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1. Introduction 
 

Deep soft soil foundation reinforcement is an inevitable 

part of pile foundation engineering, and the post-grouting 

technique is one of the most effective methods for 

foundation treatment. The post-grouting technique of pile is 

to inject the cement slurry into the base of the pile using the 

high-pressure pump to improve the bearing capacity, 

recover the bearing capacity of the ground and deduce the 

pile-top settlement (Bruce 1986, Mandolini et al. 2005, 

Semet 2016, Gullu et al. 2017). Accurate estimation of 

bearing capacity and settlement of pile foundation are the 

keys to ensure the safety of pile foundation. Many 

researchers illustrated that the post-grouting technique is a 

much validated method for eliminating the technological 

defects, improving the ground strength, and optimizing the 

parameters of bored piles (Fleming 1993, Mcvay et al. 

2010). The study of the bearing capacity and settlement for 

the post-grouted pile have been investigated by several 

scholars in the previous work using different method: (a) 

analytical methods (e.g., Guo and Randolph 1999, Mullins 

et al. 2006, Zhang et al. 2012, Thiyyakkandi et al. 2012, 

Zhang et al. 2014, Wang et al. 2018, Li et al. 2019a, b), (b) 

numerical analysis (e.g., Danno 2009, Ni et al. 2010, 
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Voottipruex 2011, Karimi et al. 2017, Castelli and Maugeri 

2002, Zou et al. 2019) and (c) experimental investigations 

(Mullins 2006, Jardine 2009, Spagnoli et al. 2016, He et al. 

2017). Analytical methods may be limited by some highly 

simplified assumptions that may cause the deviation of 

solutions from the true working state of piles. It also needs 

to be mentioned that the numerical simulation methods can 

be time-consuming and usually require a larger number of 

input variables, some of which should be estimated or 

assumed if not available at hand. A distinct advantage of the 

experimental methods lies in that the field data can provide 

meaningful physical insight into the governing parameters 

and also offer direct design data for pile engineers. 

Published literature has mainly investigated the settlement 

of the grouted pile by analytical methods (Guo and 

Randolph 1999, Danno 2009, Xia and Zou 2017) and 

numerical analysis (Feng and Lewis 1987, Maier and Gioda 

1982, Hyodo et al. 2019). Only a few of literature have 

reported the long-term settlement of the cast-in-place bored 

pile by the field test method. For instance, Liu (2011) 

presented that the bearing capacity of the post-grouted pile 

is improved at least 70% than that of non-grouted piles. 

Thiyyakkandi et al. (2013) proposed a predict approach of 

the axial loading based on the performed experimental and 

FEM modeling. Thiyyakkandi et al. (2014) focused on the 

group-piles behavior of tip and side grouting. However, 

there are some differences in the calculation parameters 

between the laboratory test results and the field results. 

Chen et al. (2000) presented the direct back analysis 

method based on the displacement messages obtained from 
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Abstract.  The long-term settlement characteristics for the cast-in-place bored pile in the deep-thick soft soil are investigated 

by post-grouting field tests. Six cast-in-place bored engineering piles and three cast-in-place bored test piles are installed to study 

the long-term settlement characteristics. Three post-grouting methods (i.e., post-tip-grouting, post-side-grouting, and tip and side 

post-grouting) are designed and carried out by field tests. Results of the local test show that decreased settlements for the post-

side-grouted pile, the post-tip-grouted pile and the tip and side post-grouted pile are 22.2%~25.8%, 30.10%~35.98% and 

32.40%~35.50%, respectively, compared with non-grouted piles. The side friction resistance for non-grouted piles, post-side-

grouted pile, post-tip-grouted pile and the tip and side post-grouted pile undertakes 89.6~91.3%, 94.6%, 92.4%~93.0%, 95.7% 

of the total loading, respectively. At last, the parameters back analysis method and numerical calculation are adopted to predict 

the long-term settlement characteristics of the cast-in-place bored pile in the deep-thick soft soil. Determined Bulk modulus (K) 

and a creep parameter (Ks) are used for the back analysis of the long-term settlement of the post-grouted pile. The settlement 

difference between the back analysis and the measurement data is about 1.11%-7.41%. Long-term settlement of the post-grouted 

piles are predicted by the back analysis method, and the predicted results show that the settlement of the post-grouted pile are 

less than 6 mm and will be stable in 30 days. 
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the constructing. Comodromos et al. (2009) obtained fitting 

values for soil shear strength, deformation modulus, and 

shear strength mobilization at the soil-pile interface.  

