pressure is kept the same
for all K. The trend of the peak pore water pressure for each mon-
itored point is the same as shown in Fig. 7.

Figs. 12 and 13 show the lateral and vertical deformation of
Point 6, respectively. For Point 6, the closest selected point to the
injection cavity, both the vertical and horizontal deformation in-
crease rapidly during the initial injection period and then become
steady after consolidation of the soil. The final vertical deformation
for four cycles of loading is about 6-7 times the lateral deforma-
tion, for K=1.4 (o}, = 1.40',, 6}, =100 kPa), which indicates that
vertical deformation is larger than lateral deformation. This also
indicates that the deformation of the injection cavity is not circular
for this case. This phenomenon was verified by the experimental
tests that showed the injection balloon was not circular when K
was not equal to 1 [4,9].
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5.2. Effect of initial void ratio on compaction efficiency

In order to evaluate the effects of different void ratios on com-
paction efficiency, a series of numerical simulations were carried
out. For these simulations K was equal to one. The initial void ratios
were 0.55, 0.6, 0.7, 0.8, 0.9, and 0.95. Fig. 14 shows the void ratio
change versus time for different initial void ratios. For the cases
with initial void ratios of 0.95, 0.9 and 0.8, the void ratio changes
were much higher than for the cases with initial void ratios of
0.7, 0.6 and 0.55. It seems that the smaller the initial void ratio,
the smaller the void ratio changes. This phenomenon can be seen
more clearly in Fig. 15, which shows the relationship between rel-
ative density and initial void ratio. Relative density is commonly
used to indicate the density of granular soil. For initial void ratios
of 0.95, 0.9, 0.85 and 0.8, the corresponding initial relative densi-
ties were 0.24, 0.32, 0.40 and 0.49, respectively, and the final rela-
tive densities were 0.48, 0.57, 0.64 and 0.72, respectively.
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Fig. 12. Numerically simulated results of lateral deformation versus time for coefficient of earth pressure K =1.4.
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Fig. 14. Void ratio changes versus time for the different initial soil void ratios.
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Fig. 15. Numerically simulated results of relative density versus initial void ratio of soils.

Generally, soils with these initial void ratios are loosened and it is
easier for such soils to be further densified. As shown in Fig. 15,
changes in relative density are higher (indicated by longer arrows
in the figure) for cases with initial void ratios of 0.95, 0.9, 0.85 and
0.8 than the other three cases with initial void ratios of 0.7, 0.6 and
0.55. This is due to the fact that soils with initial void ratios of 0.7,
0.6 and 0.55 are denser than those with initial void ratios of 0.9,
0.82 and 0.66. It is relatively more difficult for these soils to be fur-
ther densified.

Figs. 16 and 17 show the compaction efficiencies and mean
shear strength enhancement ratios versus initial void ratios of
soils, respectively. The compaction efficiencies and mean shear
strength enhancement ratios increase prominently when the initial

void ratios increases from 0.55 to 0.7, and then becomes steady
from 0.8 to 0.95. This indicates that for looser soil, the initial void
ratio does not significantly affect the compaction efficiency and the
mean shear strength enhancement. For denser soils, the initial void
ratios have a stronger influence on the compaction efficiency and
mean shear strength enhancement ratio.

5.3. Effect of loading cycles on the compaction efficiency

In this section, a series of numerical simulations were carried
out to evaluate the effect of different loading cycles on compaction
efficiency. The number of cavity expansion cycles ranged from 1 to
8. For each cycle of loading, the injection pressure was kept the
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Fig. 16. Numerically simulated results of compaction efficiency versus initial void ratio of soils.
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Fig. 18. Numerically simulated results of normalised e/e, versus time for the six monitored points due to eight cycles of cavity expansions.
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same (Fig. 3). For this analysis, K was equal to one and the initial
void ratio was 0.86. Fig. 18 shows the numerical results of e/eq ver-
sus time for all six points for eight cycles of loading. The norma-
lised void ratio changes decrease gradually with each cycle of
loading until there is almost no change in the eighth cycle of load-
ing. Fig. 19 shows the numerical results of pore water pressure ver-
sus time for Points 4, 5 and 6. Peak pore water pressure decreases
with each cycle of loading.

