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Abstract: Post-grouting technology has been extensively used in geotechnical engineering to improve
the bearing capacity of various piles, which overcomes the technical limitations of the bored piles and
recovers the mechanical performance of strata. A considerable amount of earlier research has been
conducted to investigate the bearing behavior and reinforcement mechanism of the grouted piles,
while very few studies focus on the reinforcement area of post-grouting technique. The theoretical
analysis on reinforcement area is of great significance, which is beneficial to correlate the grouting
parameters with pile bearing capacity with a target of saving cost and acquiring an optimized
design. This paper conducted a theoretical analysis on the grout migration height, and then proposed
a new predictive model to estimate the ultimate migration height of cement slurry, where the grout
rising process is considered as the flow of Bingham fluid in an axial annular space. A field test was
conducted to verify the applicability of the proposed model, and the comparison results revealed that
the calculated height is slightly overestimated as compared to the actual values, but it is acceptable in
engineering design. The grouting pressure loss and induced permeation was warranted to be studied
in future.

Keywords: bored piles; post-grouting; slurry migration height; theoretical model

1. Introduction

Bored pile, due to the strong adaptability to different formation conditions, high
bearing capacity, and flexibly geometry size, has been widely employed in geotechnical
engineering applications around the world [1-5]. However, two technological limitations
of the bored pile with respect to the sediment presence at pile base and weak soil layers
around the pile shaft, greatly reduce the ultimate bearing capacity of the pile, and then
increase the pile settlement [6]. The post-grouting technology has been demonstrated to
overcome these two limitations. Furthermore, the bearing capacity and reliability of the
bored piles could be improved after the grouting process [7-10]. For the post-grouting
technology, the U-tube grouting system composed of an inlet pipe, an outlet pipe, and
a pile base grouting device is designed to inject solidifiable cement slurry into both the
base and sides of pile, resulting in a mechanical improvement of loose sediments at pile
base and a soil solidification around pile shaft by resorting to filling, permeating, replacing,
splitting, compacting, consolidating, and so forth [11-15]. Thus, this advanced technology
has attracted great attention from geotechnical engineers and designers.

Many previous field experiments have been conducted to investigate the influences of
post-grouting on the bearing behavior of bored piles [16-18]. Bruce [19] clearly revealed
the benefits of post-grouting to enhance the service performance of large diameter piles.
Stocker [20] had made a comprehensive and quantitative field loading test, where the
skin friction of cast-in-situ bored piles with post-grouting at a settlement of 20 mm was
reported to have an increment of 100-120% compared with that of the ungrouted piles.
Gouvenot and Gabiax [21] conducted the field tests to evaluate the bearing capacity of
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post-grouted piles in sand and clay layers. It is reported that the ultimate bearing capacity
is found to be increased by 200-300%, which could greatly reduce the construction cost and
create a huge economic benefit. Huang and Gong [22] had conducted the back analysis
on the post-grouting piles, in which the deformation modulus and the average frictional
resistance of soil along the shaft, respectively, increase by 33-67% and 30-40% after the
posting-grouting treatment. Dai et al. [8] measured the bearing capacities of bored piled
at Suramadu Bridge before and after grouting. They reported that the side frictional
resistance, the pile-base resistance, and the ultimate bearing capacity of the investigated
pile, respectively, increase by 9-30%, 34-45%, and 17-62%. Skiwinski and Flemming [23]
found that the post-grouting obviously reduced the downward displacement of bored piles
as compared to the counterpart under the same loading conditions. These previous studies
have demonstrated that the post-grouting technology possesses excellent performance of
improving the bearing behavior of bored piles and the stability of superstructures. However,
a clear understanding of the reinforcement mechanism of post-grouting technology has
not been achieved presently. Pouranapillai et al. [24] indicated that the plastic deformation
of the soils around pile can be eliminated due to the pre-loading effect. In other words,
an intact bulb is generated as a result of the compaction effect of post-grouting, which
enlarges the bearing area compared with the shaft area at the tip. This pile bearing capacity
improvement is mainly attributed to two facts: (i) the injected cement slurry solidifies
the weak soil layers and losses sediments around and at the bottom of pile, respectively;
(ii) the expansion of cement slurry at pile base increases the bearing area, resulting in an
enhancement of pile-base resistance, and the slurry migration along the pile equals to make
an increment in pile diameter. However, very little research has comprehensively addressed
the intrinsic correlation of pile bearing capacity with post-grouting design parameters,
especially for the migration height of slurry.

