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Abstract:  In the eastern coastal region of China, many operating highways built over soft ground are vulnerable to severe
post-construction settlement. In this study, a technique using jet grouted piles is developed to mitigate post-construction settle-
ment. The piles are installed by drilling boreholes throughout the embankment. The principal stages of the construction process are
described, and two field tests in China, on the Lianyan and Linhai highways, are presented. The results revealed that ground heaves
of up to 219 mm and 337 mm induced during a short construction period were able to mitigate the settlement of the embankment.
The average settling rate was significantly reduced from 60 mm/y to 9 mm/y on the Lianyan highway. Lateral ground displacement
on the Linhai highway increased with time during construction, but after construction showed a slight reduction associated with
the dissipation of excess pore water pressure. An analytical method was adopted to describe the ground heave due to the jet grouted
piles. The ground heave increased with grout pump pressure, but decreased as the embankment load and distance from the pile
center increased.
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1 Introduction dressed properly, severe post-construction settlement
will tend to yield serious consequences for the
maintenance of the road pavement. In recent decades,

more emphasis has been put on investigations of

The rapid construction of highways in China has
brought a series of geotechnical problems, especially

for those built over soft ground in the eastern coastal
region. One major problem associated with road
embankment is long-term settlement (Zhou et al.,
2012; Ye et al., 2013; Liu et al., 2015). If not ad-

¥ Corresponding author
" Project supported by the National Natural Science Foundation of
China (Nos. 51279049 and 5141001028), the Program for Changjiang
Scholars and Innovative Research Team in University (No.
IRT15R17), and the Fundamental Research Funds for the Central
Universities (No. 2014B04914), China

ORCID: Yue-dong WU, http://orcid.org/0000-0003-2901-5882;
Hong-guo DIAO, http://orcid.org/0000-0002-1486-9757
© Zhejiang University and Springer-Verlag Berlin Heidelberg 2016

ground improvement techniques applied before con-
struction. Various traditional ground improvement
techniques have been widely applied to overcome
poor ground conditions, including dynamic compac-
tion (Mayne et al., 1984; Hanna and Yulek, 2014),
grouting (Yoshitake et al., 2004; Modoni and Bzow-
ka, 2012), rigid piles or flexible columns (Poulos,
2007; Shahu and Reddy, 2011), and preloading with
or without prefabricated vertical drains (Chu et al.,
2000; Saowapakpiboon ef al., 2011). More recently,
some new techniques have also been developed, in-
cluding biogrouting using microorganisms (van
Paassen et al., 2010) and grouted gravel columns (Liu
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et al.,2015). In view of the large amount of literature
on ground improvement, Schaefer et al. (2012)
summarized and classified the techniques. They listed
seven main categories including densification, con-
solidation, load reduction, reinforcement, chemical
treatment, thermal stabilization, and biotechnical
stabilization.

Nevertheless, studies of how to mitigate severe
post-construction ground settlement are relatively
rare. The current popular method is to pave a new
asphalt layer over the old pavement. Although this
method can avoid excavating the embankment, it is
not an ideal solution as the additional load imposed on
the subgrade can often increase settlement. In this
study, a practical technique using jet grouted piles
installed by drilling boreholes throughout the em-
bankment was developed to support the embankment
and to alleviate the post-construction settlement of
operating highways. The principal stages of con-
struction are described and two case studies on the use
of the technique are reported, including the Lianyan
and Linhai highways in China. Both cases were in-
strumented and measured to investigate the perfor-
mance of the embankment. A theoretical method
proposed by Wu et al. (2016) was also adopted to
analyze the short-term heave due to jet grouting.

2 Principal stages of construction

Since jet grouting was developed in Japan in the
1970s, it has become one of the most widely used
ground improvement techniques (Poh and Wong,
2001; Yoshitake et al., 2004; Flora et al., 2013; Wang
et al., 2013). A high-velocity jet that breaks down the
soil structure and mixes it with grout slurry to create a
reinforced “soilcrete” body is used to improve the
mechanical properties of soil. Compared with other
techniques, jet grouting has obvious advantages in
that it can be used in almost any type of soil, and
various diameter piles can be rapidly created using
relatively light equipment and adjustable operating
parameters. Inspired by these characteristics, we ap-
plied jet grouting to mitigate ground settlement in
operating highways.

