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Abstract: The traditional design method for drilled shafts rarely considers the influence of construc-
tion effect and tip resistance on side resistance, and lacks attempts to improve the performance
of drilled shafts without increasing drilled shafts sizing, economic costs and carbon emissions. In
this paper, the influences of construction-effect and shaft tip resistance on the side resistance of
large-diameter drilled shafts before and after combined grouting were studied by full-scale field tests.
The reinforcing effect of combined grouting on bearing capacity was confirmed, and the potential of
applying combined grouting to realize sustainable development, the economy, and environmental
protection was introduced. The mechanisms of softening-effect and reinforcing-effect on the side
resistance of large-diameter drilled shaft are discussed in depth. The field test results showed that the
construction-effect and shaft tip sediments caused the side resistance to soften, and the lower the
shaft tip resistance, the more serious the side resistance softening-effect. The mobilization of side
resistance was affected by the soil strength underneath the shaft tip. The shaft tip bearing capacity
was improved after sediment compression, which helped to reinforce the side resistance near the shaft
tip. Combined grouting improved the side resistance reinforcing-effect even further and broadened
the range of soil layers that can benefit from it. The fundamental reason influencing the side resistance
softening-effect and reinforcing-effect of the drilled shaft was the change in soil radial effective stress.
This research provided certain references for improving the performance of drilled shafts without
increasing drilled shafts sizing, economic costs and carbon emissions.

Keywords: low-carbon construction; large-diameter drilled shafts; combined grouting; field bi-
directional static test; shaft side resistance; radial effective stress

1. Introduction

Large-diameter drilled shafts have grown in popularity in China due to their ability to
effectively control upper structure settlement, particularly in highway bridge engineering
in soft soil areas [1]. For large-diameter drilled shafts in soft soil, shaft side resistance
accounts for the majority of the drilled shaft bearing capacity. The traditional design
method improves the bearing capacity of drilled shafts by enlarging the size of drilled
shafts, which increases the economic cost, resource consumption, and carbon emissions.
The side resistance and the tip resistance are independent of each other in the traditional
drilled shaft design method, and the bearing capacity of drilled shafts is simply the sum
of the tip resistance and the side resistance. Under given geological conditions, the shaft
side resistance and shaft tip resistance are constant. However, in engineering practice, it
has been discovered that they are not set values and are also impacted by the construction
technique of drilled shafts [2]. Furthermore, shaft tip resistance and shaft side resistance
are not independent of each other, and there is some interaction between them [3-6].
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The test results of many scholars [7-10] indicate that the strength of the shaft tip
soil influences the mobilization of shaft side resistance. According to several studies, the
side resistance softens with depth at a given depth range far from the shaft tip [11-15],
whereas the side resistance reinforces near the shaft tip due to the interaction between the
tip resistance and the side resistance [7,8]. Zhang reported that even if there are drilled
shafts with similar size in the same site, the side resistance of the shaft with tip sediment is
softened [7]. Zhang [7] also reported that a shaft with high tip resistance has a side resistance
reinforcing-effect. Many scholars [16-19] proposed that the dilatancy characteristics of the
shaft-sand interface under loading enhance the shear strength of the shaft-sand interface
and strengthen the shaft side resistance.

During the drilling process of drilled shafts, mud remains on the shaft wall and
the radial effective stress of the shaft side soil is reduced, resulting in the side resistance
softening-effect [20-22]. Furthermore, residual construction sediment at the shaft tip
reduces tip resistance [23-25]. Post-grouting is widely used in drilled shafts as an effective
means to solve these problems [26-30]. By post-grouting, the cement slurry is injected into
the soil at the shaft tip or side at high pressure. Post-grouting has great advantages in terms
of economy and environmental protection [31-33]. Practice has proved that the application
of post-grouting in construction can reasonably reduce the size of drilled shafts and reduce
the amount of concrete and steel used [1] to achieve the goal of sustainable development,
such as protecting the environment, reducing economic costs, and saving resources. Many
scholars have conducted extensive research and discussion on the reinforcement mechanism
of post-grouting on side resistance and tip resistance of the shaft in recent years [34-36].
However, most of these studies are focused on small-diameter or medium-diameter drilled
shafts with tip grouting. Research on the side resistance softening-effect and reinforcing-
effect of large-diameter combined grouting drilled shafts is sparse, and there is no research
on the influence of tip resistance on side resistance after combined grouting [20,37].

At present, research on the softening-effect and reinforcing-effect of shaft side resis-
tance mostly adopts the method of indoor model tests, while the field test is recognized as
the most reliable means to obtain the authenticity of the test drilled shaft [38]. Therefore,
in this paper, the following works were carried out by a field bi-directional static test:
(1) through comparative tests, the reinforcing effect of combined grouting on bearing ca-
pacity was confirmed, and the potential of combined grouting to reduce drilled shaft sizing
and carbon emissions was introduced; (2) the influences of construction effect and shaft tip
resistance on the softening-effect and reinforcing-effect of shaft side resistance before and
after combined grouting were studied; (3) the reinforcement effect of combined grouting
on side resistance and tip resistance was studied; (4) from the perspective of radial effective
stress change in soil around the shaft, the mechanism of side resistance softening-effect and
reinforcing-effect was explained. This research provides references for reasonably revising
the traditional design method of drilled shafts, improving the performance of drilled shafts
without increasing drilled shafts sizing, economic costs and carbon emissions.

