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An improved model of compaction grouting considering three-
dimensional shearing failure and its engineering application
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Abstract. This study focuses on an improved prediction model to determine the limiting grouting pressure of compaction
grouting considering the ground surface upheaval, which is caused by the three-dimensional conical shearing failure. The 2D-
dimensional failure curve in Zou and Xia (2016) was improved to a three-dimensional conical shearing failure for compaction
grouting through coordinate rotation. The process of compaction grouting was considered as the cavity expansion in infinite
Mohr-Coulomb (M-C) soil mass. The prediction model of limiting grouting pressure of compaction grouting was proposed with
limit equilibrium principle, which was validated by comparing the results in El-Kelesh et al. (2001) and numerical method.
Furthermore, using the proposed prediction model, the vertical and horizontal grouting tube techniques were adopted to deal
with the subgrade settlement in Shao-huai highway at Hunan Provence of China. The engineering applicability and effectiveness
of the proposed model were verified by the field test. The research on the prediction model for the limiting grouting pressure of
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compaction grouting provides practical example to the rapid treatment technology of subgrade settlement.
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1. Introduction

Compaction grouting technique has been widely used to
enforce soft foundation, surrounding rock, tunnel face, pile,
correction of building, subgrade subsidence, etc. (Chen et
al. 2015, Ibrahim ef al. 2015, Zhang et al. 2015, Pan et al.
2017, Ukritchon et al. 2017, Pan et al. 2018, Zou et al.
2018, Zou et al. 2019a, Chen et al. 2019a, Zou et al. 2019b,
Zou and Zhang 2019, Chen et al. 2019b, Chen et al. 2019c¢).
The Theoretical basis of compaction grouting is cavity
expansion theory, which has been widely developed and
applied to modeling complex geotechnical problems, such
as determination of foundation bearing capacity, grouting,
stability analysis of surrounding rock and soil
characterizations based on pressuermeter tests etc. (Vesic
1972, Carter et al. 1986, 2010, Wang et al. 2012, Chai et al.
2014, Fahimifar et al. 2015, Yang and Yan 2015, Yang and
Pan 2015 , Xiao et al. 2015, 2017, Zhou et al. 2015, 2016,
Zou et al. 2016, Zou and Xia 2017, Zou and Wei 2018, Zou
et al. 2019c, Li et al. 2019). In most instances, the problem
has been simplified to spherical or cylindrical cavity
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expansion in a homogeneous and isotropic soil mass of
infinite extent. Although many of analytical and numerical
solutions for compaction grouting pressure based on cavity
expansion theory have been proposed to solve practical
engineering problems (Brown and Warner 1973, Warner
and Brown 1974, Wang et al. 2010, 2013, El-Kelesh et al.
2012, Fischer et al. 2012, Yea et al. 2013, D'Antonio et al.
2014, Taylor and Choquet 2012, Pegues et al. 2015,
Szynakiewicz 2016), few of literatures focused on the
grouting pressure, which leads the ground surface upheaval
caused by the conical shearing failure. For example, Graf
(1969) indicated that if the grout material is injected into the
holes under continuous pressure, the compaction of the soil
mass surrounding the grout bulb will increase to a
maximum and then the pressure will cause a conical
shearing of the soil mass above the grout bulb. Therefore,
the upward force is governed by the weight of the cone of
soil above the grout bulb, as well as by the downward
shearing resistance. Based on Graf’s findings and the Mohr-
Coulomb criterion, Wong (1971, 1974) developed a
simplified analytical model for the failure of soil mass
caused by compaction grouting, which is usually used to
estimate the limiting grouting pressure. El-Kelesh et al.
(2001) proposed a theoretical model that describes the
mechanics of the compaction grouting process and
rationally considers the different soil and grouting
parameters, which governs the overall design and
performance of the method. This model, coupled with
Wong’s model, can be used to determine the limiting
grouting pressure. Hossain and Yin (2014) studied the
behavior of the pressure-grouted soil-cement interface and
the shear strength of the soil-cement grout interface of soil
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nailing via direct shear tests. However, the presented results
could not consider the conical shearing failure in three-
dimensional space.

The main objective of this study is to introduce an
improved prediction model for the limiting grouting
pressure of compaction grouting based on the three-
dimensional conical shearing failure and cavity expansion
theory in M-C soil mass. In addition, the proposed model is
used to guide the subgrade settlement treatment of the
Shao-huai K1302 highway.