Typical cross-sections of the principal construc-
tion stages for the proposed technique are illustrated

in Fig. 1. Construction is carried out on one side while
the other side keeps operating. The detailed con-
struction process consists of the following steps:

1. Boreholes are drilled and cleared throughout
the whole embankment following a predetermined
vertical orientation (Fig. 1a). The borehole diameter
ranges from 80 to 100 mm. This can protect the
original asphalt pavement and prepare for subsequent
installation.

2. Jet grouting is performed in each borehole
using grouting equipment comprising a fixed grout
production plant. A small diameter hole is drilled with
a jet rod and drill bit down to the required depth.
Grout with a certain water-cement ratio is injected at
high pressure into the soil from several jet nozzles
situated horizontally just above the bottom of the drill
bit. Then, the rod and drill bit are kept rotating and
jetting while being slowly withdrawn up to the bottom
of the embankment. Thus, a jet grouted pile with a
cylindrical body is produced consisting of injected
grout and displaced soil particles (Fig. 1b).

3. The boreholes in the embankment are back-
filled and compacted with medium-coarse sand, ce-
ment concrete, and asphalt sequentially to recover the
road pavement for transportation (Fig. 1c). The same
construction is then applied on the other side of the
highway until the whole embankment is supported by
jet grouted piles (Fig. 1d).

Centerline

L momnimen. A
| Jet grouted pile || || |||
(;) (LJ)

Fig. 1 Illustration of the principal stages in the construc-
tion of jet grouted piles

The materials used in the technique, water and
cement, are natural and inert, and have no negative
influence on the surrounding environment. The
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design pile length is slightly longer than the depth of
soft soil to be improved. The pile spacing is usually 2
to 3 times the pile diameter in clayey soil, as sug-
gested by Chang and Zhang (2007). Furthermore,
in-situ trial piles should be constructed to demonstrate
whether the specified piles can be achieved using the
design operation parameters (grout pump pressure,
withdrawal rate, and rotation speed of the jet bit). All
operation parameters should be monitored and con-
trolled strictly to ensure the quality of construction.
The quality of the piles can also be checked by taking
core samples.

3 Field studies
3.1 Field case of the Lianyan highway

The Lianyan highway field trial was located in the
eastern coastal area of Lianyungang, China. High wa-
ter content, high compressibility, low shear strength,
and low ground bearing capacity are characteristics
typical of Lianyungang soft soil (Deng et al., 2014).
However, ground improvement before construction
was not addressed adequately, resulting in excessive
post-construction settlement induced by the static and
dynamic load of the busy highway. The initial re-
sponse was to pave a new asphalt pavement over the
old one every year. It was recorded that an extra 48,
55, 70, and 60 mm thickness of new asphalt was
paved in 2008, 2009, 2010, and 2011, respectively.
The total thickness increased from 180 mm in 2006 to
413 mm in 2013. However, additional pressure im-
posed on the subsoil by the extra asphalt contributed
to even more settlement. Another non-negligible
factor associated with rapid economic development in
China was that the traffic volume kept growing. A
rough survey indicated that the average traffic volume
per day in 2013 was about 30% higher than that in
2006, meaning that the vehicle load imposed on the
subsoil was greater than ever before.

A typical soil profile obtained from the borehole
logs is shown in Fig. 2. There is a 2.8-m thick fill
layer underneath the embankment. Below it is a clay
layer with a thickness of 11.0 m. A thick silty clay
lies underneath but is not penetrated. According to
the unified soil classification system, these three
types of soil from top to bottom can be classified as
low-plasticity clay (CL), high-plasticity clay (CH),
and CL, respectively (ASTM, 2011). The main soil
properties at this site are listed in Table 1. The av-
erage water content of the clay layer is about 45.5%
and close to the liquid limit, indicating its high plas-
ticity. The total unit weight varies from 17.5 kN/m’
in the clay to 18.8 kN/m”’ in the silty clay. The void
ratio ranges from 0.92 to 1.20. According to 1D
consolidation tests, the constrained modulus of the
clay is generally small with a value of 2.59 MPa. The
undrained shear strength of the soil obtained by field
vane shear tests (VSTs) is also given in Table 1. The
shear strength increases with depth, except in the fill
layer.