2. Description of Test Site

The highway from Zhanhua City to Linzi City in Shandong Province, China, has a
total length of 108.697 km and required the construction of 73 bridges. This project is a
simple beam bridge across the Delongyan Railway, located in Liangcai Township, Binzhou
City, Shandong Province. Its length is 1262.2 m and its width is 30 m. The bridge of this
project is based on large-diameter bored piles. The bridge for this project is based on
large-diameter drilled shafts. Figure 1 depicts the plane and left profile of the bridge at the
test site section. The route passes through the alluvial plain of the Yellow River. The soil
layers in this area are mainly silty soil and silty sand.
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Figure 1. Plan view of test site and left elevation of bridge.

To comprehensively explore and evaluate the test site, engineering drilling,

in-situ

tests, and laboratory geotechnical tests were used. Figure 1 shows the SPT drilling position.
According to drilling data, the strata in the exploration depth range are mostly Quaternary
late Pleistocene alluvial soils such as silty clay, silty soil, and silty sand. Figure 2 depicts the

detailed soil distribution of the test site.
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Figure 2. Details of test shafts and soil layer profile.

Detailed soil parameters are shown in Table 1, where w is the moisture content,

cis the

cohesion, ¢ is the internal friction angle, Eg is the compression modulus, «y is the gravity, gs
is the ultimate side resistance, SPT is the standard penetration test, and N is the hit number

of the standard penetration test.

Table 1. Physical properties of the soil layer.

Soil Layer 1, . -AY! - P ¢ (kPa) 9 ) EcMPa) (T g GPa)  SPT(V)
21 Silty soil 2832 218 256 106 6.86 195 33 7
225iltysoil  11.6-14.0 19.4 412 95 1254 193 35 10

31 Silty sand 16-2.9 - - - - - 40 10
23 Silty soil 41-43 226 445 14.0 10.07 19.0 45 11
3-2Siltysand  21.1-23.0 - - - - - 63 14
2.4 Silty soil 75-12.1 26.7 29.8 83 446 20.0 65 17
3-3 Silty sand 3.2-10.7 - - - - - 70 17
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In order to enhance the bearing capacity of drilled shafts and reduce the settlement
of shaft heads, combined tip and side grouting was adopted. In order to verify the im-
provement effect of combined grouting and determine the performance of drilled shafts,
four test drilled shafts were selected for static load test verification. The diameter of all test
piles was 1.8 m, the length of TS1 and TS2 was 61 m, and the length of TS3 and TS4 was
57 m. Following the completion of the drilling operation, ultrasonic equipment was used
to assess the quality of the shaft completion. The detailed data of the drilled shaft is shown
in Table 2. The elastic modulus of the concrete for the four test drilled shafts was 31 GPa.

Table 2. Summary of test drilled shafts and load test results.

Shaft No. Shaft Diameter ~ Shaft Length ,[S,}elilgl eel:; Combi'ned gﬁ:’;ﬁ:ﬁ Ma.ximum Shaft Head
(m) (m) (mm) Grouting Load (kN) Displacement (mm)
TS1 1.8 61 42 ungrouted 22,428 73.21
TS2 1.8 61 29 ungrouted 22,428 70.47
TS3 1.8 57 53 ungrouted 20,196 67.15
TS4 1.8 57 25 ungrouted 20,196 62.66
TS1 1.8 61 42 grouted 38,561 54.73
TS2 1.8 61 29 grouted 38,561 59.85
TS3 1.8 57 53 grouted 36,019 50.50
TS4 1.8 57 25 grouted 36,019 52.43

3. Combined Grouting and Testing Programs
3.1. Combined Tip and Side Grouting

When the concrete strength of the test drilled shafts reached 80% of the design strength,
combined tip and side grouting began. The combined grouting system was similar to that
described by Wan [20]. The shaft-side grouting ring pipe and the shaft-tip grouting valve
are shown in Figure 3. Three straight grouting pipes were fixed at the shaft tip. The
shaft-side grouting ring pipes were arranged from a position of 10 m above the shaft
tip, and one grouting ring pipe was arranged at each interval of 10 m, so there were five
shaft-side grouting ring pipes in one test shaft. Figure 2 depicts the precise location of
the grouting pipe. P.O 42.5 Portland cement (ordinary Portland cement with a uniaxial
compressive strength of 42.5 MPa under 28d standard curing conditions) was used for
combined grouting. The water cement ratio was 0.55.