2. Theoretical model
2.1 Expansion of grout bulb

In this study, the compaction grout bulb is modeled as a
spherical cavity expansion in an isotropic elastic-plastic
continuum as shown in Fig. 1.

It is assumed that a grout bulb is injected into ground
after drilling without disturbing the surrounding soil mass,
which firmly seals the grout pipe to surrounding ground. At
the beginning of injection, the radius of grout bulb is
drilling radius Ri and soil mass has an isotropic effective
stress q. The grout bulb radius will expand to R and the
plastic state will appear in a spherical zone with radius R,
around bulb when a uniformly distributed internal pressure
at grout-soil interface is increased to p. Beyond the
elastoplastic interface, the soil mass remains in a state of
elastic equilibrium. Meanwhile, it can be assumed that any
variation in stress due to body force is negligible when
compared with the existing and newly applied stresses.
Hence, the condition of spherical symmetry holds for the
expansion process and the behavior can be described in
terms of spherical polar coordinates (r,0,w). It follows from
the symmetry that all the shear components of stress vanish
(0o=0s) and the equilibrium equation of an element in
plastic zone (Fig.1), at distance from the center, is given by,

oo o -0
Zr 0
or r

=0 (1)

where, o, and oy are radial stress and circumferential
stresses, respectively.

The yield condition, according to the Mohr-Coulomb
criterion, is represented as,

o, +c-cotp=N(o,+C-cotp) )

1+sing
1-sing’
Boundary conditions is

where, N =

o,=p for r=R 3)

According to the volume conservation law, the total
volume change of spherical cavity expansion is equal to
those in elastic and plastic zones, which can be expressed as
follows (Vesic 1972).

3 3 3 8 3 3
R-R*=R°—(R,-u,) +(R’-R)A (4
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Fig. 1 Growth of grout bulb

where, R; is the original radius of grouting bulb; R, is the
final radius of grouting bulb; and A is the average
volumetric strain in plastic region; up is the radial
displacement of elastic-plastic interface which can be
calculated from Lamé’s solution as follows

1+v
Up= 2E Rp(dp—Q) (5)
where, o,=0, for r=R,.
Combining Egs. (1)-(2), and considering boundary
condition in Eq. (3), the following solution is obtained

4sing

o, =(p+c-cot go)(?me —c-cotg (6)

Hence, stress g, could be given by
4sing

L+sing

—c-cotg @)

o, =(p+c-cote)| —
RP
At the junction of the elastic and plastic zone, just for =
Ry, the stress o, and oy must satisfy the limit equilibrium
principle.
4sin o

1+sing . 1 i
(p+c~c0t(/))[R] _S(axc-coto)(rsing) )
R 3-sing

p

Combining Egs. (4), (5), (7) and (8), and neglecting the
higher upward force as well as R’, the following expression
for R, is obtained.

R Y :
(R”] {Z(HV)(C;q tan(p)th}=l+A 9)

where, /. is the rigidity index and /.. is reduced rigidity
index.

E
l = =
" 2(1+v)(c+q-tangp) (10)
I, =t
rr_1+|rA (11)

where, ¢ is the initial stress of soil, g=ko'y-L, in which &y is
the lateral pressure coefficient and ko=1-sin@
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Fig. 2 Growth of grout bulb

Then, substituting Egs. (10)-(11) into Eq. (9), the
following expression for R, is simplified by

%z\/ﬁ (12)

2.2 Three-dimensional conical shearing failure

When grouting pressure exceeds a certain value or the
grouting time exceeds a certain value, there will be upward
movement in the upper soil mass. It is reasonable to assume
that it is the upward force (7) exerted by grouting pressure
which overcomes the total downward force (G), resulting
from the weight of cone of soil mass above the grout bulb,
and the downward shearing resistance (F) along the cone
surface. In this study, the 2D-dimensional failure curve in
Zou and Xia (2016) was adopted and improved to three-
dimensional conical shearing failure for compaction
grouting through coordinate rotation, as shown in Fig.2.

Based on the improved model, considering the ground
surface upheaval, the limiting grouting pressure can be
determined. The curve equation of failure surface for the
grouted soil mass can be expressed as (Zou and Xia 2016)

x(z)=R+

L (n+1)
(n+1)tan(;z/4—¢/2)[f) (13)

where, ¢ is the angle of internal friction; L is the grouting
depth; n is parameter of failure surface shape (0< n <I).