A cross-sectional and a plan view of the exper-
imental highway with a three-lane dual carriageway
are shown in Figs. 2 and 3, respectively. The total
length of the trial site was 30m and the test
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Fig. 2 Cross-section of the experimental site on the Lian-
yan highway (unit: m)

Table 1 Main soil properties of the Lianyan highway

. Water Liquid Plastic . . Total unit Constrained Undrained
Soil .. L. Void ratio, .
rofile content, w limit, wy limit, wp . weight, y modulus, £;  shear strength,
P (%) (%) (%) (KN/m®) (MPa) ¢, (kPa)
Fill 32.0 41.6 224 0.95 17.9 2.63 14.9
Clay 455 52.5 26.7 1.20 17.5 2.59 13.1
Silty clay 352 43.7 22.0 0.92 18.8 3.60 18.8
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embankment was 2.9 m high, with a crown width of
35 m. A total of 306 jet grouted piles arranged in a
square pattern with a center to center spacing of 1.8 m
were installed in the direction of the arrows shown in
Fig. 3. Each jet grouted pile had a diameter of 0.6 m
and was formed using grout slurry, consisting of wa-
ter and Portland cement with a compressive strength
of 42.5 MPa after 28 d of curing. The jet grouted pile
was 16 m long with the pile tip reaching the silty clay.
Construction on the left side preceded that on the right
side to ensure that transportation was not blocked
completely. Note that the initial installation sequence
on the left side was in the transverse direction. To
minimize the adverse effects of the second pile in-
stallation on the first, the sequence of the second
installation was turned to be in the longitudinal
direction.

The response of the embankment to jet grouting
was measured by instrumentation (Fig. 3). Nine set-
tlement plates (L1-L9 and R1-R9) were embedded at
the bottom of the embankment on each side. L1-L3
and R1-R3 were placed near the left and right
shoulders of the embankment, respectively. L4-L6

and R4-R6 were located at the center of each side,
whereas L7-L9 and R7-R9 were installed close to the
centerline of the embankment. All settlement plates
were measured using a level instrument with a
standard deviation of +0.5 mm for 1 km double run
leveling. The jet-grouting parameters used during a
50-d construction period at this site are listed in
Table 2. Quality was assessed via unconfined com-
pression tests in the laboratory using core samples
(Fig. 3). The average unconfined compression strength
measured was about 0.44 MPa.

Table 2 Jet-grouting parameters used on the Lianyan
highway

Parameter Value

Number of nozzles 2

Nozzle diameter (mm) 2.0
Grout pump pressure (MPa) 20
Grout mix (water cement ratio, in mass) 1:1
Grout specific gravity 1.5
Drilling rod rotation rate (r/min) 18
Withdrawal rate (m/min) 0.2

To Yancheng Centerline To Lianyungang
17.5 .
1 1.8, 1
= -
— 0 0—0 0—0 O—0 0—0 O_ 00 00 0—0 [
: ] 3] —| 41— L9 R9 —|R44—[— R [ Section 6

Section 3 O 00 0 O O O O O O O 0 0 0 O 0 O |

10 00 0 0 0 0 0 O O 0O 0 0O O 0 O O O jj

0 0O 0 0 0O 0 0O O O o) OO0 0O 0 0 O 2

70 00 0 00 0O 0 O O 00 0 0 0 0 0 O

10 00 0 O 0O O O O OO0 0 0 0 0O O 0 O [

1o 00 0o 0 0 O O O OO0 O 00 0 0 0 O |—

— 0 0O 0O 0 O O O O O O 0O 0 0O 0 0O 0 0 O — _ .
Section2 — B2 —|—4E5— a | L8R8 —| R54— |— R — Section 5

