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Abstract
The post-pressure grouting technique has proven to be an effective method to enhance axial resistance. In this paper, field

tests were conducted to investigate the performances of large-diameter cast-in-place bored piles for six combined side-and-

tip grouting piles and two side-grouting piles in extra-thick fine sand layers. The load–displacement response, shaft

resistance, and mobilization of unit base resistance were discussed. The field results indicate that compared with the piles

before post-grouting both the shaft resistance and base resistance for the piles after post-grouting are significantly

improved. The piles after post-grouting have higher load-bearing capacity. Meanwhile, the load-bearing capacity of

combined-grouting piles is also greater than that of side-grouting piles. Additionally, the strengthening effect of the

surrounding soil improvement due to side grouting on the base resistance can enhance the unit base resistance, and the unit

shaft resistance can also be increased by the soil improvement at the pile tip due to tip grouting. Moreover, the distribution

of the injected pressurized grout at the pile tip and side is detected by an electromagnetic wave computerized tomography

(EWCT) technique. The results reveal that EWCT can detect the distribution pattern of the pile, injected grout and

geotechnical interface and evaluate the diffusion range of the grout of the soil at the pile tip and side, which can be used to

assess the grouting effect of grouted piles. Finally, an in situ standard penetration test is employed to evaluate the grouting

effect of grouted pile by variation of the SPT N value before and after post-grouting. The research results have reference

value and guiding significance for the design and effect detection of post-grouting piles.

Keywords Cast-in-place bored pile � Combined post-grouting at pile tip and side � Electromagnetic wave computerized

tomography � Extra-thick fine sand layer � Post-grouting at pile side � Standard penetration test

1 Introduction

With the constant emergence of high-rise buildings, long-

span bridges, high-speed railways, and marine engineering,

cast-in-place bored piles have gained widespread applica-

tion because of their high bearing capacity, flexibility, and

adaptability. However, soil disturbances beneath the pile

tip due to the drilling process, which has great influence on

the tip resistance, and debris remaining after cleanout will

further reduce the tip resistance [7, 24, 26, 27, 40].

Meanwhile, the soil stress surrounding the pile during the

drilling process is released, which will also reduce the shaft

resistance [9, 22, 25, 44]. Additionally, the mobilization of

the tip resistance is hampered by the softening of the pile

tip condition. It can thus be seen that the application of

bored piles is significantly affected by these issues.

Accordingly, the post-grouting technique is considered to

be an effective means to mitigate the abovementioned

issues and improve the bearing performance of cast-in-

place bored piles. The cement grout is injected into the soil

at the pile tip and side, and the strength and stiffness of the

soil at the pile tip and side are enhanced by means of

permeating, compacting, and splitting, thereby improving

the axial capacity and reducing the pile settlement.
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Therefore, the post-grouting technique has recently been

applied to many engineering projects, especially major

engineering projects, and achieved significant economic

and social benefits.

Post-grouting at the pile tip has been successfully

employed throughout the world for the past six decades and

has proven to be an effective method to improve axial

resistance and reduce settlement [1, 2, 6, 23, 26, 36, 37].

Alternately, the application of post-grouting at the pile side

is slightly more recent than post-grouting at the pile tip,

and there is little reported in the literature. Gouvenot and

Gabaix [11] first published that the shaft grouting was

applied to the steel piles, and full-scale load tests were

conducted in three shaft grouted piles in sand and three

shaft grouted piles in clay; the results indicated that the

bearing capacity of the grouted steel piles was 2.5 times

higher than that of the ungrouted steel piles under the same

conditions. Littlechild et al. [18] reported that static load

tests were carried out on 20 side-grouting piles up to 1.5 m

in diameter in sand and clay with SPT N values less than

50, and the conclusion of the tests was that the shaft

resistance of side-grouting piles was double that of

ungrouted piles. Moreover, reloading tests over a year after

the first load test were performed on the side-grouting piles,

and the shaft resistance of the side-grouting piles was not

reduced. Consequently, post-grouting at the pile side can

effectively improve the boundary conditions at the pile-soil

contact and strengthen the strength and stiffness of the soil

around the pile shaft, thereby increasing the shaft resistance

[3, 19, 21, 28]. In practice, large-diameter bored piles are

usually installed in the soil to resist greater vertical, lateral,

and uplift loads and have been widely applied in the

foundation of highway bridges, high-voltage transmission

towers, underground substations and offshore oil platforms.

However, the pile shaft in the abovementioned foundation

is often affected by the combined actions of axial force,

horizontal shear and moment, whereas it may be difficult to

meet the pile foundation design requirements with tip

grouting alone. Therefore, it is necessary to use side

grouting or combined tip-and-side grouting to further

improve the bearing capacity of large-diameter bored piles.

On this basis, there is a need to analyze the response of

side-grouting piles and combined-grouting piles.

Post-grouting craftwork is underground concealed

engineering and its effect can be affected by the uncer-

tainty of the grouting process and the complexity of the

influencing factors; the evaluation of the grouting effect is

thus more difficult. At present, the detection methods of the

grouting effect include the static load test, coring test, and

standard penetration test [5, 13, 17]. The static load test is

the most direct and effective method for determining the

bearing capacity of the pile foundation before and after

post-grouting and can analyze the grouting effect

quantitatively. However, this method can only determine

the representative part of the pile and is not suitable for

mass production piles. The distribution of cement grout

along the pile length and physical and mechanical prop-

erties of cement–soil coring samples after post-grouting

can be detected by the coring test. However, the penetra-

tion direction of cement grout and the quantity of cement

are uncertain due to the anisotropy and inhomogeneity of

the soil, causing the test results to have great limitations.

The standard penetration test is a more intuitive and

accurate detection method, but only the vertical variation

of the formation in one borehole can be found. The cost

and period of the test may be multiplied if a large number

of boreholes are arranged to understand the characteristics

of the horizontal variation of the formation. Therefore, it is

necessary to study a nondestructive method for rapid,

effective and practical grouting effect.

In this paper, the field tests are carried out on eight

large-diameter cast-in-place bored piles in extra-thick fine

sand layers, including six combined side-and-tip grouting

piles and two side-grouting piles. The load–displacement

response, shaft resistance, and base resistance under axial

load in extra-thick fine sand layers are estimated from the

strain gauge data obtained during the bi-directional O-cell

tests, and the results of combined-grouting piles and side-

grouting piles before and after post-grouting are compared

and analyzed. Furthermore, the reinforcement effect of

combined tip-and-side grouting is detected by an electro-

magnetic wave computerized tomography technique to

investigate the effect of the post-grouting technique in the

application of large bridge pile foundations. Finally, an

in situ standard penetration test is employed to evaluate the

grouting effect of grouted piles by the variation of SPT

N values before and after post-grouting. It is expected to

provide a basis for the design and detection of post-

grouting piles.