Figs. 20 and 21 show the numerically simulated compaction
efficiencies and mean shear strength enhancement ratios of Points,
4, 5 and 6 versus the cycles of loading. Compaction efficiency and
mean shear strength enhancement increase gradually with
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N
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|

N

i : k.,lkn:.JA. 'i.*]k\.
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increasing cycles of loading, until they reach an upper limit. The
above analysis indicates that more cycles do not result in better
compaction efficiency. This knowledge can be used to determine
the optimum cycle of loading for maximum compaction efficiency
with minimum effort. In the present case, the optimum number of
cycles is 5.

5.4. Effect of effective confining pressure on compaction efficiency
A series of numerical simulations were carried out to evaluate

the effect of confining pressure on compaction efficiency. Four cy-
cle of loading was used and the initial void ratio was 0.86. The
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Fig. 19. Numerically simulated results of pore water pressure versus time for Points 4, 5 and 6 (Fig. 2) due to eight cycles of cavity expansion.
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Fig. 20. Numerically simulated results of compaction efficiency versus cavity expansion cycle for Points 4, 5 and 6 (Fig. 2).
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Fig. 21. Numerically simulated results of mean shear strength enhancement ratio versus cavity expansion cycles for Points 4, 5 and 6 (Fig. 2).
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Fig. 22. Numerically simulated results of e/e, versus time for different effective confining pressures at Point 4 (Fig. 2).
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Fig. 23. Numerically simulated results of compaction efficiency versus effective confining pressure at Point 4 (Fig. 2).
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Fig. 24. Numerically simulated results of mean shear strength enhancement ratio versus effective confining pressure at Point 4 (Fig. 2).

effective confining pressure ranged from 50 to 250 kPa. Fig. 22
shows the normalised void ratio e/eq versus time for different con-
fining pressures. Usually, the effective confining pressure reflects
the injection depth [9]. The higher the effective confining pressure
the deeper the injection depth. Therefore, void ratio changes in
Fig. 22 reflect the effect of the injection depth on the compaction
efficiency. Fig. 22 shows the normalised void ratio change de-
creases with increasing effective confining pressure, which indi-
cates that the soil can be densified more effectively with an
increase in injection depth. Fig. 23 shows the relationship between
compaction efficiency and effective confining pressure. The com-
paction efficiency increases almost linearly with increase in confin-
ing pressure. Moreover, the mean shear strength enhancement
ratio, shown in Fig. 24, reflects the trend shown in Fig. 23.

6. Conclusions

To study the ideal compaction grouting (cavity expansion) in
CDGs of Hong Kong, a triaxial apparatus was introduced. Using this
apparatus, laboratory scaled pressure-controlled cavity expansion
tests were carried out. In addition, compaction efficiency was de-
fined as a measure of the effectiveness of soil compaction. The re-
sults from the experimental tests were compared with a finite
element simulation and were used to validate the finite element
solutions.

Numerical simulations of soil behaviour during cavity expan-
sion and Biot consolidation processes were conducted using finite
element analyses. Experimental and numerical results showed that
the compaction efficiency decreases when the coefficient of earth
pressure (K) increases from 0.6 to 1.4. Numerical results show that
the compaction efficiency decreases as the initial void ratio in-
creases from 0.55 to 0.95. The initial void ratios influence the com-
paction efficiency for denser soils more than looser soils. Moreover,
compaction efficiency increases gradually with an increase of the
number of cycles of cavity expansions, until it reaches an upper
limit. Thus, an optimum number of loading cycles can be deter-
mined for maximum compaction efficiency with minimum effort.
Finally, the compaction efficiency increases almost linearly with
increases in confining pressure.
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