This paper aimed to develop a theoretical model of grout migration height for the
post-grouting technology. The rheological equation of Bingham fluid was employed to
describe the upward migration of cement slurry along the pile shaft. Two filed load-
ing tests were conducted on the posted-grouted piles of the Duxiapu bridge and Henan
development plaza in China to verify the applicability of the obtained model. It is be-
lieved that this proposed theoretical model is useful to optimize the engineering design of
post-grouted piles.

2. Solution of Grout Migration Height
2.1. Basic Assumptions

The real behavior of upward migration of cement slurry in the weak layer zone is too
sophisticated to be analyzed. Therefore, the posted-pile foundation (as shown in Figure 1)
is simplified and simulated by a cylindrical model consisting of bored pile, weak layer
zone, and surrounding soil, in which L is the length of bored pile, and rg and b the radius
of bored pile and the thickness of weak layer, respectively. The following assumptions are
employed for making the theoretical solution of the grout migration height in this study:

(i) soils around the bored pile are isotropic and homogeneous;

(ii) cement slurry is simplified as the incompressible, isotropic and homogeneous Bing-
ham fluid;

(iii) surface of bored pile and hole is considered as cylindrical surface, and the annular
cement slurry is homogeneously distributed.

It should be acknowledged that the Herschel-Bulkley model is superior as compared
to Bingham model in the calculation of grout migration height. Meanwhile, the Bingham
model is much easier and the required calculation parameters are easily be obtained.
Therefore, the Bingham model is selected in this manuscript for developing the calculation
model of migration height.
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Figure 1. Calculation model of the post-grouted pile foundation.

2.2. Governing Equation

Figure 2 shows the strained condition of grout in an annular space, where a small
annular cement slurry element of size dr by dz is selected. The cement slurry is considered
as a steady flow, and thus, the component of Newton's second law along the pile length
direction, z, can be written as:

dr,

ZdFZ =2mrdr - p+2mrdz - T, — 2m(r +dr) - (Tz + <

dr> dz — 2nrdr (p + %dz) —2ntrdrdz - peg 1)
where ) dF, is the sum of the z components of all forces acting on the small annular cement
slurry element, which has mass dm = 27trdrdzp,; p is the pressure at the bottom surface of
annular element; T; is the shear stress along the pile length direction; and p. is the cement
slurry density.
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Figure 2. Strained condition of grout in an annular space.
Let ) dF, = 0, ignore third order infinitesimal, Equation (1) can be rearranged as:

dp 1 dr, _
E+;TZ+W+ng_O (2)
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The rheological equation of Bingham fluid can be expressed as:

do
T=THg, 3)

where v is the shear rate; and 19 is the yield shear strength (Pa). By integrating Equation (2)
with respect to 7, the following equation can be obtained:

__r(dp a
= 2(dz+pcg)+ r @)

Then, the boundary conditions can be written as follows:

Tl=ryt0/2= 0 ©®)
0y, =10 (6)
v‘r:ro—i-b: 0 (7)

By means of (5) and suitable manipulation, Equation (4) can be rewritten as:

1 r
T=0|-——— 8
1lr (r0+b/2)21 ®
Substituting Equation (4) to (5) yields:
1 b\?/d
1 = 2(1’0+2) (dlz? ‘|‘pcg> (9)

The radius ratio of the weak layer zone to the bored pile can be described as Rj, = %.