2 Review of the post-grouting apparatus
at the pile tip and side

The post-grouting technique was first applied to the con-

struction of Maracaibo Bridge pile foundations in 1958,

and the bearing capacity of the pile foundation was

improved by the base grouting of the prefabricated pile.

Since then, grouting techniques have been gradually

applied in pile foundation engineering throughout the

world and have been continuously innovated and devel-

oped. Bolognesi and Moretto [1] described in detail that the

method of the pile base grouting via preloading cell

apparatus has been employed for the bridge pile founda-

tions on the Parana River, while a closed grouting device

for the pressure chamber has also been developed by Lizzi
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et al. [20]. Sliwinski and Fleming [27] introduced an open

grouting device for U-shaped grouting cells, which was

placed in gravel and has a rubber sleeves perforated steel

pipe at the end of the pile. Bruce [2] reported that a sim-

plified U-shaped grouting device, which was fixed to the

steel reinforcement cage and placed at the pile base, was

used in the construction of the pile foundation of a cable-

stayed bridge in Thailand in 1985. Mullins and Dapp

[7, 24] presented that the three grouting apparatuses at pile

tip were flat jack (similar to that discussed by Lizzi et al.),

sleeve-port (similar to that described by Bruce), and sleeve-

port with steel plate (similar to that introduced by Sliwinski

and Fleming), respectively. In addition, the flat jack, U-

shaped and modified U-shaped apparatuses for the base

sediment treatment were introduced by Lin et al. [17],

while Thasnanipan et al. [31] described the two different

base grouting devices, known as tube-â-manchette and

drill-and-grout, commonly applied in Bangkok.

In practice, the application of post-grouting at the pile

side is slightly more recent than post-grouting at the pile

tip. Gouvenot and Gabaix [11] proposed first that a shaft

grouting device, which was placed in a 508-mm-in-diam-

eter steel pile, and an injection point was arranged at

intervals of 1 m along the grouting pipes. A shaft grouting

model test apparatus for driven piles in calcareous sand

was developed by Joer et al. [15]; this apparatus comprised

a grouting pump and grouting tubes, in which the grouting

tubes were fixed on the inside of the pile and injected grout

into the sidewall to achieve the anticipated grouting pres-

sure and grouting volume through the valve to control the

grouting process. Fu and Zhou [10] introduced a sleeve

valve pipe device for side-grouting, which involved

grouting tubes, pressure transfer tubes and stopping-grout

valve, and applied it to improve the axial resistance of

bored piles. More recently, Sze and Chan [29] described

how the shaft grouting apparatus was applied in the barrette

pile and underground diaphragm wall of a building project

in Hong Kong. The apparatus adopted for shaft grouting

consisted of 50-mm-in-diameter mild steel tubes, with

rubber sleeves spaced at intervals of l m along the grouting

tubes. A new jetted and grouted precast pile containing

separate devices for side-and-tip grouting was designed by

Thiyyakkandi et al. [35, 37]; the side-grouting system was

divided into different grouting zones according to the pile

length, and each has an independent pipe network. Each of

the side-grouting tubes has an entry and an exit outlet, and

the tip half of each grouting tube has a series of holes at

spacings of 127 mm, with rubber sleeves covering the

holes. To prevent cement grout from moving along the

weakest path during side-grouting, membranes are moun-

ted to the precast pile. Additionally, Zhou et al. [46, 47]

reported a pre-bored grouting planted pile system, which

was grouted along the pile hole after the drilling was

completed and put the precast pile into the pile hole

through its own weight after the end of grouting.

The post-grouting technique was first applied in China

to strengthen the gravel stratum at the pile tip in the 1980s.

Since then, the grouting technique has gained widespread

development and application in the territory. The post-

grouting technique, from the development of closed

grouting to open grouting, from post-grouting at the pile tip

to post-grouting at the pile side or tip-and-side, from the

single pipe method to the U-shaped pipe method, has now

developed into a more mature construction craftwork. In

China, tip grouting apparatuses are generally divided into

two broad categories: the single pipe method, or the U-

shaped pipe method. The single pipe method usually con-

sists of grouting pipes with rubber sleeves wrapped

underneath, as shown in Fig. 1a. The U-shaped pipe

method typically consists of one grouting pipe, one return

pipe and one tip-manchette, as shown in Fig. 1b. A detailed

description of grouting apparatuses at the pile tip can be

found in the literature [9, 38]. Similarly, side-grouting

apparatuses are generally divided into two broad cate-

gories: the single pipe method set to grouting pipes along

the longitudinal direction of the steel rebar cage, or the ring

pipe method set to grouting pipes along the circumferential

direction of the steel rebar cage. The single pipe method for

side grouting generally includes the grouting pipes, elbows

and side-manchette, as shown in Fig. 2a. The grouting

pipes, which are fixed to the inside of the steel rebar cage

using normal tie wire, are used as the grout delivery sys-

tem. The side-manchette, which is fixed to the outside of

the steel rebar cage, is connected to the bottom of the

grouting pipe by an elbow, and the side-manchette is

similar to the tip-manchette of the single pipe method for

tip grouting. Meanwhile, the number of grouting pipes,

which can be properly adjusted according to the pile

diameter, is not generally less than four along the steel

rebar cage. The ring pipe method for side grouting entails

one grouting pipe, one tee joint and one side-manchette, as

shown in Fig. 2b. The side-manchette, which is a rein-

forced flexible hose that surrounds the outside of the steel

rebar cage, is connected to the grouting pipe set to the

inside of the steel rebar cage by a tee joint. The reinforced

flexible hose can be circumferentially arranged with 4–6

rows of grout holes according to the pile diameter, and the

grout holes are wrapped with rubber sleeves in rows to act

as one-way valves. The number of cross sections of

grouting pipes for side grouting depends on the pile length,

and the location of cross sections of grouting pipes at the

pile side can be determined according to the Chinese

standards JTJD63-2007 and JGJ94-2008 [32, 33] and the

geological prospecting data. Generally, the first cross sec-

tion of the grouting pipes at the pile side is located at the
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position of 8–15 m above the pile tip and then arranged

upward one by one along the pile length.

3 Background

Shishou Yangtze River Highway Bridge is located in

Shishou, Hubei Province, Central China. The total length

of the proposed bridge is approximately 39.7 km, of which

the lengths of the main bridge and approach bridges are

1.45 km and 8.08 km, respectively. The proposed bridge,

which is a large-scale project with high technical content,

is a world-class bridge project. Figure 3 shows a sectional

view of the main bridge. Large-diameter cast-in-place

bored pile foundations were employed in the main and

approach bridges, with a total of two hundred and ninety-

nine piers installed along the main and approach bridges.

