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Abstract: The reliability of post grouting pile axial resistance
was studied by proposing a design method for its probabilistic
limit state, which is represented by the partial coefficients of
load, end, and side resistance. The hyperbolic,
hyperbolic, and polynomial models were employed to predict
the ultimate bearing capacity of test piles that were not loaded
to damage in field tests.
calculation and calibration of the reliability index. The
reliability of the probabilistic limit state design method was
verified by an engineering case. The results show that the
prediction results obtained from the modified hyperbolic model
are closest to those obtained through the static load test. The
proposed corresponding values of total, side,
resistance partial coefficients are 1.84, 1.66, and 2.73 when
the dead and live load partial coefficients are taken as 1.1 and
1. 4, respectively. Meanwhile, the corresponding partial
coefficients of total, side, and end resistance are 1.70, 1.56,
and 2. 34 when the dead and live load partial coefficients are
taken as 1.2 and 1.4, respectively.
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The results were used for the

and end

he development of reliability theory in geotechnical
T engineering has made it possible to establish a prob-
abilistic limit state design method of pile foundation, re-
presented by partial coefficients of load and resistance
based on this theory. In recent years, the application of
such a design based on reliability theory has become a de-
velopment trend in the field of engineering structure
codes. Therefore, many scholars have calibrated the cal-
culation formulas of axial resistance for different pile
types in code standards.
For instance, Luo'" used the calibration method to cal-
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culate the reliability index of pile foundation in code for
designs used in railway bridges and culverts. The author
identified the expression of the design value of the axial-
bearing capacity of bored cast-in-place piles and driven
piles under the target reliability and obtained the corre-
sponding partial coefficient of resistance. Bian et al.
systematically studied the reliability design method of pile
foundation and proposed the calculation formula of the re-
liability index in a serviceability limit state. Many schol-
ars have also conducted calibration and research for differ-
ent pile types. For example, Fortier'” developed a data-
base according to the collected pile test data from Louisi-
ana and Mississippi and then calibrated the resistance co-
efficient in AASHTO using the MC method. Tang et
al. " collected the static load test data of 149 H-shaped
steel piles and obtained the statistical variables of model
factors. Using such information, they modified the design
resistance coefficient of the vertical bearing capacity limit
state of the H-shaped steel pile.

Some scholars have investigated the factors affecting
the reliability index of pile foundation bearing capacity.
For example, Wang et al. "' clarified the influence of the
effective internal friction angle of soil and the uncertainty
of variable load on reliability design. Huang et al. ' and

Zhang et al. "

analyzed the reliability indexes of bored
cast-in-place pile before and after grouting. Their results
indicated that post grouting can reduce the influence on
the reliability of bearing layer characteristics and pile
foundation construction.

In summary, many scholars have studied the reliability
of axial resistance design methods for several types of
piles. Thus, the corresponding data processing methods,
reliability calibration procedures, and recommended val-
ues of partial coefficients were obtained. However, re-
search on the probabilistic limit state design method for
post grouting piles remains lacking.

In this paper, the probabilistic limit state design meth-
od of the axial resistance of post grouting pile was ana-
lyzed based on the statistical data for the axial resistance
of 103 post grouting piles. The partial coefficient of total
resistance was further calibrated under the determined tar-
get reliability, after which the recommended values of
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partial coefficients for load and resistance were obtained
based on the probabilistic limit state design method of the
vertical bearing capacity of the post grouting pile.

1 Calibration of the Design Method for Axial
Resistance

1.1 Limit state equation

Assuming that the function of the structure is deter-
mined by n factors, then the function of the structure is
given by

Z=g(X) (D)

where X = {X,, X,, ..., X,‘}T.
Generally, the basic equation of the limit state is de-
fined as follows:

Z=g(R.G.0) =R-G-Q =0 (2)

where R is the resistance of pile foundation; G is the dead
load; @ is the live load.

To normalize the resistance caused by differences in
pile specifications and soil properties, the dimensionless
variables A, A; and A, are respectively introduced as

follows'"™:
A 211%]: (3)
Ag =%l: (4)
Aq =%l: (5)

where R,,, G,,, and Q,, are the measured values of resist-
ance, dead, and live loads, respectively; R,, Gy, and
Oy are the calculated values of ultimate bearing capacity,
as well as dead and live loads according to the code stand-
ards, respectively.

Thus, Eq. (2) is transformed into

Z=ARe = AGy — 1,0, =0 (6)

In addition, reliability indexes were investigated for dif-
ferent live to dead load ratios or different partial coeffi-
cients contained in the code standard formulas. The ratio
of live load to dead load, p = Q,/G,, and the limit state
design formulas are determined as follows:

Ry
YGGK+YQQK=7 (7

R

where p is the ratio of live load to dead load; vy,, g,
and vy, are the partial coefficients of total resistance, as
well as dead and live loads, respectively.