Shaft-side grouting valve

Fo 4]
a/
o
I
%
I
|

A

B\

B X5
£l

Loading device: O-cell

Installation of reinforcement cage

Shaft-tip grouting valve

Figure 3. Combined grouting system and bi-directional loading device used for drilled shafts.
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3.2. Field Bi-Directional Static Test

All test shafts were tested by the field bi-directional static test, which is the new
method for bearing capacity detection in drilled shafts. In 1969, Nakayama and Fujiseki
put forward the concept of testing the bearing capacity of the drilled shafts by the mutual
reaction of shaft side resistance and shalft tip resistance, also known as the shaft tip loading
test method [39]. Subsequently, Osterberg [40] applied this technology to engineering
practice, so this loading method was also called the Osterberg-Cell load test or O-cell load
test. Figure 4 depicts the typical bi-directional static test setting and loading principle.
The O-cell was installed 17 m above the pile tip for TS1 and TS2, and 15 m above the
pile tip for TS2 and TS3.The first bi-directional static test was performed 28 days after
the drilled shafts were poured, and the combined grouting operation followed the first
bi-directional static test. The second bi-directional static test was conducted 40 days after
the completion of the combined grouting operation [21,31]. In order to monitor the axial
strain and load transfer along the test shafts in the tests, the strain sensors were fixed on
the vertical reinforcement along the entire test shafts. The specific installation positions of
the strain sensors and the loading device are shown in Figure 2. When the bi-directional
static test began, the hydraulic control system on the ground was pressurized, and the
O-cell (loading device) applied loads to the upper and lower sections of the drilled shafts
via hydraulic action. Two displacement transducers were installed at the top and bottom of
the O-cell, and four displacement transducers were arranged at the head of the test shaft.
These displacement transducers were used to record the displacement data during the
loading. The test employs the slow maintenance load method, and the loading (unloading)
procedure followed to Chinese standards [41].

Data acquisition Reference beam Hydraulic
system control
Y Displacement contro
) transducer
=
R —
Side resistance of Hydraulic pipe
upper shaft segment l l l l
Displ. t bar
Self-weight of upper l l l l
shaft segment l l .
O-cell (loading device) [ 1y ol l N l
Test d i B
T * HH * T dii:)l:n?e‘r‘;fel;lt . i 7 l Protective tube
Side resistance of lower T T e
shaft segment O-cell
Test downward
displacement . - T
A . b, ”

Tip resistance T oo T

prrret
Figure 4. Mechanism and details of bi-directional test.

4. Results and Discussion
4.1. Results of Bi-Directional Static Test

The load-displacement curves of the upper segment and lower segment of the shaft
tested by the bi-directional test are shown in Figure 5. In Figure 5, Dy, and D,,;, represent the
downward and upward displacements measured by the O-cell before grouting, respectively;
while Dy, and Dy represent the downward and upward displacements measured by the
O-cell after grouting, respectively. It can be seen from Figure 5 that the load—displacement
curves of the upper segments of the four test shafts showed slowly-varying characteristics
before grouting, whereas the load-displacement curves of the lower segments were steeper.
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The load-displacement curves of the lower segments of TS1 and TS3 showed a slow-steep-
slow varying characteristic, especially in TS3. This could be because the shaft tip sediment
of TS3 is the thickest.

40, 40,
_—grouted
ZOW 20l __grouted
M‘ [ ——ungrouted
— 1 — B ' * y —_
= St a1 15 20 =
E Ll -\.\.\ Load (MN) g 10 15 L 20
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] I s —20F
g 40 s g
8 ted S —aot
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(a) (b)
40, 40,
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E 20 £ SRl T 15 20
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£ 40 g " —
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1o —— D, of TS2 —=—D,, of TS2 100 —=—D,, of TS4 —=— D, of TS4
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Figure 5. Load—displacement curves of bidirectional test: (a) TS1; (b) TS3; (c) TS2; (d) TS3.

When the load of TS1 was increased to 7000 kN, the displacement of the lower segment
of TS1 increased sharply then returned to normal when the load was increased to 8000 kN.
Similarly, when the load of TS3 was increased to 4000 kN, the displacement of the lower
segment of TS3 increased sharply then returned to normal when the load was increased
to 6000 kN. In contrast, the displacement of the lower segment of TS2 and TS4 did not
increase sharply during loading. When the TS1 and TS3 were loaded to 11,000 kN, the
loading was stopped due to the failure of the lower shaft segment, while the resistance of
the upper shaft segment had not yet been fully mobilized. The same situation occurred
when the TS2 and TS4 were loaded to 10,000 kN.

The tip sediment thicknesses of TS1 and TS3 were 42 mm and 53 mm, respectively,
according to Table 2, while the tip sediment thicknesses of TS2 and TS4 were 29 mm and
25 mm, respectively. Before grouting, the difference in shaft tip sediment thickness was the
main reason that the load—settlement curves of the lower segments of TS1 and TS3 were
different from those of TS2 and TS4. Because of the thick and compressible sediment under
the tips of TS1 and TS3, the soil strength beneath the tips of TS1 and TS3 was low, resulting
in a sudden increase in the settlement of the lower segments of TS1 and TS3 under a certain
level of load due to sediment compression.

Table 3 shows that under maximum load, the displacement of the lower segments
of TS1 and TS3 before grouting was significant, and the rebound rates after unloading
were only 13.88% and 11.32%, respectively, indicating that there was serious residual
deformation at the shaft tip. However, the rebound rates of the lower segments of TS2 and
TS4 were 22.12% and 23.64%, respectively, indicating that their residual deformation at
the shaft tip was less. The shaft tip soil strength of TS1 and TS3 with thick sediment was
lower, and the shaft tip settlement was caused primarily by sediment compression, and the
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sediment could not rebound after compression. Therefore, whether the shaft tip sediment
was clean or not, it directly affected the settlement of large-diameter drilled shafts.