The results of geological drilling along the proposed bridge

Fig. 1 The grouting apparatus at the pile tip: a single pipe method; b U-shaped pipe method

Fig. 2 The grouting apparatus at the pile side: a the single pipe method set to grouting pipes along the longitudinal direction of the steel rebar

cage; b the ring pipe method set to grouting pipes along the circumferential direction of the steel rebar cage
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site show that there is no bedrock in the exploration of

180 m, and the regional geological conditions are rela-

tively simple and mainly composed of a fine sand layer. To

understand the behavior of large-diameter cast-in-place

bored piles in the extra-thick fine sand layer, it is necessary

to carry out test piles at the proposed bridge site.

4 Site description

Sufficient boreholes were sunk to obtain detailed distribu-

tions of the soil layers, and in situ standard penetration tests

(SPT) and cone penetration tests (CPT) were performed

prior to the design of pile foundations. Four CPT boreholes

(BR1, BR2, BR3, and BR4) and four SPT boreholes (BH1,

BH2, BH3, and BH4) were carried out near the test piles of

the north and south approach bridges; the locations of the

site investigation are illustrated in Fig. 4. The groundwater

table at the proposed bridge site was encountered at depths

between 1.5 and 2.0 m. The detailed soil layer distributions

at the proposed bridge site are shown in Fig. 5. As shown

in Fig. 5, the soil layer at the site is composed of mucky

soil, clay, silty clay, silt and fine sand. Table 1 summarizes

the soil profiles and properties for each soil layer of the

north and south approach bridges.

Figure 6 shows the results of the CPT sounding at

boreholes BR1, BR2, BR3, and BR4. The soundings were

terminated below approximately 22 m in depth because of

the strength of medium dense fine sand. The SPT blow-

count (N) with the depth near the test piles is also shown in

Fig. 5. Figure 5 shows that the SPT N values of the

cohesive soil at the shallow layer vary between 2 and 11,

whereas the SPT N values of the fine sand soil at the deep

Main BridgeApproach Bridge Main Bridge Approach Bridge

1450 m
75 m 75 m 80 m 820 m 300 m 100 m

273.685 m

Mean annual
water level: 29.008 m
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water level: 37.640 m
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Fig. 3 Layout of the main bridge
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layer vary between 16 and 41; the fine sand soils at the

deep layer are in a medium dense to very dense state.

5 Test pile conditions, test method,
and instrumentation

Eight large-diameter cast-in-place bored piles in the extra-

thick fine sand layer were tested to study the response of an

axially loaded single pile. The test piles TS1, TS2 and the

test piles TS3, TS4 are located on pier no. 88 and pier no.

92 of the north approach bridge, respectively; the test piles

TS5 and TS6 are located on pier no. 226 and pier no. 227 of

the south approach bridge, respectively, whereas the test

piles TS7 and TS8 are located on pier no. 243 and pier no.

244 of the south approach bridge, respectively. The layout

of the eight test piles is shown in Fig. 4, and the soil

profiles of the location of each test pile in the soil layers are

shown in Fig. 5. The test piles of the north approach bridge

were installed using the reverse circulation rotary drilling

method, and the other test piles of the south approach

bridge were installed using the auger drilling method. The

elastic modulus of the concrete for each test pile was

assumed to be 30 GPa. All the test piles rested on a layer of

very dense fine sand, and the other detailed parameters of

the test piles are shown in Table 2.

The static load tests were conducted in two phases: before

and after post-grouting. The first phasewas commenced after

the concrete reached the design strength of the pile shaft. The

second phase was conducted after post-grouting and the

requirements of the grout curing were met.

The bi-directional O-cell test method was employed in

the field tests of the test piles, and a double-level O-cell is

placed in the shafts for this test. The positions of the
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double-level O-cell for the test piles are presented in Fig. 5.

The bi-directional O-cell tests were conducted on the test

piles in accordance with the slowly maintained load pro-

cedure. The methods of loading and unloading were in

accordance with the Chinese standard JGJ/T 403-2017

[34]. A detailed description of the double-level O-cell test

was provided by Wan et al. [39]. To investigate the influ-

ence of post-grouting on the bearing characteristics of

large-diameter cast-in-place bored piles, strain gauges were

mounted to the reinforcing cage at each level before the

installation of test piles. Figure 5 presents the elevations of

strain gauges along the test pile. Two displacement trans-

ducers were installed at the pile head to measure the pile

head displacement, and four displacement transducers were

mounted at the upper and the lower level of the O-cell to

measure the displacement of the upper and lower O-cell.

6 Post-grouting technique

After the test piles were formed, the post-grouting tech-

nique was adopted to enhance the axial resistance and

reduce the settlement of the test piles. The test piles TS2,

TS3, TS4, TS5, TS6, and TS8 were subjected to the

combined tip-and-side grouting, and the test piles TS1 and

TS7 were underwent post-grouting at the pile side alone.

Table 1 Soil parameters

Soil layer w (%) csat (kN m-3) e Es1–2 (MPa) c (kPa) u (�) fsa (kPa) qsik (kPa)

North approach bridge

Clay 31.5 18.9 0.901 4.43 16.2 13.9 100 40.8

Silt 31.1 18.9 0.881 4.30 14.7 13.8 100 23.3

Loose fine sand 20.6 19.0 0.968 8.6 15.3 27.74

Slightly dense fine sand 19.7 0.892 10.2 16.0 30.7 140 33.7

Medium dense fine sand 20.2 0.808 12.0 15.0 33.0 190 49.6

Very dense fine sand 20.5 0.672 12.4 15.0 33.9

South approach bridge

Sludge 64.1 16.3 1.776 2.18 4.8 4.1 50 22.7

Mucky soil 45.1 17.7 1.251 2.72 6.5 5.6 80 31.9

Silty clay 37.3 18.3 1.045 3.44 11.2 7.1 100 40.8

Silt 26.6 19.3 0.772 9.60 24.2 20.0 130 48.2

Slightly dense fine sand 19.7 0.892 10.2 16.0 30.7 140 33.7

Medium dense fine sand 20.2 0.808 12.0 15.0 33.0 190 49.6

Very dense fine sand 20.5 0.672 12.4 15.0 33.9

w, the natural water content; csat, the saturated unit weight; e, the void ratio; Es1–2, the compressive modulus; c and u, the cohesion and internal

friction angle of each soil layer, respectively; fsa, the characteristic value of the strata bearing capacity; and qsik, the standard value of shaft

resistance, estimated from cone penetration tests

Fig. 6 Cone penetration test results at boreholes (BR1, BR2, BR3, and BR4)
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As previously described, the grouting device at the pile tip