10 0 0 0 0 O O 0O O OO0 0 0 0 O 0 O O [ =

10 0O 0 O O 0O O O O @) O 0 O O O O O [

1o 00 0 oo O o o OO o0 O o0 O o 0 o [

— 00 O0—0 O0—0 O0—0 O O 0O 0 0O O 0 O 0 O

1 0—0—0=0—0—0—0—0—0 O 0 0 0 0 0 0 0 O [

] O—O—O0—0—O—=0—0—0 OO0 0 0 0 0 0 0 O [

|l o0—o0—o0 O0—0—0—0—0 O 0 0O 0O O 0 0 O O

— O—O—O—O—CO—=a0—0—0 OO0 0 0O 0 0 O 0 O — .
Section 1 —| a~—LF+ — —ak6— — — |[L7 R7 —|R64— |— RI — Section 4

— 0—O0—0O=0—0—0—0—0—0 O—0 0—0 O0—0 O0—0 O [—

O Jet grouted pile
@ Coring sample

A Settlement plate

—— Installation sequence

Fig. 3 Plan view of the experimental site on the Lianyan highway (unit: m)
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3.2 Field case of the Linhai highway

The Linhai highway is 500 km long and connects
Lianyungang, Yancheng, and Nantong in Jiangsu
Province, China. The field trial on the Linhai highway
was located in Lianyungang where the highway was
subject to severe post-construction settlement. The
technique was implemented to rehabilitate the high-
way. Before jet grouting, post-construction settlement
had reached 90 mm at an average settling rate of
56 mm/y.

Ground investigations included a series of la-
boratory tests and a field exploration program. Water
content and Atterberg limits were tested, and 1D
consolidation tests and in-situ VSTs were carried out.
The soil profile at this site is illustrated in Fig. 4. The
improved zone can be divided into fill, clay, and silty
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clay layers, which were classified as CL, CH, and CL,
respectively, based on the unified soil classification
system (ASTM, 2011). The fill forms the topmost
1.0-m-thick layer. The underlying clay layer extends
to a depth of 10.4 m. The groundwater table is located
at a depth of 1.5 m below the ground surface. Table 3
summarizes the basic physical and mechanical prop-
erties of the soil. The clay layer has a relatively high
void ratio and hence high compressibility, character-
istics typical of the soft soil at this site. It is evident
that the soil conditions are generally similar to those
of the Lianyan highway.

A cross-section and a plan view of the experi-
mental Linhai highway are presented in Figs. 4 and 5,
respectively. The trial site was 50 m long and the
embankment was 3.5 m high, with a crown width
of 27.5m. The side slope V-H (V, vertical; H,
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Fig. 4 Cross-section of the experimental site on the Linhai highway (unit: m)
Table 3 Main soil properties of the Linhai highway
. Water Liquid Plastic . . Total unit Constrained Undrained
Soil L. . Void ratio, .
rofile content, w limit, wy limit, wp weight, y modulus, £;  shear strength,
P (%) (%) (%) (KN/m®) (MPa) co (kPa)
Fill 28.7 34.5 19.8 0.98 17.8 3.02 16.5
Clay 48.6 51.3 23.6 1.12 17.2 2.71 15.4
Silty clay 38.7 44.2 25.1 0.78 19.6 4.34 23.6
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horizontal) ratio of the embankment was 1:1.5. The
jet grouted piles were 12.0 m long and 0.6 m in di-
ameter, and placed at 1.8 m spacings in a triangle grid.
Each set of four piles in a line was installed in the
transverse direction of the embankment and a total of
216 piles were implemented on each side (Fig. 5).
The installation sequence of the piles is denoted by
consecutive numbers.