Table 3. Loads and displacement of each segment of TS1-TS4.

Combined Maximum Displacement (mm) Percentage of Rebound (%)

ShaftNo. g, outing  Load (kN)  ypward Downward Upward Downward
TS1 ungrouted 11,000 14.64 92.72 13.92 13.88
TS2 ungrouted 11,000 14.83 90.14 13.24 2212
TS3 ungrouted 10,000 11.65 85.69 15.80 11.32
TS4 ungrouted 10,000 12.32 77.78 14.95 23.64
TS1 grouted 18,133 27.33 38.39 31.94 20.15
TS2 grouted 18,133 26.25 43.51 32.37 31.42
TS3 grouted 17,000 19.91 35.92 31.46 21.55
TS4 grouted 17,000 21.50 37.85 37.01 32.03

It can be seen from Figure 5 that the load-displacement curves of the upper and lower
segments of the four test shafts all showed slowly-varying characteristics after grouting.
When the TS1 and TS2 were loaded to 18,133 kN after grouting, the loading was stopped
due to the failure of the upper shaft segment, while the resistance of the lower shaft segment
had not yet been fully mobilized. The same situation occurred when the TS3 and TS4 were
loaded to 17,000 kN. These results are in contrast to those before grouting.

This was because after the combined grouting, the shaft tip resistance improves
significantly, allowing the lower segments to provide sufficient resistance as a reaction
force to support the upper segments loading to failure. This could also explain why the
displacement of the upper segments after grouting increased under maximum load, because
only a large enough soil-shaft relative displacement could fully mobilize the side resistance
of the upper segments and cause them to fail.

After grouting, each segment resistance of TS1 and TS2 increased by 64.84% on average
compared with those before grouting, and each segment resistance of TS3 and TS4 increased by
70% on average compared with those before grouting. After grouting, the rebound rates of each
segment of test shafts increased by an average of 91.74%. The combined grouting significantly
improved the strength of the shaft tip and shaft side soils, as well as the elastic state of the soil.

4.2. Equivalent Q-s Curves of Test Shafts

According to the Chinese standard [41], the load-settlement curves obtained by the bi-
directional static test were converted to the equivalent Q-s curves of the conventional shaft
head loading test, where the Q is the shaft head load and the s is the shaft head settlement.
The Q-s curves of four test shafts are shown in Figure 6. In Figure 6a, the ultimate bearing
capacity of TS1 and TS2 before grouting was 22,428 kN, and the corresponding shaft head
settlement was 73.21 mm and 70.47 mm, respectively. After grouting, the ultimate bearing
capacity of TS1 and TS2 increased to 38,561 kN, while shaft head settlement decreased to
54.73 mm and 59.85 mm, respectively. In Figure 6b, the ultimate bearing capacity of TS3
and TS4 before grouting was 20,196 kN, and the corresponding shaft head settlement was
67.15 mm and 62.66 mm, respectively. After grouting, the ultimate bearing capacity of TS3
and TS4 increased to 36,019 kN, while shaft head settlement decreased to 50.50 mm and
52.43 mm, respectively.

It was important to note that after grouting, the ultimate bearing capacity of each test
shaft increased by 1.72-1.78 times, and the shaft head settlement under ultimate load decreased
by 15.07-25.24%. The result was significant because it demonstrated that using combined
grouting in construction could significantly improve the bearing capacity of drilled shafts
without increasing drilled shaft sizing, economic costs, and carbon emissions. By using
combined grouting, on the other hand, the designer could reduce the size and number of
original drilled shafts while still achieving the design bearing capacity. This means that using
combined grouting in drilled shaft construction can reduce the drilling machine operation time
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and the amount of concrete and steel used, so as to achieve the goal of sustainable development,
such as environmental protection, reducing economic costs, and saving resources.

Load (MN) Load (kN)
0 10,000 20,000 30,000 40,000 50,000 0 10,000 20,000 30,000 40,000 50,000
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Figure 6. Qs curves of test shafts: (a) TS1 & TS2; (b) TS3 & TS4.

The effects of combined grouting on reinforcing drilled shaft bearing capacity and
reducing drilled shaft settlement are obvious. The Q-s curve of each test shaft before
combined grouting had an obvious inflection point, and the ‘penetration’ failure mode
of each test shaft appears under a load of 36 MN. When approaching the ultimate load,
the Q-s curves of each test shaft softened, and the settlement increased dramatically. In
contrast, the Q-s curves of each test shaft after grouting exhibited more obvious linear
elastic characteristics from beginning to end. Even after reaching the ultimate bearing
capacity, the settlement had not increased significantly, and the test shaft had not reached
the failure state. This might be because combined grouting could strengthen the shaft side
resistance and the stiffness of the thick sediments at the shaft tip.

4.3. Tip Resistance

The bi-directional static test method was more accurate than the traditional static load
test method in determining shaft tip resistance. The g—w curves of TS1-TS4 before and
after grouting are shown in Figure 7, where g is the shaft tip resistance and w is the shaft
tip displacement. Before grouting, the g—w curves of each test shaft showed a short linear
elastic response at the initial stage of loading, with the inflection point appearing when
the shaft head load was around 1500-1800 kN. In contrast, the g—w curves after grouting
appeared to have an inflection point around 7966-8125 kN, showing linear elastic behavior
in most loading processes. This was because cement slurry could strengthen shaft tip
sediment and soil, and high-pressure cement slurry could also compact shaft tip sediment
and soil, increasing the stiffness of the g—w curve response.