is post-grouted using the single pipe method, and three

vertical tip-manchettes, each connected to the bottom of

one grouting pipe, are installed at the bottom of the pile

excavation with the steel rebar cage. The grouting device at

the pile side is post-grouted using the ring pipe method set

to grouting pipes along the circumferential direction of the

steel rebar cage. For the test piles TS2, TS3, TS4, TS5,

TS6, TS7, and TS8, two ring grouting pipes are placed

along the steel rebar cage at two levels, while for the test

pile TS1, three ring grouting pipes are placed along the

steel rebar cage at three levels. The number and location of

the grouting pipe at the pile tip and side are determined

according to the Chinese standards JTJD63-2007 and

JGJ94-2008 and geotechnical investigations. The position

of grouting ring pipes above the pile tip for each pile is

summarized in Table 3. The Chinese standard JGJ94-2008

states that, regarding the sequence of combined side-and-

tip grouting, grouting at the pile side should first be per-

formed, followed by grouting at the pile tip. Additionally,

when pile side-grouting pipes were attached to the rein-

forcement cage of the test piles at different levels, the side

grouting should be performed from pile head to pile bot-

tom. It should be noted that the time interval of the side

grouting and the tip grouting should not be less than 2 h.

Photographs taken during the installation of the grouting

device at the pile tip and side are given in Fig. 7.

To prevent the grouting pipes from experiencing

blockage, after 12 h of pouring concrete, water is pumped

through the grout delivery system to break off concrete

from the tip-manchette or side-manchette. After the con-

crete has reached the design strength of the pile shaft, the

first phase test of the test piles is carried out by the bi-

direction O-cell test method. The post-grouting of each test

pile is conducted immediately after the end of the first

phase test. The test piles are post-grouted using a mixture

of water and ordinary Portland cement. The water-cement

ratio of the grout is approximately 0.5:1, and the other

detailed grouting parameters of the test piles are described

in Table 3.

7 Analysis of load test results

7.1 Equivalent load–displacement responses

The bi-directional O-cell tests of the first phase were car-

ried out approximately 20 days after pouring concrete, and

the bi-directional O-cell tests of the second phase were

conducted approximately 30 days after post-grouting. The

test results of the bi-directional O-cell before and after

post-grouting were equivalently converted into the load–

displacement curves of the conventional static load test.

Detailed equivalent conversion of the bi-directional O-cell

test can be found in the literature [6].

Figure 8 shows the equivalent load–displacement

responses of each test pile before and after post-grouting.

In Fig. 8, it is shown that the equivalent load–displacement

curves of the test piles before and after post-grouting have

distinct plunging points, and the equivalent pile head load–

displacement curves of the test piles after post-grouting are

gentler than those of the test piles before post-grouting.

Zhang et al. [43] and Wan et al. [40] proposed that the load

corresponding to the plunging point of the pile can be

regarded as the ultimate bearing capacity of a single pile.

Hence, the ultimate bearing capacity of each pile is taken to

be the load before reaching the maximum load, i.e., when

the equivalent applied load at the pile TS1 head before

post-grouting is loaded from 21.3 MN to 21.9 MN, the

equivalent displacement at the pile head sharply increases.

According to the abovementioned criterion, the ultimate

bearing capacity of each pile before and after post-grouting

can be obtained. The ultimate bearing capacity, total shaft

resistance, base resistance of each pile, and their corre-

sponding increased range are summarized in Table 4.

Table 2 Parameters of test piles

Pile no. Pile diameter (m) Pile length (m) Bearing stratum Design load (kN) Test phase

TS1 2.0 50 Fine sand 15,340 Before and after post-grouting

TS2 2.0 50 Fine sand 15,340 Before and after post-grouting

TS3 2.0 52 Fine sand 15,820 Before and after post-grouting

TS4 2.0 52 Fine sand 15,820 Before and after post-grouting

TS5 1.8 54 Fine sand 14,380 Before and after post-grouting

TS6 1.8 54 Fine sand 14,440 Before and after post-grouting

TS7 1.5 40 Fine sand 9842 Before and after post-grouting

TS8 1.5 40 Fine sand 9400 Before and after post-grouting

The design load is estimated synthetically by the standard penetration tests and the cone penetration tests
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It can also be seen in Fig. 8 that the equivalent dis-

placement of each pile head increases with increasing

equivalent load of each pile head, and at a small loading

level, the equivalent load–displacement curves for each

pile before and after post-grouting are almost linear. The

difference between the grouted piles and the ungrouted

piles increases gradually with increasing equivalent load.

The equivalent displacement increase at the pile head for

grouted piles is less than that of ungrouted piles at the same

load level. That is, the pile after post-grouting can bear

greater pile head load at the same displacement. Conse-

quently, under the same conditions, the bearing capacity of

grouted piles is obviously larger than that of the piles

without post-grouting. Meanwhile, the bearing capacity of

combined-grouting piles is also greater than that of side-

grouting piles.

The results in Table 4 show that compared with the test

results of the piles TS1 and TS7 before side grouting, the

ultimate bearing capacity of the piles TS1 and TS7 after

side grouting in the extra-thick fine sand layer is increased

by 41.54% to 58.98%, the total shaft resistance is increased

by 51.85% to 59.19%, and the base resistance is increased

by 1.27% to 57.41%. In addition, the ultimate bearing

capacity, the total shaft resistance and the base resistance

of the piles TS2, TS3, TS4, TS5, TS6, and TS8 after

combined tip-and-side grouting are 66.03–96.40%,

46.72–68.88%, and 137.87–323.01% larger than that

before combined tip-and-side grouting, respectively. It can

also be noted from the test results of the piles TS2, TS3,

TS4, TS5, TS6, and TS8 after combined tip-and-side

grouting that the ratios of the base resistance to the ultimate

bearing capacity for the piles TS2, TS3, TS4, TS5, TS6,

and TS8 are increased from 10.83–21.16% to

22.25–30.32%, and the pile functions are thereby converted

into an end-bearing friction pile. Therefore, the bearing

performance of the combined-grouting pile is better than

that of the side-grouting pile, and the load transfer char-

acteristics of the pile are significantly improved.