By means of Equations (6) and (7), then Substituting Equation (8) into Equation (3) gives:

T()RH
1= (10)
In(1+ Rpy) — 2
Change the form of Equation (9):
d 2c
T an
(7’0 + %)

where 1. is the unit weight of cement slurry (kN/m?), 7, = pcg.
Defining m = 20 _ . and integrating Equation (10) with respect to z, the follow-

(ro+4)’

ing relationship is obtained:

p=mz+po (12)

where py is the grouting outlet pressure (kPa); and p is the pressure of cement slurry at
depth of z (kPa). The start-crack pressure p. at depth of z can be expressed as:

pe=ko-v-(H=2)+0q (13)

where ko denotes lateral earth pressure coefficient of soil around bored pile; -y is the unit
weight of soil (kN/m?3); H is the depth of grouting outlet point in ground; z is the migration
height of cement slurry; o, is the tensile stress of the two weak interfaces (kPa).

According to the results reported by Zhang et al. [25], tensile stress value of weak
interfaces is very small and can be omitted in this study, so the start-crack pressure can be
simplified as follow:

pe=ko-v-(H-2) (14)
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The crack in the weak layer around the pile don’t stop generating until the start-crack
pressure greater or equal to pressure of cement slurry at depth of z, it can be expressed as:

pe(z) = p(z) (15)

The radius ratio of the weak layer zone to the bored pile can be described as R, = %,
substituting Equations (12) and (14) into Equation (15), the maximum migration height of
cement slurry can be derived as:

, — kovH —po

16
T ko (16)

Due to the friction and collision of particle in the cement slurry during the process of
grouting, the outlet pressure py is smaller than the gage pressure, which can be expressed
as follow:

Po=p1+p2—Ap (17)

where p; is gage pressure; p; is static pressure of grout; and Ap represents pressure loss.
According to the earlier research conducted by Dai et al. (2018), the relationship between
pressure loss Ap and pipe length L can be expressed as:

Ap = 0.037L (18)

Substituting Equations (17) and (18) into Equation (16), the solution of cement slurry
migration height would be obtained.

3. Results and Discussion
3.1. Parameter Influence Analysis

The parameter influence analysis was carried out to explore the correlations of slurry
migration height with the input parameters. It is assumed that the surrounding soil
is isotropic and homogeneous, the unit weight of soil is y= 18 kN, and the yield shear
strength of cement slurry is 7y = 6 Pa - s. A total of 15 samples with different geometric
conditions were selected and classified into three sets, as listed in Table 1. The influencing
factors include pile length, pile radius, and thickness of weak layer in the following section.

Table 1. Grouting pressure, pile radius, and grouting depth of 15 samples for calculation.

Set Grouting Pressure/kPa Pile Radius/m Grouting Depth/m
1 different value 0.4 20
2 1500 different value 20
3 1500 0.4 different value

Figure 3a presents the relationship between pile embedment depth and migration
height. A linear decreasing trend was observed for these two parameters, in which migra-
tion height decreases with an increase in pile embedment depth. It can be deduced that for
the bored pile with short length, its bearing capacity is more sensitive to the treatment of
post-grouting. The correlation of migration height with pile diameter is shown in Figure 3b,
where migration height increases with the increasing of pile diameter, and this increment
of height becomes moderate as the pile diameter exceeds 1.0 m. This phenomenon reveals
that the migration height would be a stable value as pile diameter further increased. For
the bored piles with large diameters, the discrepancy of migration height is expected to be
insignificant for the same post-grouting technology. The relationship of migration height
with grouting pressure is presented in Figure 3c. It can be expected that a higher grouting
pressure would result in a larger migration height as shown in figure. The high value of
grouting pressure imposes the strict requirements on the grouting equipment and construc-
tion cost. In the actual grouting construction of cast-in-place pile, due to the complexity
of the geological conditions and difference in pile length and mud thickness, the actual
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migration height values of cement slurry in piles are different from each other. Thus, the
actual cement slurry migration height should be determined in situ.
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Figure 3. Correlations of cement slurry migration height with: (a) pile embedment depth; (b) pile
diameter; and (c) grouting pressure.