Tip resistance (kN) Tip resistance (kN)
0 2,000 4,000 6,000 8,000 10,000 0 2,000 4,000 6,000 8,000 10,000

(=]
(=]
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80 80
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Figure 7. g—w curves of test shafts: (a) TS1 & TS2; (b) TS3 & TS4.
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Before grouting, the ultimate tip resistance of TS1-TS4 was approximately 41884367 kN,
and the corresponding tip displacement was approximately 53.5-62.6 mm (2.97D%-3.48D%);
D is the diameter. After grouting, the ultimate tip resistance of TS1-TS4 was approximately
9130-9340 kN, representing a 116% increase; the corresponding tip displacement was ap-
proximately 33.8-41.1 mm (1.88D%—2.28D%), representing a 37% reduction. The average
initial stiffness of the g—w curves of, TS1-TS4 was about 266 kN mm ! before grouting, while
the average initial stiffness of the g—w curves of, TS1-TS4 was 794 mm ™! after grouting, a
198% increase.

4.4. The t-s Curves of the Side Resistance at Different Depths

The load transfer curves 7-s of the side resistance at different depths were obtained
by the field test, where T represents the unit side resistance, and s represents the relative
soil-shaft displacement. Figures 8-11 show 7-s curves of TS1-TS4 in each soil layer before
and after grouting. In Figures 8-11, the fitting lines of 7-s7-s curves of each soil layer are
used to analyze and intuitively reveal the change trend of 7-s curves. The T-s curves of
silty soil and silty sand in the upper segments of TS1-TS4 before grouting are shown in
Figure 8a,b, respectively.

50 60
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40 P 50
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Figure 8. 7-s curves of the upper segments of TS1-TS4 before grouting: (a) silty soil; (b) silty sand.
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Figure 11. 7-5 curves of the lower segments of TS1-TS4 after grouting: (a) silty soil; (b) silty sand.

As shown in Figure 8a, the unit side resistance of silty soil gradually increases as the
soil-shaft relative displacement increases. The T-s curves exhibit linear elastic change at
the beginning of loading followed by nonlinear elastic-plastic change. Note that the -5
curves exhibit linear hardening behavior again at the later stage of loading, and no obvious
softening failure occurs. This was similar to the static load test results of piles performed
by Yu et al. [42] in the Taipei gravel layer. Because the construction-effect and shaft tip
sediment softened the side resistance and tip resistance of the lower shaft segments, the
bearing capacity of the lower segments is less than that of the upper segments. At the end of
loading, the lower shaft segment that provides the loading reaction failed first, preventing
the upper shaft segment from being loaded to failure further.

In Figure 8b, the 7-s curves of silty sand show a similar response to the 7-s curves of
silty soil in Figure 8a. However, compared with silty soil, the 7-s curves of silty sand have
higher stiffness at the initial stage of loading, and the unit side resistance of silty sand was
higher under the same soil-shaft relative displacement.

The 7-s curves of silty soil and silty sand in the upper segments of TS1-TS4 after
grouting are shown in Figure 9a,b, respectively. The -5 curves in Figure 9a,b exhibit
linear elastic change at the initial stage of loading. After reaching the peak unit side
resistance, the 7-s curves clearly show a side resistance softening-effect as the soil-shaft
relative displacement increases. This is significantly different from the 7-s curves response
of the upper segments of TS1-T54 before grouting.

This was because the side resistance and tip resistance of the lower segments were
significantly strengthened after combined grouting, allowing the lower segments to provide
sufficient bearing capacity as the loading reaction force to load the upper segments to failure.
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After combined grouting, the average ultimate side resistance of silty soil and silty sand
was 56.6 kPa and 66.4 kPa, respectively, increasing by 52.0% and 57.2%. After combined
grouting, the soil-shaft relative displacement was 10.7 mm, 0.59D% and 11.2 mm, 0.62D%,
respectively, when the side resistance of silty soil and silty sand reached its peak value.

It was worth noting that the initial stiffness of the 7-s curves of silty soil and silty
sand in the upper segments of TS1-TS4 were greatly improved after combined grouting.
Compared with the ungrouted test shaft, the linear elastic stage of the 7-s curves after
combined grouting was longer, and the peak side resistance of the T-s curves was higher.
This was different from the report proposed by Hsu [43] that the initial stiffness of the 7-s
curves and the peak side resistance of the pile do not change after grouting. This could be
because Hsu adopted tip grouting, whereas this research adopted combined side and tip
grouting. This comparison demonstrates that, when compared to traditional tip grouting,
combined grouting could better reinforce shaft side resistance.

The 7-s curves of silty soil and silty sand in the lower segments of TS1-TS4 before
grouting are shown in Figure 10a,b, respectively. To intuitively show the change trend of
the 7-s curves, the fitting line of 7-s curves in Figure 10a,b is represented by a piecewise
function composed of a linear segment and a nonlinear segment. As shown in the fitting
lines in Figure 10a,b, the T-s curves of TS1-TS4 show a linear-nonlinear-softening trend.