Due to the fact that the experimental methods, compared 

with the numerical simulations and analytical methods, can 

provide meaningful physical insight into the governing 

parameters and also offer direct design data for pile 

grouting. Laboratory tests are carried out to measure the 

strength and deformation parameters of local soil sample. 

The six engineering bored piles (two non-grouted piles, two 

post-tip-grouted piles, a post-side-grouted pile, and a tip and 

side post-grouted pile) and three test bored piles (a tip post-

grouted piles, a post-side-grouted pile, and a tip and side 

post-grouted pile) are installed to study the pile-top 

settlement, the axial force and side friction resistance under 

the axial loading. Finally, the settlement data obtained by 

field test are used for the back analysis and numerical 

calculation to predict the long-term settlement of the cast-

in-place bored pile reinforced by post-grouting. In this 

paper, the results from a field test of the post grouted pile in 

the deep-thick soft soil are presented, and a novel prediction 

method for the long-term settlement of the post grouted 

piles is proposed. The test results and the proposed method 

can provide some direct design data and practical guidance 

for post grouting pile design. 
 

 

2. Laboratory test 
 

In order to predict the long-term settlement of the post-

grouted piles, laboratory tests (i.e., liquid limit and plastic 

limit test, compression-deformation test, direct shear test 

and triaxial test of grouted soil) are carried out. The results 

of the laboratory test are expressed as follows.  

 

2.1 Soil sampling and soil layer distribution 
 

Four boreholes (i.e., 482 #, 489 #, 497 #, 503 # pile 

borehole) are set at the field. A set of soil samples are taken 

at 2.0 m between two adjacent boreholes, and one group of 

soil samples are obtained at the bottom of drilling hole, the 

undisturbed soil sample has a diameter of 80 mm and a 

height of 200 mm. The soil sample number is “ABC-XX”, 

where “ABC” means the pile number, “XX” means the 

depth of the soil sample. For example, “482” represents the 

number of piles, and “4” denotes the depth of soil layer in 

the number”482-4”. For the layout of piles, soil sample 

collection and static load test location are shown in Fig. 1, 

and the soil layer distribution and grouting range are shown 

in Fig. 2. 

 

2.2 Compression-deformation 
 

Consolidometer is used for carrying out the 

compression-deformation test by step-wise loads. The 

vertical load imposed on the soil sample is 50 kPa, 100 kPa, 

and 200 kPa, respectively. The stability standard for each 

load is that the soil layer deformation ratio is less than 0.01 

mm/h. Test results are shown in Fig. 3. The pressure in the 

legend of Fig. 3 is the confining pressure (σ3). 

It is known from the test results that the compression  

 

Fig. 1 Pile layout diagram containing sampling and static 

load test location information 

 

 

Fig. 2 The soil distribution and grouting range 
 
 

modulus of the in-site soil sample will increase with the 

ratio of cement increasing. Compression modulus is 

constrained modulus which represents the ratio of vertical 

stress to vertical strain under the lateral strain condition. 

When the cement content exceeds 40% (i.e., 40 percent of 

cement slurry by weight of soil in wet condition) the 

compression modulus approximately keeps stable. When 

the cement content is less than 20%, vertical stress has no 

significant effect on the compression modulus. The 

compression modulus of one soil layer will increase with 

the vertical stress increasing. 

Direct shear test is carried out to measure the shear 

strength of soil sample and soil sample with cement. The 

soil-cement specimen is made of undisturbed soil sample 

497# mixed with 2%, 5% and 10% of cement slurry by 

weight of soil, respectively. Results are shown in Fig. 4. 

One can infer from Fig. 4 that the cohesion c generally 

decreases with the increase of the depth, but the shear 

strength of the soil sample with cement is obviously 
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improved. In addition, the increase of cohesion c is larger 

than that of internal friction angle. 
 

2.4 Rheological test 
 

Rheological test is conducted with a consolidometer. 
The volume of the soil sample is 30 ×2×2 cm. under each 
load reaches to a state of steady step-wise loading method is 
adopted and the load grades are 25 kPa, 50 kPa, 100 kPa, 
200 kPa, 400 kPa, 800 kPa and 1600 kPa, respectively. 
Each load reaches a steady state and keeps 24 h. Results are 
shown in Fig. 5. 