Figs. 4 and 5 also show the detailed instrumen-
tation on site, including settlement plates, inclinom-
eters, and pore water pressure gauges. Nine settle-
ment plates were embedded at the bottom of the em-
bankment on each side. Two inclinometers (I1 and 12)
each 16.0 m long were installed at a distance of 1.0 m
from the toe of the embankment on both sides. Three
pore water pressure gauges (P1-P3) were mounted at
the centerline of the embankment at depths of —3, —8,
and —13 m, respectively. The grout pump pressure and
drilling rod rotation rate used in this case were
22 MPa and 23 r/min, respectively. The other jet-
grouting parameters were in line with those used in
the Lianyan highway (Table 2). The pile installations
on the left and right sides were completed succes-
sively during a 60-d construction period. Core sam-
ples used for laboratory unconfined compression tests
to evaluate pile quality indicated an average uncon-
fined compression strength of 0.48 MPa.

y

(® ® 0O 0O 00O 000 OO O O
@A\R3

@

Centerline

X

@}ooooooooooo

(@]
A ‘RZ
B

(1)
© 0 o0 o0 o0 o0 o o o 0 O

o o 0O o 0o O 0O @ O O O O

o o o o o o o o o o o 0O e OO 0o o o o o o o, 0 0
R54 R8A

Wu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2016 17(7):565-576

4 Results and discussion
4.1 Ground heave

Fig. 6 shows the ground displacement profile
measured on the Lianyan highway. All data were
collected during the construction on each side. Note
that Section 1 in Fig. 3 is not included because the
settlement plate L6 was damaged during construction.
Since grout slurry is injected into the ground at a high
pressure during jet grouted piles construction, dis-
turbance of the surrounding ground is inevitable,
which will lead to significant ground movements.
Several field cases where jet grouted piles were used
for solidification of soft ground in basement excava-
tion (Wong and Poh, 2000) or tunnelling (Wang et al.,
2013) have been reported, indicating that large
ground heaves can be induced during jet grouting. As
expected, ground heave due to jet grouting was also
observed in this study, implying that the embankment
was uplifted. For each section, the heave profiles were
generally similar. The measured heave at a distance of
8.75 m from the centerline was larger than that at a
distance of 2.45 m and 15.05 m. This is because the
former heave was affected by more piles than the
latter. For each side, heaves recorded at L5 (219 mm)
and R5 (213 mm) located in the central zone were
larger than others. This may be because in those
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Fig. 5 Plan view of the experimental site on the Linhai highway (right side) (unit: m)
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Fig. 6 Ground heave due to jet grouting on the Lianyan
highway: (a) left side; (b) right side

specific locations the ground was greatly displaced by
surrounding piles. For other plates placed close to the
centerline and on the shoulder of embankment, the
heaves varied between 110 mm at R9 and 184 mm at
R2.

The variation in ground settlement with time on
the Lianyan highway is presented in Fig. 7. For the
abscissa, the time of origin is defined as when the
construction of the highway was completed in 2006.
Measurements at the bottom of the embankment
showed a severe post-construction settlement of
420 mm before jet grouting caused by the high com-
pressibility of soil (Table 1). The average settling rate
was about 60 mm/y. The experiment using jet grout-
ing began at the end of 2012 and finished in January
2013. During the 50-d construction period, a great
heave of about 153 mm on average was induced by
jet grouting. Considering the increased 233 mm
thickness of the asphalt pavement, measurements
from the surface of the embankment are also plotted.

The embankment was uplifted to offset the majority
of the previous settlement. After jet grouting,
the settling rate was markedly reduced to only
9 mm/y, suggesting that the technique could support
the embankment and alleviate ground settlement
significantly.
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Fig. 7 Variation in ground settlement with time on the
Lianyan highway

Fig. 8 shows a 3D view of the ground heave
measured on the right side of the embankment on the
Linhai highway. The definitions of the x-axis and
y-axis are given in Fig. 5. Clearly, great heaves were
generated by jet grouting to uplift the embankment.
The maximum heave of 337 mm occurred at the
middle settlement plate R5. The heave profiles appear
to be of similar shape to those of the Lianyan highway
(Fig. 6). However, a 33-m long crack, with a width of
up to 224 mm, extended along the longitudinal direc-
tion on the right side (Figs. 5 and 9). This may be
explained by two reasons: first, the embankment may
have been unable to sustain the overlarge heave re-
sulting from the high grout pump pressure used at this
site; second, there may have been fissures inside the
embankment caused by the severe post-construction
settlement before jet grouting was applied. To evalu-
ate the practicality of the technique, follow-up field
monitoring was conducted after jet grouting on the
Linhai highway. This indicated that the settling rate
was considerably reduced, from 56 to 7 mm/y.