In Fig.2, the conical surface is inclined by an angle 7/4-
@/2 to the horizontal, which is equivalent to the application
of the Mohr-Coulomb failure criterion. This model could be
given by

T>G+F (14)
where, T, G and F are given by
T =7R%p, (15)
G=p (16)
F=Q-sind=C,S-sind (17)

where, 6 is the angle between the conical surface and
horizontal; R is the radius of the spherical grouted; p, is the

grouting pressure; y is the unit weight of the soil; V is the
volume of the grouted soil; C, is the undrained resistance of
soil and S is the lateral area of the grouted soil.

The equilibrium of the rotating surface volume requires
that,

dv :7zx(z)2 dz (18)

Eq. (18) can be solved by integrating from 0 to L, and
the volume of grouted soil mass above the grout bulb can be
expressed as

L 2LR

V=L R?
”(n+1)2(2n+3)tanz(7r/4—w/2)+(nz+3n+2)tan(;r/4—(p/2)+ (19)

According to the shear resistance equilibrium of
infinitesimal element, dF can be obtained as follows

dF:CudS-siné):Cu-Zﬁx(z),d—za-sine (20)
sin

Eq. (20) can be solved by similar approach and
expressed as

L
F=27L R
i [(nz+3n+2)tan(7r/4—(p/2)+ 1 @0

Combining Egs. (14), (19) and (21), a relationship
between grout bulb radius R and grouting pressure p.,
which satisfies the ground surface upheaval, could be
obtained as follows

7L L 2RL s
Py =77 7 + +R
R*| (n+1)"(2n+3)tan? (7 /4—p/2) (n*+3n+2)tan(z/4-¢p/2)
(22)
2LC, L
+— 3 +R
R* | (n*+3n+2)tan(z/4-p/2)

It can be seen from Eq. (22) that the grouting pressure
required for ground surface upheaval is related to unit
weight of soil y, grouting depth L, grout bulb radius R and
undrained resistance of soil C,. Furthermore, the grouting
depth has great influence on the grouting pressure.

3. Limiting grouting pressure

In process of the compaction grouting technique, it is
assumed that the injection process continues until a limiting
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condition is reached. In many engineering practices, ground
surface upheaval is the limiting condition. The upward
force exerted by the grouting pressure, which is controlled
by the model from Eq. (22), causes conical shearing failure
and upward movement of soil mass above the grout bulb,
which lead to some ground surface upheaval. However, the
stage of spherical cavity expansion will be happened before
ground surface upheaval. At a certain depth, the bulb radius
will increase with the grouting pressure within a certain
range during injection, causing ground surface upheaval.
Therefore, it is possible to develop a relationship governing
the applied pressure and the corresponding bulb radius
during injection, as follows.

Inserting Eq. (12) into Eq. (8), the pressure p is obtained
in the following expression.

3(1+sing) ssing

=2 e @ e catp)(1, i —ccotp (23)

Substituting Egs. (12), (23) into Eq. (7), the following
expression for op can be obtained.

ap=3(31js—s;|:;)(q+c.cotqo)—c-cotqo (24)

Then inserting the expression for o, given by Eq. (24)
into Eq. (5), u,/R, can be obtained as follows
U, 1+ v( 4sing

R, 2E \3-sing

j(q+c~cot(p) (25)

From Eq. (11), the average volumetric strain A can be
given by the following expression

A=——-— (26)

By dividing Eq. (4) by R’, the following expression is
obtained

3
R» 3 Rp 3 u R3
R S (L O .1 O DA G )
GG r] Rbe @
Substituting Egs. (12), (25), (26) into Eq. (27), the
expression for Ri/R is obtained as follows

RY 101

| =al, +—-> 28

(Rj airr ITI’ II’ ( )

in which
. 3
1 1+v 4sing

=——-1+|/1-——"—(q+c-cot 29
"7 ( 2E 3-sing " (”)] 2%

From Eq. (23), the reduced rigidity index /- can be
expressed as a function of the pressure p as follows

pta, |
|, =| P2 30
=5 o

in which a», a3, and a4 are given by

a,=c-cotp (31)

_3(1+sing)
63_73—sin(p (gq+c-cotg) (32)
3(1+sing)
a,=——=
Y 4sing (33)

Combining Eqgs. (28) and (30), the ratio R/R can be
expressed as a function of the pressure p as follows

RY _(p+a ) [ a )
R R e R

in which, a;s is given by

8 T (35)

r

Eq. (34) can also be rewritten as follows

pra, ) (& )"
R=R P*a ) & )
SRR

where, p is the applied pressure at the grout-soil interface; R
is the grout bulb radius corresponding to the applied
pressure p; R; is the drilling radius; a;, a2, as, as and as are
constants depending on the soil type.