1.2 Partial coefficient of resistance

Using Eq. (7) and the collected statistical data of field

test piles, the reliability indexes of the pile axial resist-
ance design formula can be obtained for different partial
resistance coefficients and live to dead load ratios.

In this study, the JC method is used for conducting the
reliability analysis'®. The results obtained by splitting the
ratios of end and side resistance are equal to the partial
coefficient of total resistance obtained by calibration:

yonoFy =y (8)

where y,, y,, and vy, are the partial coefficients of the
end, side, and total resistance, respectively; 7, and 7,
are the ratios of the mean values of side and end resistance
to the mean value of the total resistance, respectively.

1.3 Target reliability index of bridge pile foundation

The target reliability index of a highway bridge struc-
ture is 4.7"".

in the probabilistic limit state calculation formula, which

Therefore, the reliability index contained

is represented by the resistance partial coefficient, should
not be lower than 4.7.

2 Calculation Model and Data Analysis of Post
Grouting Pile

2.1 Calculation method

In this paper, the limit value of the vertical bearing ca-
pacity of post grouting pile is obtained, in accordance
with the specifications for the design of foundation for
highway bridges and culverts (JTG 3363—2019)""':

Ru = Rus + Rub = uzﬁsiqikli + 2qurAp (9)

where R,, R
of the total, side, and end resistance, respectively; u is
the perimeter of the pile; g, is the standard value of the

and R, are the ultimate bearing capacities

us?

ultimate side resistance of the ith soil layer; [, is the
thickness of the i-th soil layer; g, is the standard value of
ultimate end resistance; A, is the cross-sectional area of
pile end; B, and B, are the enhancement coefficients of
side and end resistance, respectively.

Then the corresponding probabilistic limit state design
formula is given by

R, uQ Biquli +2B,9.A
YOk +¥0xk < — = z : 2
Yr Yr

(10)

2.2 Statistical analysis

A total of 103 post grouting pile test data were collect-
ed in this study'”™"”!
limit state in the field static load test. Additionally, even
though 30 field test piles were not loaded to the limit
state, the detailed load and settlement data could be pre-
dicted by the polynomial, hyperbolic, and modified hy-

[16-19]

, of which 73 piles were loaded to the

perbolic models
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11 the numbers of test piles

After screening these data
that can be predicted by the polynomial, hyperbolic, and
modified hyperbolic models are 29, 28, and 26, respec-
tively. The prediction results of each model are listed in

Tab. 1.

Tab.1 Statistical information on the prediction results of dif-
ferent models

. Mean Standard

Model Quantity L.
value deviation
Limit state 73 1.327 1 0.279 6
Polynomial model 102 1.350 4 0.271 2
Hyperbolic model 101 1.361 1 0.283 9
Modified hyperbolic model 99 1.324 3 0.273 9

3 Reliability Design Formula

3.1 Effect of predictive models on the reliability in-
dex of axial resistance

The statistical data of the axial resistance of post grou-
ting pile under different prediction models are given in
Tab. 1. Then, the reliability indexes of the design formu-
la of the axial resistance of post grouting pile for a high-
way bridge under the conditions of y, =2, y; =1.2, and
vo =1.4 were calculated. The results are shown in Fig.
1. As shown in the figure, the calculated results of the
three prediction models are higher compared with the test
results loaded to the limit state, while the results obtained
from the modified hyperbolic prediction model are closest
to the results of the static load test.
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Fig.1 Reliability index of the axial resistance of post grouting
pile under different prediction models

3.2 Factors influencing the reliability index

The influence of different factors, such as the operating
condition of the vehicles on the bridge and the ratio of
live to dead load on the reliability index is considered in
this section based on two sets of partial coefficient val-
ues; namely, vy, =2, y5=1.2, yo=1.4 and y, =2, y,
=1.1, y,=1.4. The calculation results of the axial re-
sistance reliability index of the post grouting pile based on
Eq. (9) are plotted in Fig.2. As shown in the figure, the

influence degree of the operating state of vehicles on the
reliability index shows a trend of increasing, decreasing,
and then increasing again as the ratio of live to dead load

changes.
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Fig.2 Reliability indexes of the axial resistance of post grou-
ting pile under different operation conditions

Additionally, under the condition that the partial coef-
ficient of the live load is 1.4, the partial coefficients of
dead load are 1.1 and 1.2, respectively. Furthermore,
the calculated reliability indexes are greater than the target
reliability index of 4.7, and the reliability index also in-
creases gradually with the change of the ratio of live to
dead load. Thus, it is necessary to calibrate the reliabili-

ty.