From the results of the two field studies, alt-
hough this technique performed well to mitigate the
post-construction settlement of the operating high-
ways, one issue is still of great concern during
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construction. Since jet grouting causes ground heave,
it is vital to monitor the performance of the em-
bankment to avoid overlarge heave and hence damage
to the embankment. If necessary, the grout pump
pressure could be adjusted reasonably during con-
struction as it has the primary effect on the magnitude
of ground heave.
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Fig. 8 A 3D view of ground heave measured on the Linhai
highway

i 8 Crack due to jet groutin
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Fig. 9 Crack due to jet grouting on the Linhai highway

4.2 Excess pore water pressure

Fig. 10 shows the variation in pore water pres-
sure measured at depths of —3, —8, and —13 m with
time since the start of jet grouting on the Linhai
highway. The entire installation on both sides was
completed in about 60 d with the installation of the
left side carried out first. Excess pore water pressure
increased greatly during the 60-d construction period.
The maximum excess pore water pressure measured
was 64 kPa at depth of —8 m, perhaps resulting from

the expansion of surrounding soils due to the high
grout pump pressure. The gauge P3 was placed be-
neath the pile tip and was therefore less affected by
grout pump pressure than gauge P2 placed close to the
mid-depth of the pile shaft. This may be why the
excess pore water pressure increase at P3 was smaller
than that at P2. After jet grouting, the excess pore
water pressure dissipated gradually with time, sug-
gesting that the influence on the surroundings was
primarily during jet grouting.
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Fig. 10 Variation in excess pore water pressure with time
on the Linhai highway

4.3 Lateral displacement

We expected that jet grouting would cause lat-
eral ground displacement as well as ground heave.
Fig. 11 depicts the lateral ground displacement pro-
files measured on the Linhai highway. For inclinom-
eter 11 on the left side, it is clear that lateral dis-
placement outwards from the embankment was in-
duced in surrounding soils and increased during the
60-d construction period, within a maximum value of
49.5 mm at —4 m depth. The displacement was mostly
induced during the construction on the left side (i.e.,
from the beginning to the 30th day). Although the
construction on the right side was in progress from
day 30 to day 60, the increase in ground displacement
was very limited. This may have been due to the
shadowing effect of the piles installed on the left side.
Inclinometers 11 (left side) and 12 (right side) showed
similar profiles. However, the maximum displace-
ment measured by 12 (56.8 mm) was larger than that
of I1 (49.5 mm). This may have been caused by a
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Fig. 11 Lateral ground displacement profiles on the
Linhai highway
(a) Inclinometer I1; (b) Inclinometer 12

combination of construction sequence and the
shadowing effect of piles, alleviating the disturbance
on the left side caused by jet grouting on the right

side. Note that the lateral displacement at day 90 and
day 150 (i.e., 30 and 90 d after completion of con-
struction) was markedly reduced. This may have been
attributable to the dissipation of excess pore pressure
(Fig. 10). The variation in lateral displacement be-
came negligible after day 210.

4.4 Relationship between ground heave and dis-
tance from the pile center

Based on cavity expansion theory, Wu et al.
(2016) proposed an analytical method to study the
response of a ground surface subjected to a single jet
grouted pile as follows:

530y [Y+(a—1)p}2(3aal)
- 4E 3a
(1)

a+

b

{ 2+a
X

}2(a21)| 1 1
Ya(@-Dp,|  |P+r 7

where 0 is the ground heave at the surface, v is Pois-
son’s ratio of soil, £ is Young’s modulus of soil, d is
the pile diameter, Y=2ccosp/(1—sing), o=(1+sing)/
(1-sing), c is the soil cohesion, ¢ is the soil friction
angle, p is the grout pump pressure, p, is the em-
bankment load, / is the pile length, and r is the hori-
zontal distance from the pile center.