Based on the spherical cavity expansion model given by
Eq. (36) and the three-dimensional conical shearing failure
model given by Eq. (22), limiting grouting pressure can be
predicted. As shown in Fig. 4, the spherical cavity
expansion model indicates that the bulb radius increases
smoothly with the applied pressure until reaching a certain
value, which also satisfies the conical shearing failure
model (intersection point of the two curves). This pressure
value is defined as the upward pressure p,,; at which the
ground surface upheaval starts to occur. It also can be seen
that, in the last portion of the injection curve, the bulb
radius increases extremely sharply and tends to infinity as
the pressure asymptotically approaches an ultimate value
pui- Meanwhile, it is assumed that, before the excessive
plastic deformation, the surrounding soil mass is in a plastic
state. The pressure value associated with excessive plastic
deformation per.qs can be correlated with the ultimate
pressure pu.

1
3

(36)

pex—df =a pult (3 7)

where, « is dimensionless failure factor (a<1.0).

Therefore, the limiting grouting pressure pin at the
grout-soil interface will be governed by pupr O Pex-as
whichever is smaller.

The grout hole spacing S, can be expressed as

S, =2R, (38)
where, plastic radius R, can be obtained by Eq. (12); R is
the bulb radius corresponding to the limiting grouting
pressure pin. According to the engineering experience,
when the average volumetric strain of plastic zone is A>10"
2, the soil structure will be destroyed. Hence, the average
volumetric strain A is 0.01 in this study.



An improved model of compaction grouting considering three-dimensional shearing failure and its engineering application

‘ Soil Data & Grouting Depth ‘

Eqs.24 & 36
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Fig. 3 Proposed compaction grouting model

Table 1 Properties of loose Chattahoochee River sand used
in model validation

Soil Initigl void Angl§ O.f internal Mod}llus of
ratio, e friction, @ deformation, E(kPa)
B-4 0.96 34.6 981,645
B-5 0.99 323 1,107,170
B-6 0.99 329 359,904
Note: Mean particle size = 0.37 mm; Coefficient of

uniformity = 2.5;Specific gravity = 2.66; emax= 1.10; emin =
0.61

4. Methodology

Fig. 3 summarizes the computational procedure
followed by the proposed compaction grouting model. The
model inputs are the soil data and the grouting depth. The
outputs to the model are the limiting pressure piim,
maximum spacing of grout hole S, and quantity of grout
material Q.

5. Validations
5.1 Validations by published solutions

To verify the validity and effectiveness of the proposed
model, the results of it are compared with the results in El-
Kelesh et al. (2001). The derived formulations are
programmed into a computer code, and sets of rock or soil
mass parameters are adopted from El-Kelesh ef al. (2001)
as Table 1.

The results of the proposed approach and those of El-
Kelesh's solution (2001) are presented in Fig.4 for n=0.5. In
addition, the results of the proposed approach are compared
with the reported actual data. The results for the predicted
limiting pressures under different grouting depths
(respectively, 2, 4 and 6 m) are shown in Fig.5.

It can be seen from Fig.4 that the results of the proposed
approach are agreeable well with those of El-Kelesh et al.
(2001), and the difference of the upward pressure p,,; is no
more than 5%. The lower and upper limits of the reported
actual pressures are 350 and 3500 kPa, respectively. As seen
in Fig.5, all the predicted limiting pressures are within the
range of the reported real ones.
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(b) Grout bulb

Fig. 6 Numerical grouting model and finite element mesh

Fig. 7 Growth of grout bulb when h=3 m
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Fig. 8 Results of proposed solution and ABAQUS for the
grouting pressure

5.2 Validations by numerical method

This section presents the results of the ABAQUS
software to validate the proposed approach. In this
numerical analysis, the soil is simplifies to a cylinder with
radius of 5m and a height of 5m, where the center of the

cylinder is a spherical grout bulb with radius of 0.025m and
the distance from the ground surface to the bulb is 3m. The
parameters of the numerical and theoretical calculations are
selected from the study of El-Kelesh er al. (2001) as
follows: E=981645kPa, v=0.3, y=19.6kN/m?®, ¢=34.6° and
e=0.96. On the internal surface of the bulb, a uniform
pressure p of 1000kPa is set to simulate the grout injection.
Furthermore, the soil mass is modeled by the generalized
M-C model. The result, grouting pressure, can be got from
internal surface of soil.