The results show that the secondary consolidation 
coefficient of grouting soil is less than natural soil. It 
indicates that grouting could improve the compression and 
rheological property of soil. 
 

 

3. Filed test 
 

By post-grouting, bearing capacity and lateral resistance 

of pile are improved. In this test, six engineering bored piles 

and three test bored piles are selected to obtain the 

engineering properties and long-term settlement of the post-

grouting pile. 
 

3.1 Grouting mode 
 

In order to obtain the long-term settlement and 

engineering characteristics of the post-grouting pile under  

 

 

 

the different post-grouting methods, three post-grouting 

methods (i.e., post-tip-grouting, post-side-grouting, and tip 

and side post-grouting) are designed and carried out by field 

tests. Post-tip-grouting is only grouting at the tip of the cast-

in-place pile, and the grouting length is 1.0m. Post-side-

grouting is only grouting at the side of the cast-in-place 

pile, and the grouting length is 30.0m. Tip and side post-

grouting is grout at the tip and side of the cast-in-place pile. 

The grouting range and soil layer distribution are shown in 

Fig. 2. The grouting material is cement slurry with a water 

cement ratio of 0.6:1. Grouting pressure varies from 0.5 to 

2.5 MPa. The volume of grouting is measured by the 

flowmeter, and then the grouting weight is converted by 

grouting density. The grouting pressure and grouting 

volume of each pile are shown in Table 2. In Table 2, tip 

and side 1.5 t means that 1.5 t of grouting material is 

injected at pile tip and another 1.5 t is injected along the 

pile shaft. 

 

3.2 Field test project 
 

The static load test was performed under a slow 

procedure which can be found in Technical Code for 

Testing of Building Foundation Piles. The maximum load of 

the jack is 1.3 times the design load of the pile. Settlement 

and stresses at tip or side of piles are measured by the 

displacement sensor and the vibrating wire rebar stress 

meter, and the corresponding technical parameters can be  

  
(a) Compression curves of 497-32 (b) Compression modulus under the different ratio of cement 

Fig. 3 Compression curves and compression modulus under the different ratio of cement of 497-32 

  
(a) Internal friction angle (b) Cohesion 

Fig. 4 Shear strength of soil sample and soil sample with cement corresponding to sampling depth 
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noticed in Table 1. The vibrating wire rebar stress meter is 

welded on the rebar to measure the strain of the rebar, and 

then the strain can be converted into stress using the elastic 

modulus (i.e., E=2.0GPa) of the rebar, as is shown in Fig. 7. 

For each pile, 48 vibrating wire rebar stress meters are  

 

 

 

 

embedded at tip and side of the piles. There are 12 cross-

sections along the depth of pile and the spacing is 4 meters 

and 6 meters respectively. Four steel stress meters are 

installed in every cross-section along the diameter of the 

pile. The grouting pipe and vibrating wire rebar stress  
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(a) Pile 497 (b) Pile 497 with different cement 

Fig. 5 Relationships between the secondary consolidation coefficient and the stress of the pile 497 

Table 1 Technical parameters of the steel stress meter 

Model JTM-V1000D-100 

Measurement range Maximum pull stress, 100MPa Maximum pressure stress, (200MPa) 

Resolution ratio %/F•S ≤0.14 ≤0.07 

  
(a) Reserved grouting pipe (b) Check valve 

  
(c) Side grouted pipe (d) Stress meter 

Fig. 6 Grouting pipe and steel stress meters 
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meters are shown in Fig. 6. 

 

3.3 Post-grouting test 
 

Post-grouting parameters for six engineering cast-in-

place bored piles and three test cast-in-place bored piles are 

shown in Table 2. The test pile is set only for static load test 

with large loads, and its maximum test load is 600t. The 

engineering pile will be used as the foundation of the bridge 

after the static load test, and the test can only be carried out  

 

 

 

 
 

with 1.3 times larger than the design load, and the 

maximum test load is 460t. Besides the maximum test load, 

there are no differences between these two groups. 

As shown in Fig. 7 (a), the mass load of the loading 

blocks is transmitted to the girder through the secondary 

beam, and the step by step load is applied to the top of the 

pile by a jack. The displacement meter is fixed on the 

observing beam to measure the displacement of the pile. 