Specifically, the T-s curves show linear elastic change in the initial stage of loading.
When the soil-shaft relative displacement reached about 4 mm (0.22D%), the t-s curves
enter a nonlinear change. When the soil-shaft relative displacement was around 60 mm
(3.33D%), the T-s curves reached the peak side resistance, and the softening effect appeared.
Before grouting, the average ultimate side resistance of silty soil and silty sand in the
lower segments of TS1-T54 was 61.0 kPa and 68.7 kPa, respectively; and the corresponding
average soil-shaft relative displacement was 59.3 mm (3.29D%) and 58.1 mm (3.23D%),
respectively.

It was worth noting that the 7-s curves of the lower segment of TS3 were significantly
different from those of other test shafts, with a more serious and obvious side resistance
softening-effect after the end of its linear elastic stage (red circles in Figure 10a,b). This was
due to a thick layer of sediment beneath the tip of TS3. As the load increased, the sediment
beneath the tip begins to bear the load, but its stiffness was very low. Therefore, the 7-5
curves of the lower segment of TS3 appeared to have an obvious side resistance softening-
effect at the early stage of loading. When the soil-shaft relative displacement reached about
23 mm (1.27D%), the T-s curves of the lower segment of TS3 reverted to an obvious side
resistance reinforcing-effect, though the period of this resistance reinforcing stage was brief.
This was because after the shaft tip sediment was completely compressed, the shaft tip
resistance effectively improved, helping the shaft side resistance to be mobilized again.
When the soil-shaft relative displacement reached about 26 mm (1.44D%), the T-s curves of
TS3 exhibited similar behavior to other test shafts again.

The 7-s curves of silty soil and silty sand in the lower segments of TS1-TS4 after
grouting are shown in Figure 11a,b, respectively. The T-s curves exhibit linear elastic
change at the beginning of loading, followed by nonlinear elastic-plastic change. It is
worth noting that 7-s curves of the lower segments of TS1-T54 after grouting did not fail
under ultimate load. Under ultimate load, the 7-s curves exhibit an obvious side resistance
reinforcing-effect while maintaining high stiffness. This was obviously different from
the side resistance softening-effect of the t-s curves in the lower segments of TS1-TS4
before grouting. This was because combined grouting stiffened the shaft tip sediment and
increases shaft side resistance.

The initial stiffness of the 7-s curves was improved after grouting, as shown in Fig-
ure 11a,b. After grouting, the average ultimate side resistance of silty soil and silty sand was
96.8 kPa and 109.4 kPa, respectively, which increased by 58.6% and 59.2%. After grouting,
when the side resistance of silty soil and silty sand reached its peak, the corresponding
soil-shaft relative displacement was 38.1 mm (2.1D%) and 36.9 mm (2.05D%), respectively,
which decreased by 35.6% and 33.03%, respectively. This result proved that combined
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grouting could not only reinforce side resistance but also significantly reduced the shaft-soil
relative displacement needed to mobilize side resistance.

4.5. Comparison between Measured and Predicted Values of Shaft Side Resistance

The softening-effect of side resistance meant that the measured side resistance was less
than the recommended side resistance predicted by the geological survey report. Affected
by construction effects and shaft tip sediment, the mobilized shaft side resistance might be
lower than predicted. Figure 12 shows the ratio of measured value/recommended value
of ultimate side resistance distributed with depth before grouting. It can be seen from
Figure 12 that the side resistance softening-effect mainly occurs in the soil layer with an
embedded depth greater than 20 m. The most obvious side resistance softening-effect
was in the soil layer with an embedded depth of about 20-45 m, and the side resistance
softening-effect was weakened in the soil layer near the shaft tip with an embedded depth
of 45-60 m. On the one hand, due to the influence of drilling disturbance and drilling slurry,
the side resistance softening-effect of large-diameter drilled shafts appear. On the other
hand, when the deeper the soil layer was embedded, the greater the radial effective stress
release caused by drilling disturbance, the greater the side resistance softening-effect.
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Figure 12. Ratio of measured value/recommended value of ultimate side resistance. Distributed
with depth before grouting: (a) TS1; (b) TS2; (c) TS3; (d) TS4.
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Figure 12a,b shows that under the premise of the same shaft design, site conditions,
and construction method, the side resistance softening-effect of TS1 and TS3 with thicker
sediment was more serious. This shows that the side resistance softening-effect was also
related to the shaft tip bearing capacity, and poor shaft tip bearing capacity would weaken
the mobilization of side resistance. It is worth noting that the side resistance softening-effect
was weakened in the soil layer with an embedded depth of 45-60 m (near the shaft tip).
This is because, under load, the performance of the shaft tip sediment was improved after
compression, which reduced the side resistance softening-effect of the soil layer near the
shaft tip to a certain extent; a detailed explanation will be provided in a subsequent analysis.
Therefore, the thickness and performance of tip sediment directly affected the tip resistance,
thus indirectly affecting the mobilization of side resistance. The low resistance of the shaft
tip caused different degrees of softening of the shaft side resistance.