Table 3 Grouting parameters

Pile no. Water–cement ratio Quantity of cement

(t)

Grouting pressure

(MPa)

Position of side pipes above the pile tip (m) Grouting type

Pile side Pile tip Pile side Pile tip First, second, third

TS1 0.5 3.6 N/A 3.9 N/A 8, 23, 38 Side grouting

TS2 0.5 3.0 4.0 2.7 4.2 15, 30, N/A Combined grouting

TS3 0.5 3.4 3.6 2.8 4.3 15, 30, N/A Combined grouting

TS4 0.5 3.4 3.6 2.9 4.2 15, 30, N/A Combined grouting

TS5 0.5 3.2 2.8 4.2 5.5 15, 30, N/A Combined grouting

TS6 0.5 3.2 2.82 4.8 5.7 15, 30, N/A Combined grouting

TS7 0.5 2.5 N/A 2.7 N/A 8, 23, N/A Side grouting

TS8 0.5 2.4 2.4 3.1 3.5 12, 24, N/A Combined grouting

Only the grouting pressure of the first cross section of the grouting pipe at the pile side is given

Fig. 7 The photographs of the site construction for tip-and-side post-grouting facilities: a grouting device at the pile tip; and b grouting device at

the pile side
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Fig. 8 Equivalent load versus displacement curves of each pile before and after post-grouting: a TS1 and TS2; b TS3 and TS4; c TS5 and TS6;

and d TS7 and TS8

Table 4 Ultimate bearing capacities, total shaft resistances, base resistances of each pile and their corresponding increased range

Pile

no.

Before post-grouting After post-grouting Q0
su�Qsu

Qsu

(%)

Q0
bu
�Qbu

Qbu

(%)

Q0
u�Qu

Qu

(%)Total shaft

resistance Qsu

(kN)

Mobilized

base load Qbu

(kN)

Ultimate bearing

capacity Qu (kN)

Total shaft

resistance Q0
su

(kN)

Mobilized

base load Q0
bu

(kN)

Ultimate bearing

capacity Q0
u (kN)

TS1 16,975 4346 21,321 25,777 4401 30,178 51.85 1.27 41.54

TS2 16,803 4243 21,046 26,365 10,148 36,513 56.91 139.17 73.49

TS3 17,878 4798 22,676 26,235 11,413 37,648 46.74 137.87 66.03

TS4 17,897 4779 22,676 26,258 11,390 37,648 46.72 138.33 66.03

TS5 14,385 2520 16,905 21,784 6507 28,291 51.44 158.21 67.35

TS6 14,565 2340 16,905 22,618 6473 29,091 55.29 176.62 72.09

TS7 9370 1275 10,645 14,916 2007 16,923 59.19 57.41 58.98

TS8 9091 1104 10,195 15,353 4670 20,023 68.88 323.01 96.40
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7.2 Shaft resistance

The total shaft resistance was gained by subtracting the

mobilized base load from the ultimate load capacity, and

the pile head displacement was obtained by the equivalent

conversion of the results of the bi-directional O-cell test.

The relationships between the total shaft resistance and the

pile head settlement of each pile before and after post-

grouting are given in Fig. 9.

It can be observed from Fig. 9 that the changing trends

of the total shaft resistance of each pile before and after

post-grouting are almost identical to the pile head dis-

placement but have different values of the total shaft

resistance. The total shaft resistance of grouted piles is

significantly larger than that of the pile without post-

grouting. The grout may have penetrated into the fine sand

layer around the pile shaft because of high-pressure

grouting, and the boundary conditions at the pile-soil

contact may be improved and increase adhesion of the

concrete to the fine sand layer, resulting in high soil

strength and stiffness surrounding the pile. The total shaft

resistance of the grouted pile is thereby larger than that of

the ungrouted pile. In addition, the pressure grout compacts

the soil around the pile shaft and increases the horizontal

stress at the pile-soil interface, which has a significant and

positive impact on the improvement of the shaft resistance.

Figure 10 shows the distribution of the unit shaft resis-

tance along the piles TS1, TS2, TS7, and TS8 before and

after post-grouting under the ultimate loading. It can be

seen from Fig. 10 that, compared with the test results of the

piles TS1, TS2, TS7, and TS8 before post-grouting, the

unit shaft resistance of the piles after post-grouting is

obviously improved. The increased range of the unit shaft

resistance for the combined-grouting piles TS2 and TS8 is
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Fig. 9 Total shaft resistance versus pile head displacement curves of each pile before and after post-grouting: a TS1 and TS2; b TS3 and TS4;

c TS5 and TS6; and d TS7 and TS8
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higher than that of the side-grouting piles TS1 and TS7,

especially for the unit shaft resistance near the pile tip. It

should be noted that the tip grouting for the combined-

grouting pile may improve the shaft-soil contact near the

pile tip due to migration of the grout along the pile shaft,

yielding high soil strength and stiffness surrounding the

pile, and the unit shaft resistance is therefore improved.

Alternately, the tip grouting can compact and penetrate the

fine sand layer at the pile tip and mix with the fine sand

layer to effectively strengthen it, making it stronger and

stiffer. Therefore, the strengthening effect of the soil

improvement at the pile tip on the shaft resistance can

enhance the unit shaft resistance.

7.3 Mobilized base resistance

The base resistance for the pile is obtained by subtracting

the shaft resistance of the lower pile segment from the

lower O-cell load, whereas the base displacement is

obtained by subtracting the compression of the lower pile

segment from the downward displacement of the lower

O-cell load. Therefore, the base resistance-base displace-

ment curves of each pile before and after post-grouting can

be obtained, as shown in Fig. 11.

It can be found from Fig. 11 that the base resistance-

base displacement curves of the piles before and after post-

grouting are similar but have different values of the base

resistance. The base displacement after post-grouting is

less than that before post-grouting at the same base resis-

tance, which indicates that the end-bearing capacity can be

mobilized within a smaller displacement after post-grout-

ing. The pressure grout effectively strengthens the loose

sediment at the pile tip and the mudcake around the pile

shaft by means of compacting, permeating, and splitting,

yielding high strength and stiffness of the soil at the pile

tip. The base resistance of the grouted pile is therefore

larger than that of the ungrouted pile. It can also be

observed that, compared with the base resistance for the

piles TS1 and TS7 before side grouting, the base resistance

for the piles TS1 and TS7 after side grouting is increased

by 1.27% and 57.41%, respectively, which indicates that

side grouting can not only enhance the strength of the soil

around the pile shaft but also improve the strength of the

soil at the pile tip. It is noted that side grouting effectively

solidifies the mudcake around the pile shaft by means of

compacting, permeating, filling, and consolidating,

whereas the strengthening effect of the surrounding soil

improvement on mobilizing the base resistance can

enhance the unit base resistance. Additionally, the base

resistance for the piles TS2 and TS8 after combined tip-

and-side grouting is larger than that of the piles TS2 and

TS8 before combined tip-and-side grouting. It also reflects

that a more significant effect can be achieved compared

with side grouting, and then the tip responses of the com-

bined-grouting pile also have a more significant impact.