The static load test was performed under a slow procedure 

which can be found in Technical Code for Testing of 

  
(a) Schematic diagram of the static loading test (b) Jack and sensor 

Fig. 7 Field static loading test 

Table 2 Grouting parameters 

Number 503# 504# 505# 506# 507# 508# S1 S2 S3 

Length (m) 55  

Diameter (m) 1  

Grouting method Tip and side Tip No No Tip Side Tip Side Tip and side 

Grouting quantity (t) 1.5 3 - - 3 3 3 3 1.5 

Grouting 

Pressure(MPa) 
1~1.5 0.5~1 - - 1.5 1~2.5 1.5 1~5.5 1~1.5 

 

Fig.8 Loading-displacement curves 

Table 3 Settlement decrement because of the post-grouting 

Settlement decrement 
(%) 

 

508# 504# 507# 503# S1 S2 S3 

Side grouting Tip grouting Tip grouting 
Tip + side 

grouting 
Tip grouting Side grouting 

Tip + side 

grouting 

Compared with 505# 22.20% 30.10% 32.90% 32.40% 9.56% 17.43% 19.12% 

Compared with 506# 25.80% 33.20% 35.98% 35.50% 13.92% 21.37% 22.98% 
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Building Foundation Piles (English Version). For 

engineering cast-in-place bored piles, the maximum loading 

is 460 t and the load grade is 92 t, 138 t, 184 t, 230 t, 276 t, 

322 t, 368 t, 414 t and 460 t, respectively. For test cast-in-

place bored piles, the maximum loading is 600 t. The load 

grade is 120 t, 180 t, 240 t, 300 t, 360 t, 420 t, 480 t, 540 t 

and 600 t, respectively. The waiting times between each 

step of the load shall not be less than 2h. The test apparatus 

is shown in Fig. 7. 

 

3.4 Field test project 
 

Four displacement sensors are installed symmetrically 

on the top of piles to obtain the pile-top settlement. 

Loading-displacement curves are shown in Fig. 8. 

It is known from Fig. 8 that the settlement of 505# and 

506# are, respectively, 5.89 mm and 6.17 mm when the load 

is 460 t. The settlement comparisons between 505# and 

506# with other piles are shown in Table 3. When the 

loading is less than 414 t, the loading-settlement curves of 

all piles are nearly linear. When the loading is more than 

414 t, the settlement-loading curves of 505# and 506# have 

a grammatically dropping, whereas the curves of other piles 

still keep linear. The reason why settlement-loading curves 

of 505# and 506# have a grammatically dropping is that the  

414 t load exceeds the ultimate bearing capacity of the 

un-grouting pile foundation. While the ultimate bearing 

capacity of grouting piles was improved by the post-

grouting technique, and exceeds 414 t. So the curves of 

grouting piles still keep linear. It can be inferred that the 

post-grouting technique is able to improve the engineering 

characteristic and decrease settlement of the pile. 

When the loadings of six engineering bored piles and 

three test bored piles are 460 t and 600 t, respectively the 

axial force-depth curves and the friction resistance-depth 

curves are obtained by the vibrating wire rebar stress 

meters. Test curves are shown in Fig. 9 and Fig.10.  

It can be seen from Fig. 9 that the axial force of the pile 

decreases as the depth increases, and its value is close to 

zero at the bottom of the pile. It indicates that the friction 

resistance of the soil on the bottom pile is not fully 

mobilized, and the pile has not reached its ultimate bearing 

capacity. Further analysis of the descending trend of axial 

force in six engineering piles shows that the rate of descent 

of all piles at 0-15 m (i.e., clay) is basically the same, but 

the rate of decrease of side grouting pile (i.e., 503, 508) is 

faster than that of un-grouting pile under 15 m (i.e., silt). 

The main reason may be that the grouting effect is better in 

silt than in clay, and the lateral friction resistance of the silt 

after grouting is easier to be mobilized. 

In Fig. 10, the distribution and value of the resistance of 

the un-grouted piles ( 505#, 506# ) and the side grouting 

piles (503#, 508# ) in different layers are compared. It can 

be inferred that the resistance has little change at the range 

of 0.0-15.0 m (i.e., clay), but rises sharply at 15.0-30.0 m 

(i.e., silt). It is concluded that the grouting effect in the silt 

is much better than that in the clay. 