3.3 Partial coefficient of the resistance of grouting
pile

The partial coefficients of the total resistance of post
grouting pile under different operating conditions are cali-
brated, and the target reliability is determined as 4. 7.
The calibration results for the corresponding partial coeffi-
cients of different loads are shown in Fig. 3.
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Fig.3 Partial coefficients of the total axial resistance of post
grouting pile

Based on Eq. (8), the partial coefficients of the total
axial resistance of post grouting pile are equivalently di-
vided under different operating conditions. The partial co-
efficients of the side and end resistance of the post grou-
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ting pile are obtained by setting the ratio of live to dead
load as 0. 1. The calculation results are listed in Tab. 2.

Tab.2 Partial coefficients of the axial load and resistance of
post grouting pile

Operation status Y6 YQ Yu Vs Vb
. 1.1 1.4 1.82 1.65 2.68
General operation
1.2 1.4 1.69 1.55 2.30
. 1.1 1.4 1.84 1.66 2.73
Dense operation
1.2 1.4 1.70 1.56 2.34

Tab. 2 shows that the operation state has little effect on
the total resistance and the side and end resistance partial
coefficients of the grouting pile under the same partial co-
efficients of dead and live loads. Therefore, in order to
facilitate, unify, and ensure the safety of bridge founda-
tion piles, the resistance partial coefficient under dense
operation can be determined based on the load partial co-
efficient.

3.4 Verification based on engineering case

Suramadu Bridge in Indonesia is located on Madura
Strait in East Java Province, Indonesia. The No. 45 pile
of the approach bridge was selected as an engineering case
in this study to illustrate and verify the feasibility of the
probabilistic limit state design method of axial resistance
for the post grouting pile.

The pile is 2.2 m in diameter and 80. 708 m in length.
The side resistance within 11 m above the pile end is en-
hanced, and the enhancement coefficients of side and end
resistance are taken as 8, =1.3 and 8, =1.6, respective-
Iy
ultimate side resistance and ultimate end resistance of the
test pile are R, =26.636 MN and R, =7.347 MN, re-
spectively.

According to the proposed probabilistic limit state de-
sign method for the axial resistance of the post grouting
pile, y;=1.2 and y, = 1.4 are considered, and the de-
sign value of the bearing capacity of the test pile is calcu-
lated from the post grouting pile’s partial coefficient of re-
sistance. The bearing capacity calculated from the total
partial coefficient is 19. 990 MN, and the corresponding
value for the sum of the partial coefficients of end and
side resistance is 20.214 MN.

The measured pile top load-displacement equivalent
curve of the No. 45 pile is shown in Fig. 4. As can be
seen, the load at the maximum displacement is deter-
mined as the ultimate bearing capacity. As shown in Fig.
4, the measured bearing capacity of the test pile is
39.717 MN, while the end resistance and side resistance
corresponding to the level of load are 9. 580 and 30. 137
MN, respectively. The safety factor is taken as 2. 0.
Then, the design value of the bearing capacity of the test
pile, which is calculated by using the probabilistic limit

. Then, based on Eq. (9), the calculated values of

state design method of axial resistance, is slightly higher

than the measured value. Given that the test pile is not
loaded to failure, the design value obtained according to
the method given in this study is relatively safe.
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Fig. 4
Bridge

Load-displacement curve of the test pile of Suramadu

4 Conclusions

1) Compared to the calculated values based on the data
on the static load test for the limit state, the three ultimate
bearing capacity prediction models produced higher val-
ues. Furthermore, the results obtained from the modified
hyperbolic prediction model are closest to that of the static
load test.

2) The reliability index of the axial resistance of the
post grouting pile increases gradually with the increase in
the ratio of live to dead load. Furthermore, the influence
degree of the operating state of vehicles on the reliability
index shows a trend of increasing, decreasing, and then
increasing again as the ratio of live to dead load changes.

3) The corresponding partial coefficient of total resist-
ance was obtained based on the target reliability index
value of 4.7. Assuming that y; =1.1 and y, =1.4, the
corresponding partial coefficients of the total resistance,
side resistance, and end resistance are 1. 84, 1.66, and
2.73, respectively. Meanwhile, upon assuming that v,
=1.2 and y, = 1.4, the corresponding partial coeffi-
cients of the total, side, and end resistance are 1. 70,
1.56, and 2. 34, respectively.

4) The engineering case results show that the design
value obtained using the proposed method is relatively
safe.
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