Figure 12 shows the relationship between the equivalent

pile head load and the mobilized base load for the piles

TS1, TS2, TS7, and TS8 before and after post-grouting. It

shows that the base load is gradually mobilized with

increasing equivalent pile head load. The ratios of the

mobilized base load to the equivalent pile head load for the

piles before post-grouting are almost identical as the

equivalent applied load increases, whereas the mobilized

base load sharing ratios of the piles after post-grouting

have some discrepancies due to the different types of

grouting, i.e., when the piles reach the ultimate load, the

mobilized base load sharing ratios of the combined-grout-

ing piles TS2 and TS8 are 22.29% and 23.32%, respec-

tively, and the mobilized base load sharing ratios of the

side-grouting piles TS1 and TS7 are 14.58% and 11.86%,
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respectively. Therefore, different types of grouting may

lead to different bearing performances of the pile. It can

also be observed that the base resistance of the combined-

grouting pile is mobilized before the application of vertical

load because of the preloading effect of soil beneath the

pile tip arising from the tip grouting. Thus, the strain

incompatibility between the base resistance and the shaft

resistance of the combined-grouting pile is improved.

8 Application of the EWCT technique
in detecting post-grouting effects

8.1 Principle of the EWCT technique

Electromagnetic Wave Computerized Tomography

(EWCT), as a modern nondestructive testing technique to

identify and classify the characteristics of geological struc-

tures, has been employed in a variety of application fields.

The EWCT technique is a geophysical prospecting method

in which electromagnetic waves are sent into a borehole and

received in another borehole, and the two-dimensional dis-

tribution of the absorption coefficient of the underground

medium is studied by using the inversion algorithm

according to the data obtained from different depths between

the boreholes [4, 8, 12, 30]. The theory and practice have

proved [12, 14, 30] that the transmission of an electromag-

netic wave in the underground media is principally influ-

enced by the electrical conductivity, dielectric permittivity

and frequency of the electromagnetic wave, and there is

thereby some discrepancy in the absorption of the electro-

magnetic wave in the underground media. Therefore, these

differences can be used to infer the position and shape of

underground structures via the EWCT technique.
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Fig. 11 Pile base resistance versus base displacement curves of each pile before and after post-grouting: a TS1 and TS2; b TS3 and TS4; c TS5
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The injected cement grout mixes with the undisturbed

soil particles by means of filling, permeating, compacting,

and splitting and is condensed into a cement–soil material

with high strength and stable chemical performance. There

is thereby some discrepancy in the absorption coefficient

between the undisturbed soil and the cement stabilized soil,

and the grouting effect of the grouted pile is studied on the

basis of different absorption coefficients. Consequently, the

EWCT technique can be adopted to assess the reinforce-

ment effect of post-grouting on the pile foundation.

8.2 Test details, test method, and test procedure

To explore the application of the EWCT technique in the

Shishou Yangtze River Highway Bridge project, the test

piles TS3 and TS4 were selected as the EWCT test object.

The EWCT tests were carried out 38 days after post-

grouting. In this test, a crosshole electromagnetic wave

method was applied to a PVC pipe with a diameter of

60 mm embedded in the boreholes. Both the test piles have

four boreholes drilled around the pile side as the trans-

mission borehole and the receiver borehole, respectively,

and the vertical distances between the four boreholes and

the pile side are 0.5, 0.5, 2.0, and 4.0 m, respectively. To

analyze the test results of the EWCT for the piles TS3 and

TS4 after post-grouting, a fictitious pile is set up as a

comparison. Similarly, the fictitious pile has four boreholes

drilled around the pile side. Each pile, which forms a

crosshole plane between the transmitter in one borehole

and the receiver in another, is a total of six crosshole

planes, i.e., separate data sets for the pile TS3 are acquired

along six sections between boreholes B and A, B and C, A

and D, C and D, B and D, and C and A. Note that the

coring hole is taken as borehole J to facilitate the test. The

detailed arrangement of the EWCT test holes for each pile

is shown in Fig. 13.

In practice, a transmitter antenna set to a well-defined

frequency is first placed in the transmission borehole and

fixed at a given depth, and then a receiver antenna set to the

same frequency is lowered to the receiver borehole, moves

upwards or downwards at intervals of 1 m along the

receiver borehole, and receives signals once at intervals;

thus, a series of data can be acquired as a scan. Subse-

quently, the transmitter antenna is moved upwards or

downwards at intervals of 1 m, and another scan can be

conducted until the entire length of the two boreholes is

scanned. In the specific test, the antennae frequencies of

12, 18, and 24 MHz are tested separately to ensure that the

antennae frequency of the appropriate electromagnetic

wave is obtained. Therefore, the data analysis phase is

interpreted by electromagnetic wave data with the antennae

frequency of 12 MHz because of the influence of the

spacing of boreholes on the resolution.

The EWCT technique in detecting post-grouting effects

includes the following steps: (1) ensure that the boreholes

are first smooth and complete the preparation before the

test; (2) a transmitter antenna and a receiver antenna are

placed in the boreholes, and the transmitter antenna and

receiver antenna are connected to the host system through

the electric cable to control and debug the instrument

parameters; (3) the transmitter antenna or the receiver

antenna is moved upwards or downwards at intervals of

1 m using the fixed-point transmitting method, and the

related data is acquired to complete the scanning of the

entire length of the two boreholes by the automatic

monitoring system; (4) check whether the data is normal,
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and re-test for any special case; and (5) the data is then

interpreted using the related treatment software, and an

image of the underground medium between the two

boreholes is obtained in the distribution form of the

scanning of the entire length. Following the abovemen-

tioned procedure, the grouting effect of the cement grout

on the soil between the boreholes can be obtained, and

the grouting effect of each crosshole plane can be

obtained by repeating the abovementioned steps, thereby

realizing the evaluation of the grouting effect of post-

grouting on the pile foundation.

8.3 Analysis of the EWCT test results

Data acquired with the transmitter boreholes and receiver

boreholes in this EWCT test was analyzed and interpreted.

The apparent absorption coefficient b of the electromag-

netic wave in the underground media was first obtained

using the algebraic reconstruction method, and then the

inversion image of the apparent absorption coefficient of

each crosshole plane was drawn by the related software.

The inversion images of the apparent absorption coefficient

of each crosshole plane for each pile are shown in

Figs. 14, 15, and 16.

Figure 14 shows the inversion image of the apparent

absorption coefficient of each crosshole plane for the

fictitious pile. It can be observed that there is some dis-

crepancy in the apparent absorption coefficient between

partial crosshole planes, which may be affected by the

spacing of boreholes, the squeezing effect of adjacent

piles, pressure grout that penetrates and compacts the

surrounding soil, etc. The crosshole plane between bore-

holes G and F can be divided into three parts from top to

bottom, and there is a clear stratification boundary of the

apparent absorption coefficient at depths approximately

17 and 38 m, that is, the properties of the soil have

changed, which is more consistent with the geological

prospecting data.