Figure 13 shows the distribution of the ratio of the measured value/recommended
value for ultimate side resistance with depth after grouting. As shown in Figure 13,
combined grouting reinforced the side resistance within the whole pile length range. After
combined grouting, the side resistance reinforcing-effect of soil layer, with an approximately
embedded depth of 40—-60 m (near the shaft tip), was generally improved with the increase
in depth.
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Figure 13. Ratio of measured value/recommended value of ultimate side resistance distributed with
depth after grouting: (a) TS1; (b) TS2; (c) TS3; (d) TS4.
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4.6. Distribution of Side Resistance Versus Depth

Figure 14 depicts the distribution of side resistance versus depth of TS1-TS4 under
various loads before grouting. Under low load, the side resistance of the soil layer with
an embedded depth of 45-61 m decreased with depth, which was most noticeable in
the TS2 and TS3. This phenomenon, however, changed as the load increased. When
the load reached a certain level, the side resistance of the soil layer with an embedded
depth of 45-61 m (near the shaft tip) changed to increase with depth. This side resistance
reinforcing-effect was more noticeable under high-level load.
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Figure 14. Distribution of side resistance versus depth of TS1-TS4 under various loads before
grouting: (a) TS1; (b) TS2; (c) TS3; (d) TS4.

As previously stated, as the load increased, the soil and sediment beneath the shaft
tip were compressed, which improved the resistance and stiffness of the shaft tip soil.
The increase in tip resistance had a reinforcing-effect on the side resistance, and this side
resistance reinforcing-effect was most concentrated near the shaft tip. It was noted that
the reinforcing-effect here meant that the side resistance near the shaft tip was relatively
reinforced when compared to the side resistance of other shaft segments. Affected by the
construction-effect, the measured ultimate side resistance of TS1-TS4 before grouting was
still lower than the recommended value.

Figure 15 depicts the distribution of side resistance versus depth of TS1-TS4 under
various loads after grouting. The shaft side near the shaft tip of TS1-T54 after grouting also
showed an obvious resistance reinforcing-effect, as shown in Figure 15a,b. After grouting,
the range of soil layers with the side resistance reinforcing-effect increased. Taking TS1
and TS2 after grouting as examples, the range of soil with the side resistance reinforcing
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Unit side resistance (kPa)

effect increased by 46% from an embedded depth of 48-61 m to 42-61 m. In addition,

the side resistance reinforcing-effect of the soil layer near the shaft tip was stronger after
grouting. Taking TS3 and TS4 after grouting as examples, the maximum increase of the
average ultimate side resistance of the soil layer near the shaft tip was 71.0%. This was
because combined grouting improved the strength of the sediment and soil at the shaft tip.

Compared with tip grouting, combined grouting can expand the range of side resistance
reinforcing-effect to the whole shaft.
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Figure 15. Distribution of side resistance versus depth of TS1-TS4 under various loads after grouting:
(a) TS1; (b) TS2; (c) TS3; (d) TS4.

4.7. Mechanism of the Softening-Effect and Reinforcing-Effect on Side Resistance

The results and analysis described in the previous sections indicate that the strength
of the shaft tip bearing layer impacted the response and failure mode of large-diameter
drilled shafts significantly. More importantly, the mobilization of shaft side resistance was
affected by the strength of the shaft tip soil. When the strength of the bearing layer was
poor, or there was a certain thickness of sediment, the shaft tip experienced pierced failure
and the side resistance softening-effect appeared. When the strength of the bearing layer
was strong, such as after combined grouting or sediment compression, the side resistance
reinforcing-effect emerged.

The TS3 and TS4 of the same size were compared and analyzed to better explain the
mechanism of the side resistance softening-effect and reinforcing-effect. Figure 16a depicts
the g-w curves of TS3 and TS4 when the shaft tip loading range was 0—4000 kN. When
compared with TS4, we found that the tip resistance of TS3 was first softened and then
reinforced during loading. TS3 had thick sediment under the shaft tip, while TS4 did not.
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Figure 16. (a) g—w curves of TS3 & TS4 under the loading range of 0-4000 kN;.(b) Failure mode of
test shafts with thick tip sediment.

Points A-C on the g-w curve of TS3 in Figure 16a represent resistance softening,
resistance reinforcing, and resistance normalization again, respectively. Figure 16a is
summarized as Figure 16b. The whole process diagram of the load—settlement curve is
depicted in Figure 16b. The curve in Figure 16b is divided into three parts: OA, AB, and
BC. Figure 17 illustrates the soil movement and stress element status in shaft side soil at
various loading stages. In Figure 17, the shear stresses 7, transfer from the drilled shaft
when the drilled shaft under axial load. Randolph and Wroth [1] showed that the shear
stresses T in the soil around the drilled shaft may be written:

{Tr—Toln(r;”), ro <r<rp 1)
T =0, r0 2 tm

where T is the shear stress at the drilled shaft side, 7y is the radius of the drilled shaft
and rp, is the limiting radius of influence of the drilled shaft. This method for calculating
shear stress T, is detailed in the literature [1]. Figure 17a—c corresponds to the OA, AB,
and BC curves in Figure 16b to clearly analyze and explain the process of side resistance
softening-effect and the reinforcing-effect.
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Figure 17. Soil movement and stress element status in shaft side soil at various loading stages:
(a) initial loading; (b) resistance softening; (c) resistance reinforcing; (d) combined grouting.