Fig. 6 shows the finite element mesh of the compaction
grouting model. The global seeds size of soil is set as
0.35m. The local seeds size of soil is set as 0.001m in the
inner surface, as well as the spherical grout bulb. And the
F.E. model is made of 13576 linear hexahedral elements of
type C3D8R. Fig. 7 shows the growth of grout bulb under
the injection pressure and extrusion of surrounding soil and
Fig. 8 shows the results comparison of the proposed model
and the numerical model.

It can be seen from Figs.7-8 that the results of the
proposed approach are agreeable well with those of
ABAQUS for the grouting pressure considering the ground
surface upheaval.

6. Engineering application

To wvalidate the proposed approach in engineering
practice, the prediction model for the limiting grouting
pressure is adopted to guide the design of the subgrade
settlement treatment in Shao-huai highway Hunan province
of China.

6.1 Engineering overview

According to the field geological data, the stratum of the
subgrade settlement area of Shao-huai highway is simple, as
shown in Fig. 9. Therefore, in order to simplify
calculations, it can be assumed that the entire subgrade can
be approximated as a single layer. The main mechanical
parameters of each soil layer are obtained in laboratory test
with on-site samples, and the parameters in Table 2 are the
average values of the mechanical parameters of each layer.
These parameters can be substituted into the proposed
model to get the curve of the bubble radius R varying with
the grouting pressure p. Based on this curve, parameters
such as grouting depth, grouting pressure and grouting
spacing when compaction grouting to reinforce the
subgrade can be determined.

The right-subgrade of Shao-huai K1302 highway is in
soft soil area, where bearing strength of the foundation

Table 2 The main mechanical parameters of each soil layer

Geotechnical name  Bottom elevation  Soil parameters (Average)

Filled soil -7.6 ~-3.4m
Silty clay -8.9~-7.2m y=15kN/m’, E=8.5Mpa
. ¢=15°, c=40kPa
Silt -13.6~-8m v=0.3, C,~15kPa
Strolr_lg weathered 168 ~-15.9m
imestone
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Filled soil 3.4~7.6m
Silty clay 2.1~3.8m
Silt 0.8~3.9m
Strong weathered

limestone 2.3~4.3m
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1:15

Original ground line
Fig. 9 Soil distribution

Fig. 10 Uneven settlement and pavement crack of Shao-
huai highway
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Fig. 11 Settlement area

is low and the groundwater level is high. Under the
combined effect of the weight of subgrade soil mass, traffic
load and groundwater, the uneven settlement and the
pavement crack had been happened, where the maximum
differential settlement have been increased to 12 cm in two
months, as shown in Fig.10. The engineering properties of
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Fig. 13 General arrangement of grouting pipes and sewer
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Fig. 15 Profile arrangement of vertical grouting pile

the upper filled soil mass were effected by the infiltration of
rain water along pavement crack, which resulted in the
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aggravated settlement of the subgrade. The comfort and
safety of driving had been greatly reduced. Therefore, it is
necessary to reinforce the subgrade.

The settlement area of Shao-huai K1302 highway lies in
the traffic lanes and overtaking lanes, across #180~#185 six
cement panels. Among these cement panels, the settlement
of #183 panel on overtaking lane was most serious. #182
panel, located at the junction of filling and digging, had
produced a transverse crack through half of the subgrade, as
shown in Fig.11.

6.2 Grouting design

Based on the geological exploration, compaction
grouting was chosen to reinforce the subgrade and improve
the bearing capacity. The grouting design parameters such
as the limiting grouting pressure, grout hole spacing and
grouting depth were determined by the proposed model.

Meanwhile, a uniform control standard of grouting is
adopted to ensure that the grouting form is compaction
grouting rather than fracture grouting. In the grouting
process, the grouting quantity in a single hole, the grouting
pressure and the lifting displacement are used as the control
standards for stopping grouting, respectively. The specific
standards are as follows:

(DWhen the single hole grouting quantity does not meet
the design standard, but the grouting pressure has reached
the design final pressure and the time is maintained for
more than 5 minutes, the grouting should be stopped;

(@When the grouting pressure does not reach the design
final pressure, but the single hole grouting quantity has
reached the design standard and the grouting pressure can
reach the design final pressure by adjusting the gelling time
of the slurry, the grouting should be stopped;

Fig. 16 Site construction drawing of vertical pile grouting
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®If the subgrade lifting displacement exceeds the

allowable wvalue, the grouting should be stopped
immediately. Grouting quantity, grouting pressure and
lifting displacement could be as the control standard for
terminated grouting as long as one of the three is satisfied
design value.