Figure 15 shows the inversion image of the apparent

absorption coefficient of each crosshole plane for the test

pile TS3. It can be found that the inversion images of the

apparent absorption coefficient of the crosshole planes BA

and BC are similar in the overall characteristics, and the

inversion images of the apparent absorption coefficient of

the crosshole planes AD and CD are also similar in the

overall characteristics. Compared with the inversion image

of apparent absorption coefficient of each crosshole plane

for the fictitious pile, it is inferred that the apparent

absorption coefficient b of the cement grout reinforcement

zone should be approximately 0.8 dB/m. The b value of the

crosshole planes BA and BC is too large because of the

distance between the boreholes, whereas the b value is

abnormally small at depths between 14 and 16 m, and the b
value near boreholes A and C is smaller. It is thus deduced

that the soil in this depth range is affected by the rein-

forcement of the cement grout. Meantime, the inversion

images of the apparent absorption coefficient of the

crosshole planes AD and CD also show the impact of the

cement grout on the soil in this depth range; this indicates

that the grouting at the pile side 15 m below the ground

surface is more uniform, and the cement grout is hori-

zontally distributed in the range of 2–3 m around the pile.

Additionally, an anomalous layer appears at depths

between 31 and 33 m by observing the inversion image of

each crosshole plane, and it can thus be deduced that the

layer is a thin silty soil combined with the geological

prospecting data. The crosshole planes BD near the

direction of the fictitious pile formed a one-way expansion,
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and the inversion images of the fictitious pile can be used to

determine the horizontal penetration of the cement grout in

the range of 2–3 m.

It can also be observed from Fig. 15 that the b value of

the crosshole planes AD and CD below 40 m decreases

from 0.8 to 0.55, whereas the b value of the crosshole

Fig. 14 The inversion image of the apparent absorption coefficient of each crosshole plane for the fictitious pile: a E–D; b D–F; c E–G; d G–F;

e D–G; and f E–F

Fig. 15 The inversion image of the apparent absorption coefficient of each crosshole plane for test pile TS3: a B–A; b B–C; c A–D; d C–D; e B–
D; and f C–A
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planes BA and BC does not reflect this phenomenon. This

indicates that the grout migrates along the shaft side near

the direction of the fictitious pile due to tip grouting and

forms an uneven enlarged head. In addition, the inversion

image of the crosshole plane BD shows that the rein-

forcement effect of the pile tip is significantly obvious, and

the maximum reinforcement depth can reach 4–5 m below

the pile tip.

Figure 16 shows the inversion image of the apparent

absorption coefficient of each crosshole plane for the test

pile TS4. The coring hole is taken as borehole J, and steel

casings in the coring hole have a greater impact on the

electromagnetic waves. Hence, the resolution of the

inversion image of the crosshole planes IJ, GJ, and HJ in

the pile length range is relatively poor. Alternately, the

resolution of the inversion image of the crosshole planes IH

and IG is unsatisfactory due to the distance between the

transmission borehole and the receiver borehole. There-

fore, the effect of the pile tip grouting is only analyzed for

the test pile TS4.

It can be seen from the crosshole planes GH, IJ, GJ, and

HJ that the b value appears in an anomalous region

approximately 51 m below the ground surface, which

indicates that the soil in this depth is affected by the rein-

forcement of cement grout at the pile tip. The crosshole

planes IJ and GJ at the pile tip J exhibit false contours and

spread gradually toward the direction of I and G. This shows

that the phenomenon of false contours may be affected by

the excessive deposition of the grout at the pile tip and the

vertical grout due to the tip grouting being unevenly dis-

tributed. In addition, the inversion image of the crosshole

planes HJ shows that the cement grout penetrates and

spreads toward the soil below the pile tip; it can be deduced

that the maximum reinforcement depth can reach 5–7 m

below the pile tip, and the cement grout is horizontally

distributed in the range of 3–4 m around the pile.

In the analysis of the EWCT test results of the above-

mentioned single pile, the apparent absorption coefficient b
reflected by the inversion image of partial crosshole planes

is quite different due to the influence of the spacing of

boreholes and the pile shaft. Therefore, the crosshole

planes CD, DG, and GH with good test results are analyzed

uniformly, and the inversion image of the apparent

absorption coefficient of the entire region can be obtained,

as shown in Fig. 17. It shows that the fictitious pile at

depths between 13 and 30 m is affected by the penetration

of the cement grout, and the cement grout of side-grouting

for the test piles TS3 and TS4 is connected in the transverse

direction. It is thus deduced that this may be affected by the

squeezing effect of the adjacent piles, and the injected

cement grout infiltrates into a small confining pressure in

the direction of the fictitious pile.

Based on the above analysis, the influencing factors of

the EWCT detection effect can be summarized as follows:

Fig. 16 The inversion image of the apparent absorption coefficient of each crosshole plane for test pile TS4: a I–H; b G–H; c I–J; d G–J; e H–J;
and f I–G
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(1) the b value of the apparent absorption coefficient

exhibits easily abnormal phenomena due to the close dis-

tance between the transmission borehole and the receiver

borehole, resulting in the relatively poor resolution of the

inversion image; (2) the influence of reinforced concrete

piles on the detection of electromagnetic waves, the

crosshole plane across the pile shaft, and the smaller

spacing of boreholes prevent detection of the effect of side-

grouting; and (3) steel casings have a greater impact on the

electromagnetic waves, which easily results in the lower

resolution of the inversion image of the crosshole planes.

9 In situ standard penetration test

In the post-grouting process of the pile foundation, the

injected cement grout mixes with the soil at the pile tip and

side into a cement–soil material, yielding a greater differ-

ence between the properties and status of the cement sta-

bilized soil and the original soil, and thus the blowcounts of

penetration to the same depth may be different. Therefore,

the in situ standard penetration test can be applied to

evaluate the post-grouting effect of the pile foundation by

the variation of SPT blowcounts (N) before and after post-

grouting. The SPT in this test is only studied for the test

piles TS1, TS3, and TS4. The holes A and B at the pile side

are arranged symmetrically on both sides of each test pile,

and the spacing between the side hole and the pile side is

20 cm. Figure 18 shows the arrangement of the SPT holes

for each pile. Each pile was subjected to the SPT test

35 days after post-grouting and compared with the SPT

N value of a geological survey of the same location for

each pile. Comparisons of SPT N value for the piles before

and after post-grouting are shown in Fig. 19.

It can be observed from Fig. 19 that the SPT N value

after post-grouting for the pile TS1 above 18 m in depth is

slightly less than that before post-grouting. It is inferred

that the cement grout distribution of the pile side-grouting

is non-uniform, and thus the test results have a certain

limitation. The SPT N value of the soil at the pile side after

combined grouting is generally improved. This indicates

that the cement grout is filled with the defects of the pile-

soil surface to enhance the strength and stiffness of the soil

at the pile side, and the SPT N value of the soil at the pile

side after post-grouting is thereby larger than that before

post-grouting.