When the loading P=460 t, the side friction resistance of 

505# and 506# accounts for  91.304% and 89.565% of the 

total loading and the max friction resistance is 42.2 kPa and 

41.4 kPa, respectively. The max friction resistance of 508#  

 

Fig. 9 Axial force-depth curves 

 

 

Fig. 10 Unit skin friction resistance-depth curves 
 
 

is 55.7 kPa, which improves about 33% compared with the 

max friction resistance of 505# and 506#. The side friction 

resistance of 508# accounts for 94.565% of the loading. The 

tip resistance of 504# and 507# accounts for 6.957% and 

7.609% of the loading, while the tip resistance of 505# and 

506# accounts for 8.696% and 10.435% of the loading. The 

tip resistance of 503# accounts for 4.348% of the loading. 

The friction resistance improves with the increment of 

grouting which could be known as the increment of pile 

base, the results show in agreement with the discussion in 

Zhang, et al. (2013) (i.e., an increase in the material 

strength at the pile base puts significant and positive impact 

on mobilizing the shaft resistance).  

When the loading P=600 t, the max resistance of S1, S2 

and S3 appears at 18 m below pile-top, which accounts for 

61.70 kPa, 62.50 kPa and 63.60 kPa. The tip resistance of 

S1, S2 and S3 is 61.7 kPa, 62.5 kPa and 63.60kPa, which 

just accounts for respectively 10.283%, 10.417% and 10.6% 

of the loading. 
 
 

4. Parameters back analysis and prediction of long-
term settlement 
 

Non-grouted piles 505# and 506#, side-grouted piles 

508#, tip-grouted pile 504# and 507#, and the tip and side 

grouted pile 503#, three cast-in-place bored test piles (i.e., 

S1, S2 and S3) are selected as the back analysis objects. 
 

4.1 Field settlement data 
 

The collection of the field settlement data is conducted  
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Fig. 11 Settlement-time curves 

 

Table 4 Parameters of the different soil layers 

Soil layer 
Thickness h 

(m) 

Bulk density 

γ (kN/m3) 

Cohesion 

c (kP) 

Internal 

friction 

angle φ 

Compression 

modulus Es 

(MPa) 

Poisson's 

ratio ν 

Muddy 

clay 
0-16 18.3 8 19.5 22.7 0.38 

silt ① 16-25 17.7 10 9 24.8 0.33 

silt ② 25-38 18.4 11 15 41.5 0.33 

silt ③ 38-50 20 33 15 91.5 0.35 

sand 50-55 19.5 3 27.5 271.8 0.28 

 

 

in the process of the pile static load test. In order to study 

the long-term settlement of the pile foundation under creep 

conditions, the static load test was performed under the 

slow procedure to reach the maximum load and then 

maintain the maximum load for 5-15 days. The 

displacement of the pile was measured by sensor every day. 

By field tests, the settlement-time curves of six engineering 

cast-in-place bored piles under the maximum loading 

P=460 t and three cast-in-place bored test piles under the 

maximum loading P=490 t are shown in Fig. 11. 

 

4.2 Selection of the back analysis parameters 
 

The parameters of the cast-in-place bored piles are 

obtained by laboratory test (i.e., liquid limit and plastic limit 

test, compression-deformation test, direct shear test and 

triaxial test of grouted soil). The pile length L is 55.0 m, 

diameter d is 1.0 m. The Poisson's ratio ν is 0.2, Elastic 

Modulus E is 31.5 GPa. As shown in Table 4, the pile goes 

through five different soil layers which are clay, silt soil ①, 

silt ②, silt ③ and sand, the bottom of piles is clay. 

Parameters of the different soil layers are shown in Table 4. 

In order to simplify the calculation, cast-in-place bored 

pile and soil are considered as a homogeneous material. The 

parameters in the FLAC3D are selected as that bulk density 

γ=19.0 kN/m3, cohesion c=20 kPa, internal friction angle 

φ=15°. Shear modulus and bulk modulus are calculated by 

the Eq. (1) and Eq. (2).  