The soil parameters were adopted from Table 2 for
R=0.025m and n=0.5, and the results are shown in Fig.12.
When the grouting depth was chosen 2 m, the limiting
grouting pressure piin» was 1.14 MPa, the grout bulb radius
was 0.21 m, and the grout hole spacing was obtained as
1.45 m. The grouting reinforcement schemes, combining
the vertical pile grouting and horizontal pile grouting and
setting the sewer, were designed to deal with this subgrade
settlement, as shown in Fig. 13.
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Fig. 24 The settlement of the right-side subgrade after
grouting

out the surface of #180~#182 cement panels and using a
small drill to drill through the water stable base. The
grouting hole spacing was 1.5 m, the grouting depth was 2
m and the grouting pressure was 1.2 MPa, as shown in
Figs.14-15. For the cracking of subgrade, the grouting hole
was added along the crack and the spacing was 1.5 m.
Additionally, grouting pipe was set to be 15~20 cm higher
than water stable base.

The scaffolding steel pipe with diameter of 50 mm and
wall thickness of 3 mm was used as the vertical grouting
pipe. Some grouting holes with a diameter of 4~8 mm was
drilled every 15 cm and arranged in a plum shape.

6.2.2 Horizontal pipe grouting

To improve the grouting effect, the horizontal pipe
grouting was carried out on #183~#185 cement panels
(Fig.18). The horizontal pipes were inserted into subgrade
from the slope edge to road centerline, along the direction
6.2.1 Vertical pile grouting perpendicular to driving. The construction of horizontal
The vertical pipe grouting was carried out by digging pipe grouting was divided into three layers, which were 1
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Fig. 21 Plane arrangement of sewer
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m, 2.5 m and 4 m away from the subgrade surface
respectively. The length of the corresponding grouting pipes
were | m,2 m and 3 m respectively, and the horizontal
spacing was 1.5 m. Meanwhile, the pipes were set to be 20
cm longer than the slope edge, as shown in Fig. 19. The
grouting pressure was adopted 1.2 MPa. The scaffolding
steel pipe were also adopted as horizontal grouting pipe and
the layout of the grouting hole were the same as vertical
grouting pipe. The only difference was that the bottom of
the scaffolding pile is reserved for 20 cm long without
drilling.

6.2.3 Setting the sewer

The sewer was designed as a rectangular with depth 2 m
and width 0.5 m, which is shown in Fig. 21. The water in
subgrade work area was collected in the trench and drained
to the slope outer edge along the ditch. The larger pebbles
were filled in the bottom and middle of ditch, whose both
sides and the upper part were layered by a certain
percentage (layer thickness is about 15 cm).

6.3 Grouting reinforcement effectiveness

To verify the effectiveness of the grouting reinforcement
schemes, the settlement of the right-side subgrade was
measured by single point settlement gauge, which was
arranged at the center of the panel, as shown in Fig.22.

The settlement curve of the right-side subgrade after
grouting is shown in Fig.24, and the upheaval of the ground
surface is shown in Fig. 23

It can be seen from Fig. 24 that the settlement of the
right-side subgrade is about 0.5 cm in one year and
becoming stability, which can meet the requirements of the
soft soil subgrade for post-construction settlement and tends
to be stable after one year. The properties of the soil and the
stability of the subgrade have been improved after grouting.

7. Conclusions

Based on the theory of cavity expansion and the three-
dimensional conical shear failure above the grout bulb, an
improved prediction model for the limiting grouting
pressure of compaction grouting was proposed in this study.
The validity and accuracy of the proposed model were
verified by compared with EI-Kelesh’s solution (2001) and
numerical method results. Furthermore, the proposed model
was used to guide the design of the subgrade settlement
treatment of Shao-huai highway, determining the grouting
design parameters such as the limiting grouting pressure,
grout hole spacing and grouting depth. The grouting
reinforcement schemes were designed, combining the
vertical pile grouting and horizontal pile grouting and
setting the sewer. Meanwhile, the numerical analysis of the
grouting effect shows that the above schemes can achieve
the expected goal and the proposed model has a certain
reference value for the subgrade settlement treatment of
highways.

However, more work should be conducted to confirm
the model at specific conditions, develop the at-failure
model to govern the cohesive-frictional soils and verify
different parameter of failure surface shape #.
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