Figure 20 shows the relationship between unit shaft

resistance and SPT N value before and after post-grouting.

For clarity, the ratios of the unit shaft resistance are used

for analysis. In Fig. 20, it is shown that the ratios of the

unit shaft resistance to the SPT N value before and after

post-grouting gradually decreases with an increasing SPT

N value and tends to be stable. It is also obvious that

compared with those before post-grouting, the ratios of the

unit shaft resistance to the SPT N value after post-grouting

are much larger for any given SPT N value. It is further

indicated that the injected cement grout is filled with the

defects of the pile-soil interface to improve the boundary

conditions at the pile-soil contact, and enhance the strength

and stiffness of the soil around the pile shaft, thereby

enhancing the unit shaft resistance.

10 Discussion

In the present study, we investigated the bearing behavior

of cast-in-place bored piles with different types of post-

grouting. The test results demonstrate that the bearing

performance of the combined-grouting pile is better than

that of the side-grouting pile. Wan and Qiu [41] reported

that post-grouting at the pile side strengthens the sur-

rounding soil by means of compacting and permeating, the

Fig. 17 The inversion image of the apparent absorption coefficient of

the entire region: a C–D; b D–G; and c G–H

D

Hole A

Hole B

20
0

20
0

110

Fig. 18 The arrangement of the SPT holes for test piles TS1, TS3,

and TS4 (unit: mm)
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strength and stiffness of the grouting soil are higher than

that of the non-grouting soil, and the horizontal bearing

capacity of bored piles can be improved significantly.

Therefore, when large-diameter bored piles are subjected to

large horizontal loads, post-grouting at the pile side can be

used to increase their horizontal bearing capacity; if large-

diameter bored piles are subjected to a combination of

vertical and horizontal loads, combined tip-and-side

grouting can be used to significantly improve its bearing

performance.

The strengthening effect of the stiff soil at the pile tip on

the shaft resistance was discussed by Zhang et al. [45]. In

this study, we not only observed the strengthening effect of

the soil improvement at the pile tip due to tip grouting on

the shaft resistance but also found that the base resistance

can be increased by the surrounding soil improvement due

to side grouting. Consequently, by revealing the mecha-

nism of the strengthening interaction between the shaft and

base resistance, the potential bearing capacity of post-

grouting piles can be mobilized to achieve the optimal

design of pile foundations and reasonably correct the cal-

culation method of bearing capacity of pile foundations.

In this test, the static load test and the standard pene-

tration test are only suitable for the representative test piles

as the detection methods of grouting effect. However, these

two methods have great limitations for evaluating multi-

pile or pile group foundations. The results of the EWTC

test indicate that the method can be employed to detect the

grouting effect of post-grouting piles, and it can be applied

to practical mass production piles. Indeed, the EWCT

technique has been widely used in engineering geological

exploration, quality inspection of pile foundations and the

detection of karst roadbed grouting because of its high

accuracy and intuitive analytical results and the fact that it

is unaffected by the obstruction of obstacles on the ground

and the overburden thickness [16, 30, 42]. Therefore, it is

further shown that it is completely feasible to detect the

grouting effect of the pile foundation by using the EWCT

technique. The main purpose of this work is to reveal the

influence of different grouting types on the bearing char-

acteristics of large-diameter bored piles and to use the

EWCT technique to realize the evaluation of the grouting

effect for post-grouting piles. The research results have

significant guidance for the design and effect detection of

post-grouting piles.

11 Conclusion

This paper presents the results of field tests performed on

six combined side-and-tip grouting piles and two side-

grouting piles constructed in an extra-thick fine sand layer

in the region of Shishou, China. The reinforcement effect

of post-grouting was evaluated using the EWCT technique

and standard penetration test. The following conclusions

can be drawn on the basis of the test results and analyses.

1. The ultimate bearing capacity of side-grouting piles in

the extra-thick fine sand layer is increased by

41.54–58.98%, and the ultimate bearing capacity of

combined-grouting piles is increased by
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66.03–96.40%. The test results show that the grouted

piles provide larger load-bearing capacity than

ungrouted piles under the same conditions, and the

combined-grouting piles provide also greater load-

bearing capacity than side-grouting piles.

2. Post-grouting at the pile side effectively improves the

boundary conditions between the pile shaft and the soil

and enhances the soil strength and stiffness surround-

ing the pile. Therefore, the total shaft resistances after

post-grouting are 46.72–68.88% higher than those

before post-grouting and have significant effects on the

load transfer characteristics of the pile.

3. The mobilized base resistance of grouted piles is larger

than that of the piles without grouting at the same base

displacement, and the end-bearing capacity can be

developed within smaller displacement after post-

grouting. In addition, the increased ranges of the base

resistance for the combined-grouting piles and side-

grouting piles are 1.27–57.41% and 137.87–323.01%,

respectively, which indicates that the effect of the

combined-grouting piles is obviously better than that

of the side-grouting piles, and the tip responses of

combined-grouting piles also have a more significant

impact.

4. The increased range of the unit shaft resistance for the

combined-grouting piles TS2 and TS8 is larger than

that of the side-grouting piles TS1 and TS7, especially

for the unit shaft resistance near the pile tip; this

reflects that the strengthening effect of the soil

improvement at the pile tip on the shaft resistance

can enhance the unit shaft resistance. The base

resistances of the side-grouting piles TS1 and TS7

are 1.27% and 57.41% higher than those of ungrouted

piles, respectively, which indicates that the strength-

ening effect of the surrounding soil improvement on

mobilizing the base resistance can increase the unit

base resistance. Consequently, the test results show the

strengthening interaction between the shaft and base

resistance.

5. The EWCT test shows that it is feasible to detect the

grouting effect by using the EWCT technique. The

distribution pattern of the pile, injected grout and

geotechnical interface can be observed by the inver-

sion image of the apparent absorption coefficient of

each crosshole plane, and the diffusion range of the

cement grout in the soil at the pile tip and side can be

deduced to evaluate the grouting effect of the grouted

pile.

6. The EWCT detection effect is affected by the distance

between the transmission borehole and the receiver

borehole, reinforced concrete piles, and steel casings,

resulting in the relatively poor resolution of the

inversion image. Therefore, the conclusions obtained

in this test have good application value and can

provide the basis for the effect detection of future post-

grouting piles.

7. The standard penetration test shows that the SPT

N value of the soil at the pile side after post-grouting is

generally increased, and the shaft resistance of the fine

sand layer before and after post-grouting increases

linearly with the increase in the SPT N value; the unit

shaft resistance after post-grouting is thus larger than

that before post-grouting. It is therefore further indi-

cated that post-grouting at the pile side can improve

the shaft resistance by enhancing the strength and

stiffness of the soil around the pile shaft.
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