Figure 17a shows that the influence of the tip bearing layer strength on the side re-
sistance was not yet apparent when the tip resistance was not mobilized, and the side
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resistance was about to enter the nonlinear stage. The radial effective stress o}, of the
shaft side soil near the shaft tip remained unchanged. The shaft tip resistance was grad-
ually mobilized as the load increases, and the effect of shaft tip resistance on shaft side
resistance appeared.

In Figure 17b, when the shaft tip sediment existed or the strength of the shaft tip soil
was low, the sediment with low stiffness was compressed with increasing load, and the
shaft tip experienced large penetration deformation, resulting in the movement of the shaft
side soil to the shaft tip. The constraint between upper and lower soil layers was reduced as
a result of soil movement in the same direction, resulting in a reduction of radial effective
stress to 0, — Ap. Furthermore, due to the rapid increase in shaft tip displacement in a
short period of time, the excess pore water pressure would rise while the radial effective
stress 0, would fall. According to Mohr-Coulomb theory, the decrease in radial effective
stress oy, resulted in the decrease in resistance between the shaft and the soil [7].

As shown in Figure 17¢, after the shaft tip sediment was completely compressed, the
shaft tip resistance began to be mobilized. The soil layer below the shaft tip level was
compressed in a specific range, and the soil layer below the shaft tip level moved upward.
The stress arching phenomenon occurred in the soil near the shaft tip [44-46], where the
arching zone and the compaction zone appeared, and the radial effective stress increased
to 0, + Ap. The compaction and reinforcing effect were gradually increased from top to
bottom. The radial effective stress oy, + Ay, increased the most near the shaft tip, and the
side resistance reinforcing-effect was most visible.

Figure 17d represents the mechanism of side resistance reinforcing-effect after com-
bined grouting. Based on the previously mentioned side resistance reinforcing mechanism,
the high-pressure cement slurry injected by combined grouting further compressed the
soil around the shaft and expanded the arching and compaction areas. Cement slurry also
strengthened the sediment and soil at the shaft tip, forming a cement expansion head at
the shaft tip. Furthermore, by injecting cement slurry along the shaft body, the combined
grouting filled the gap between the shaft and the soil. The high-pressure cement slurry
injected at the shaft side compacted the soil around the shaft, increasing the radial effective
stress in the soil around the shaft to oy, + A, + Ayg. Under the combined action of these
factors, the combined grouting greatly enhanced the side resistance reinforcing-effect.

5. Conclusions

In this paper, through the field test of large-diameter drilled shafts, the influence of
shaft tip resistance and construction-effect on shaft side resistance before and after com-
bined grouting was studied, the reinforcing effect of combined grouting on bearing capacity
was confirmed, and the potential of applying combined grouting to realize sustainable
development, the economy, and environmental protection was introduced. According to
the test results, the fundamental mechanism of the softening-effect and reinforcing-effect
of shaft side resistance before and after combined grouting was analyzed. The following
conclusions are made:

1. Due to the influence of construction-effect and shaft tip sediment, the side resistance of
large-diameter drilled shafts without grouting softened at the initial loading stage, and
the measured ultimate side resistance, were lower than predicted values. The lower
the strength of shaft tip soil, the more serious the side resistance softening-effect e. The
mobilization of side resistance was affected by the strength of shaft tip soil.

2. The shaft tip sediment caused by the construction-effect softened the tip resistance
of large-diameter drilled shafts. However, after combined grouting or sediment
compression, shaft tip resistance was reinforced.

3. The increase in shaft tip resistance had a reinforcing-effect on shaft side resistance,
which mainly occurred near the shaft tip. However, this side resistance reinforcing-
effect near the shaft tip could only reduce, and not completely eliminate the negative
impact of construction-effect. Combined grouting could further improve this side
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resistance reinforcing effect and expand the range of soil layers with this reinforcing-
effect by 46%, completely eliminating the negative impact of the construction-effect.

4. Compared with traditional shaft tip grouting, the reinforcing effect of combined grout-
ing on the side resistance of large-diameter drilled shafts was remarkable, and the
mobilization speed of side resistance was improved. Combined grouting could also
improve the tip resistance and bearing capacity of large-diameter drilled shafts. After
combined grouting, the average increase of side resistance was 67.42%, the average tip
resistance increased by 116%, and the bearing capacity increased by 74.64%.

5. Combined grouting improved the bearing capacity of drilled shafts without increasing
drilled shaft sizing, economic costs, and carbon emission. By using combined grouting,
the designer could reduce the size and number of original drilled shafts while still
achieving the design bearing capacity. Large-diameter combined grouting drilled
shafts had great advantages in terms of reducing economic costs, environmental
protection, and sustainable development.

6.  The change of radial effective stress in soil was the fundamental reason influencing the
side resistance softening-effect and reinforcing-effect. When the soil strength under
the shaft tip was low, the shaft tip experienced pierced failure, which reduced radial
effective stress and side resistance. When the soil strength under the shaft tip was high,
an arching phenomenon appeared in the soil layer near the shaft, which increased
radial effective stress and side resistance. Combined grouting extended the arching
zone and increased the radial effective stress, thus reinforcing the side resistance.
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