/ 2(1 )G E = +
 (1) 

K / 3(1 2 )E = −
 (2) 

 

Fig. 12 Schematic representation of CVISC model 
 

 

where, ν is Poisson’s ratio, E is elasticity modulus and can 

be expressed by 

2E / 1 2 / (1 )sE   = − −   
(3) 

According to Eqs. (1)-(3), the shear modulus G=10 

MPa, and bulk modulus K=30 MPa are selected as the one 

back analysis parameter. 

The CVISC creep model is taken into account based on 

the Mohr-Coulomb failure criterion, which has three control 

parameters (Maxwell dynamic viscosity ms, Kelvin shear 

modulus ks, Kelvin viscosity kv). ks is selected as a back 

analysis parameter, and let ms = kv, the value of ks is 

selected based on the settlement of the grouted piles and 

non-grouted piles. In this paper, two back parameters are 

selected, one is the bulk modulus K, the other is the creep 

parameter ks. 
 

4.3 Prediction model 
 

The CVISC creep model is a Viscous-elastic-plastic 
Model of FLAC3D, and the model has been proven to be 
effective in predicting long-term settlement of foundations 
under creep conditions. Jiang et al. (2013) adopt the CVISC 
creep model to simulate subgrade settlement after 
construction. The CVISC model also (Pellet 2009, Bonini et 
al. 2009, Sharifzadeh et al. 2013) adopted for modeling 
time-dependent behavior of the weak hosting rock mass. 
The CVISC model in FLAC is characterized by a visco-
elasto-plastic deviatoric behavior, as shown in Fig. 12. The 
visco-elastic constitutive law corresponds to a Burger 
model (Kelvin cell in series with a Maxwell component), 
and the plastic constitutive law corresponds to a Mohr-
Coulomb model. In this model, the visco-elastic strains are 
deviatoric and depend only on the deviatoric stress Di,j, 
instead the plastic strains are both deviatoric and volumetric 
and depend on σij in accordance with the chosen flow rule 
(Bonini et al. 2009). 

For the CVISC model, the deviatoric strain rate 

partitioning is expressed as 

K M P

ij ij ij ij   = + +
 

(4) 

Constitutive laws of the deviatoric behavior for Kelvin 

unit are expressed as follows 

D 2 2K K K K

ij ij ijG  = +
 

(5) 

For Maxwell unit, 

D D

2 2

ij ijM

ij M MG



= +

 

(6) 

G
K

η
K

G
M

η
M

c, φ,ψ,σ

Kelvin Maxwell Mohr Coulomb

q

ε q
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Fig. 13 Settlement- time curves under loading 
 

 

For Mohr-Coulomb Plastic unit, 

P

vol

1
*

3

P

ij ij

ij

g
   




= −


 

(7) 

where, 

vol

11 22 33

*P g g g
 

  

   
= + + 

     

(8) 

The constitutive laws of the volumetric behavior are 

formulated as follows 

0 vol( )P

volK  = −
 

(9) 

In the above Eqs. (4)-(9), the superscripts M, K and P 

represent the Kelvin unit, Maxwell unit and Mohr-Coulomb 

plastic unit of the corresponding parameters; the parameters 

with superscripts dot donate their first differential 

corresponding to rheological time. The K is bulk modulus, 

G is shear modulus and η are the dynamic viscosity. The Dij 

and σij are the deviatoric components derived from the 

strain and stress tensors, respectively; εvol and σ0 are the 

volumetric components of the strain and stress tensors. λ*is 

a multiplier that can be eliminated in the calculation 

afterwards. 

In the Mohr-Coulomb plastic model, the failure criterion 

f is expressed as follows 

1 3 2f N C N  = − +
 

(10) 

where, c is the cohesion, ϕ is the friction angle and 

parameter =(1+sin )/(1-sin )N   . 

The plastic potential function g as shown by 

1 3g N = −
 

(11) 

where, σ1 and σ3 are the major and the minor principal 

stresses; φ is the dilation angle and parameter

=(1+sin )/(1-sin )N   . 

 

4.4 Parameters back analysis 
 

The analysis method of the nonlinear settlement-time 

curve is selected, which takes the pile-soil surface and the 

soil under the pile bottom into consideration. Procedures of 

the method are shown as follows. 

(1) In Fig. 11, when loading P=460t, non-grouted pile 

505# is selected as an example to illustrate the parameters 

back analysis and the static creep test. Firstly, select the 

settlement of the first day and the last day as the fitting 

magnitude of back analysis. Then, select a group values of 

bulk modulus K and creep parameter ks: 

     1 2j sx x x K k= =， ，
. 