3.2. Model Validation

To verify the obtained solution of slurry migration height, a field test at the Duxiapu
bridge, Zhejiang province, China was conducted. The post-grouted method is adopted to
improve the bearing capacity of bored piles in this project. The geological parameters of test
pile and layout of grouting pipes are shown in Figure 4. The Silty clay serves as the bearing
stratum for the bored piles. The pile is 42.5 m in length and 800 mm in diameter. Both
base and shaft grouting are adopted to reinforce the bored piles at the same time, where
the shaft grouting point locates in the medium sand. A total of 3 tons of cement slurry
with cement ratio of 0.5 were consumed, of which 1 ton is for shaft grouting and the rest
2 tons are for base grouting. The grouting pressure was set as 2.0 MPa in this application.
After 30 days curing, the foundation pit was excavated at a depth of 14 m. During the
excavation process, the detailed information of the solidified cement slurry on 5 piles were
clearly obtained. The firstly observed depth values of solidified cement slurry are shown
in Table 2. According to these measured depth values, the slurry migration height can
be easily calculated by subtracting from the depth of shaft grouting outlet (21.5 m in this
study). Therefore, the actual migration height ranges from 10.69 m to 11.44 m for these
five piles.
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Figure 4. Formation of construction site and layout of grouting pipes.

Table 2. First observed depth of cement slurry for 5 bored piles.

Pile Number Observed Depth (m) Actual Migration Height (m)
1 10.06 11.44
2 10.58 10.92
3 10.36 11.14
4 11.23 10.27
5 10.81 10.69

Figure 5 shows the photos of observed solidified cement slurry on piles, where the
actual rising height of grouting varies in different directions. Based on the field conditions
motioned above, the pile radius is 7y = 0.4 m, depth of shaft grouting outletis H = 21.5 m,
unit weight of grout is 7. = 18 kN/m?, and gage pressure of shaft grouting is p; = 1.8 MPa.
Since the lateral earth pressure coefficient and unit weight of each soil layer are different,
the weighted average method is employed in the calculation. The weighted average lateral
earth pressure coefficient is kg = 0.43, and the weighted average unit weight of soil is
v =19.65 kN/m?. In addition, five grout samples were tested in the laboratory, and the
yield shear strength of cement slurry is determined as 1y = 6 Pa. The average thickness of
weak layer measured on 5 piles is b = 0.05 m.

Figure 5. Photos of the bored pile after excavation: (a) solidified cement slurry and (b) thickness
measurement.
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According to the Equations (17) and (18), the outlet pressure pg can be calculated:
po = p1+ p2 — Ap = 1800+ 21.5 x 19.65 — 0.037 x 21.5 = 1427 kPa

Parameter c; can be derived by Equation (10):

TRy —0.006 x 0.075

c] = R = %005 — —83kPa-m
In(1+ Ru) — 774 In(1+0.075) — 535078
Then parameter m can be derived by:
m= 2= 2XT8 g 11akN/md

Ye
(ToJr%)z (0~4+%)2

Finally, the migration height of cement slurry can be obtained by Equation (16):

__ Po—koyH _ 1427 — 043 x 19.65 x 215

_ —11.
“m— ko 84.3 — 0.43 x 19.65 %0m

Compared with the actual migration height of 10.69 m~11.44 m, the calculated value
of 11.90 m is slightly overestimated but fully acceptable from a viewpoint of engineering
design. This overestimation is mainly attributed to the combined impacts of grouting
pressure loss and cement slurry permeation during the post-grouting process.

4. Conclusions

Studying the reinforcement scope of post-grouting is of great significance. It con-
tributes to create a bridge to connect the pile bearing capacity with grouting parameters,
which makes post-grouting design more reasonable and economic. A theoretical analysis
on migration height of grouting slurry is conducted in this paper. The rising process of
slurry is simplified as the flow of Bingham fluid in an axial annular space. After that,
a useful formula is developed to estimate the migration height value. The parameter
influence analyses show that the investigated migration height is closely related to the pile
embedment depth, pile diameter, and grouting pressure.

In order to verify the proposed calculation model, five bored piles treated with post-
grouting technology were selected and excavated after treatment to obtain the actual mi-
gration height. The comparison results indicated that the calculated height from proposed
model is slightly smaller than the actual values, while it is fully acceptable in engineering
design. It is noteworthy that the pressure loss and the resulted permeation during grouting
process also have important influence on the slurry migration, which is recommended to
be further investigated in future.
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