Eq. (1) shows that the ground surface heave is
dependent upon three variables for given parameters
of the soil and pile: grout pump pressure p, em-
bankment load py, and horizontal distance from the
pile center r. Furthermore, the amount of ground
heave decreases with a lower grout pump pressure, a
larger embankment load, and increasing horizontal
distance from pile center. As the grout pump pressure
used during jet grouting is always much higher than
the embankment load, the effect of the pump pressure
on ground heave is more significant. The typical grout
pump pressure used on the Lianyan highway was
20 MPa, whereas the pressure used on the Linhai
highway reached 22 MPa, explaining why the ground
heaves on the Linhai highway were relatively large.

To further investigate the relationship between
ground heave and horizontal distance from the pile
center, the results from the settlement plate R2 are
shown in Fig. 12. The heave was measured after each
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adjacent pile PI-P16 in Block-A was completed
(Fig. 5). The corresponding analytical result obtained
from the above solution is also included for compar-
ison. For simplicity, the soil parameters used in the
analytical result were determined by the soil proper-
ties typical of the clay (Table 4). Note that Young’s
modulus of clay was taken as £=400c¢,, as suggested
by Poulos and Davis (1980). The average unit weight
of the embankment fill was 20 kN/m’. Considering
that jet grouted pile is composed of injected grout and
soil, an equivalent pile diameter d was taken as about
0.4 times the nominal pile diameter d, as discussed by
Weng (2006). The horizontal distances between R2
and each pile P1-P16 can be calculated by geometry
(Fig. 5). In Fig. 12, both the ground heave and dis-
tance from the pile center are normalized with respect
to the nominal pile diameter d. The analytical result is
larger than the measured result. This difference may
have arisen because the effects of other piles within
the group were not considered in this study.
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Fig. 12 Relationship between normalized ground heave
and horizontal distance from the pile center

Table 4 Basic parameters used in the analytical result

Parameter Value
¢ (kPa) 15
9 (°) 20
E (MPa) 6.1
v 0.4
p (MPa) 22
po (kPa) 70
[ (m) 12
d" (m) 0.24

Nevertheless, the measured result implies that the
induced ground heave decreased with increasing
distance from the pile center, which is consistent with
the analytical result.

5 Conclusions

In this paper, a technique using jet grouted piles
is proposed to address the issue of severe post-
construction settlement in operating highways. Two
field studies of the application of the technique to
operating highways over soft ground in China are
presented. The following conclusions can be drawn:

1. Ground heave with a maximum value of
219 mm was induced over a short construction period
on the Lianyan highway. The uplift of the embank-
ment was sufficient to offset most of the previous
settlement. Long-term field results showed that the
average settling rate was reduced significantly, from
60 mm/y before construction to 9 mm/y after con-
struction, suggesting that the technique could be ef-
fective in supporting the embankment and mitigating
ground settlement of operating highways in China.

2. Based on the adopted analytical method,
ground heave due to a single jet grouted pile was
found to depend mainly on grout pump pressure,
embankment load, and horizontal distance from the
pile center. Moreover, both the measured and ana-
lytical results revealed that the ground heave de-
creased with increasing distance from the pile center.

3. A larger maximum ground heave of 337 mm
was measured on the Linhai highway than that on the
Lianyan highway. This is because the increase in
grout pump pressure had a significant effect on the
induced heave, as indicated by the analytical method.
Owing to the great heave, cracking occurred along the
longitudinal direction of the embankment during
construction. Both excess pore water pressure and
lateral ground displacement were also caused by jet
grouting on the Linhai highway. The maximum ex-
cess pore water pressure observed was 64 kPa, near
the mid-depth of the pile shaft at the end of construc-
tion. The lateral displacement increased to as much as
56.8 mm during construction, but appeared to reduce
after construction, in association with the dissipation
of excess pore water pressure.
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