(2) Choose n points from the settlement-time curve, 

therefore, time of the n points and corresponding n 

settlement values are obtained. 

On settlement-time curves, when loading P at time ti, 

the corresponding settlement Si1 is obtained by numerical 

simulation, where, Si1 is the settlement value of numerical 

calculation corresponding to time ti, Si2 is the fitting 

settlement results corresponding to time ti, as shown in Fig. 

13. Define 

1( )s i if P K k t S=， ， ，
 

(12) 

where, ( )s if P K k t， ， ，  is a function of settlement, 

varies with soil mechanical parameters, loading P and time 

ti are constant values. 

K
s i i

s i

f f f f
dP dK dk dt dS

P k t

   
 +  +  +  =

   
 

(13) 

As for constant loading P and time ti, there are dP=0 and 

dti=0. Fig. 9 shows that the difference between measured 

settlement and the calculating result is ΔSi under loading P. 

There is 

1 1

2 2

1

2

n n

s

( P t ) s ( P t )

s

( P t ) s ( P t )

s n

( P t ) s ( P t )

f f
dK dk S

K k

f f
dK dk S

K k

f f
dK dk S

K k

    
 +  =        


     +  =       



    
  +  =       

， ，

， ，

， ，

M M M

 

(14) 

Eq (3) is rewritten as a matrix and is shown in Eq. (4). 

     j iA dx dS =
 

(15) 

where,  

 

11 12

21 22

1 n2

       

       

          

      n

A A

A A
A

A A

 
 
 =
 
 
   and 

1

( )i

i

P t

f
A

K

 
=    ， , 

2

( )i

i

P t

f
A

K

 
=    ， . 

ij

j xi

f
A

x

 
=  

   , 

The element Aij donate the sensitivity of settlement to  
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the parameter xj at a specified time point ti under a certain 

load P. For      1 2

T T

j sdx dx dx dK k= =， ，d , dxj 

represents the adjusted value of the parameter xj. For 

   T

nSSSS = ，，， 21 , ΔSi is the difference between 

measured settlement and calculating settlement. 

The calculating method of the matrix [A] is described as 

follows: 

(1) Work out the Si1 at time ti when loading is P under 

the condition of given parameters, where Si1 is the 

settlement calculation value corresponding to time ti, as 

shown in Fig. 13. 

(2) Make jjj xxx +=
 , work out the corresponding  

 

 

 

settlements Sij, where Sij is the settlement calculation value 

corresponding to the new parameter jjj xxx +=
  and time 

ti. 

(3) According to the definition of Aij, there is  

,
ij i

ij
j

S S
A

x

 −
=


 

(16) 

(4) Work out the corresponding Aij when j= 1, 2 based 

on the mentioned method. 

(5) In Fig. 8, when loading P=460t, non-grouted pile 

505# is selected as an example to illustrate the parameters 

back analysis and the static creep test. Then select the  

 

Fig.14 Calculation process of numerical simulation 

Table 5 Results of the back analysis 

Number 
Assumed creep parameters 

The initial back analysis 

parameters 

The final back 

analysis parameters Back analysis 

times 

Difference between 

back 

analysis and 
measurement 

ms ( Pa·s ) kv ( Pa·s ) ks ( Pa·s ) K ( Pa ) ks ( Pa·s ) K ( Pa ) 

503# 1.5×109 1.5×109 1.15×109 3.31×107 1.15×109 3.313×107 1 

＜10% 

504# 1.5×109 1.5×109 1.1×109 3.3×107 1.145×109 3.3×107 2 

505# 5.0×108 5.0×108 6.8×108 3.0×107 6.8×108 3.0×107 1 

506# 5.0×108 5.0×108 6.8×108 3.0×107 8.208×108 3.0×107 4 

507# 1.5×109 1.5×109 1.1×109 3.3×107 1.224×109 3.3×107 4 

508# 6.0×108 6.0×108 7.256×108 3.04×107 8.024×108 3.132×107 5 

S1 1.5×109 1.5×109 1.0×109 3.1×107 1.07×109 3.399×107 4 

S2 5.0×108 5.0×108 6.09×108 3.0×107 6.09×108 3.0×107 1 

S3 1.5×109 1.5×109 1.0×109 2.9×107 1.030×109 2.9×107 2 
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settlement of the first day and the last day as the fitting 

magnitude of back analysis. All the elements in the matrix 

[A] can be worked out let i=1, 2. In that case, one can obtain 

a 2×2 matrix A. 

It should be noted that Δxj=10% xj when working out Aij. 

By solving the equation      j iA dx dS = ,  jdx  could be 

obtained. Let      j j jx x dx

= + , then use  jx


 to calculate 

a new settlement-time curve. The new settlement-time 

curve will be closer to the measured curve compared with 

the curve obtained by previous parameters. This method is 

used to fit the settlement data until the required precision is 

achieved. The calculation processes are shown in Fig. 14. 

 

4.5 Numerical calculation process 
 

FLAC3D is used to predict the long-term settlement of 

the pile. A pile-soil model considering creep is proposed to 

carry out back analysis and the process is shown in Fig. 14. 

△xj* is the corrected value needed in back analysis 

when fitting the measured settlement curves and the 

settlement curves obtained by the back analysis parameters 

xj and xj+△xj(△xj=10%xi). When △xj>0, if the corrected  

 

 

 

value of xj is not tended to the measured value, do not need 

to correct xj. If both xj and xj+△xj (△xj=10%xj) are not tend 

to the measured value, xj should be appropriately adjusted. 

 

4.6 Prediction results 
 

The results of the back analysis are shown in Table 5. 

The final back analysis parameters are applied into the 

numerical calculation to get the back-analysis curves. The 

comparison between the back-analysis curves and the 

measured curves are shown in Fig. 15. 

By studying the settlement-time curves, the back 

analysis data of the bulk density K and creep parameter ks, 

are obtained, the final settlement difference between back 

analysis and measurement is presented to be between 1.11% 

and 7.41%. The settlement trend obtained by back analysis 

technique is in accord with the measured settlement trend. 

Consequently, the prediction model could carry out the 

long-term settlement prediction under the static loading. 

The long-term settlement prediction curves are shown in 

Fig. 16. By comparing the results of the back analysis and 

measurement in Fig. 15 and Fig. 16, the prediction is 

available under the condition of long-term creep of piles in 

this paper. The settlement caused by the creep of the un-

 

Fig. 15 Comparisons between the back-analysis curves with the measured curves 

  
(a) For six engineering cast-in-place bored piles (b) For three test cast-in-place bored piles 

Fig.16 Comparison between the long-term settlement prediction curves with the measured curves 
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grouted piles 505# and 506# accounted for 1.2% and 0.9% 

of the total settlement, respectively. In addition, the average 

settlement caused by the creep of the grouted piles (i.e., 

503#, 504#, 507#, 508#, S1#, S2#, S3#) accounted for 0.4% 

of the total settlement. The settlement of the pile reaches a 

maximum at 20-30 days, and the settlement prediction 

curve approach a constant value when the number of days 

exceeds 30 days. In engineering practical applications, for 

460 t load, the number of days required to eliminate long-

term settlement of the cast-in-place bored pile which 

reinforced by post-grouting technique is 30 days. 

 

 

5. Conclusions 
 

This paper presents a series of laboratory test and field 

test to investigate the long-term settlement and stress 

behavior of six engineering cast-in-place bored piles and 

three cast-in-place tests bored piles reinforced by post-

grouted technique. The following conclusions could be 

deduced from the results. 

(1) For six engineering piles, when loading is 460 t, 

post-side-grouted will decrease the settlement by 22.2%-

25.8%, the tip and side post-grouting will decrease the 

settlement by 32.4%-35.5%, and post-tip-grouting will 

decreasing the settlement by 30.1%-35.98%. 

(2) When loading is 460 t, the side friction resistance of 

non-grouted piles 505# and 506# respectively accounts for 

91.3% and 91.74% of the total loading. The proportions of 

the side friction resistance for post-side-grouted pile 508#, 

post-tip-grouted piles 504# and 507#, and the tip and side 

post-grouted pile 503# are 95.7%, 93.91%, 93.04%, and 

93.04%, respectively. 

(3) The back analysis approach for the long-term 

settlement is presented with the control parameters of the 

bulk modulus K and the creep parameter ks. The final 

settlement difference between back analysis and 

measurement is 1.11%-7.41%. 
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