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Abstract：Postgrouting at the pile tip enhances the perfor‑
mance of cast‑in‑place piles.  To clarify the performance 
of tip and side resistances， this study analyzed static load 
test data from two test piles before and after grouting.  
Mechanisms underlying an improvement in tip resistance 
and the influence of postgrouting on side resistance were 
investigated via theoretical analysis.  Finally， a design 
method for tip resistance control via settlement was pro‑
posed.  Results indicate that the ultimate bearing capacity 
of piles increases after grouting compared to before， un‑
derscoring the importance of tip grouting in gravelly soils 
and its profound impact on load transmission in pile foun‑
dations.  Postgrouting at the pile tip enhances the strength 
as well as initial stiffness of the bearing stratum， ulti‑
mately elevating the overall pile foundation‑bearing capac‑
ity.  Additionally， tip grouting helps in strengthening over‑
all side resistance， especially around the pile tip.  The 
grouting procedure has an impact on the soil’s arching ef‑
fect at the pile tip； the extent of the arching effect and an 
increase in horizontal tension close to the pile tip are posi‑
tively correlated with the effectiveness of grouting rein‑
forcement.  The design method for tip resistance control 
via settlement based on measured data statistics was vali‑
dated using engineering examples， and the method has a 
practical reference value.
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Cast‑in‑place piles are predominantly employed as 
foundation elements in bridge construction， gaining 

widespread acceptance due to their versatility， 
year‑round applicability， minimal ecological footprint， 
and inherent advantages［1］.  Nevertheless， the installation 
process often disrupts the adjacent soil and bearing stra‑
tum， leading to the formation of mud cakes around the 
pile perimeter and residual sediments at its base.  These 
phenomena adversely affect the pile’s structural integ‑
rity， resulting in a significant decline in load‑carrying ca‑
pacity.  Additionally， significant variation exists in the 
vertical load‑carrying capacity of piles due to the 
non‑coincidence of ultimate tip and side resistance attain‑
ment.  Therefore， reinforcement techniques are essential 
for enhancing load‑bearing performance［2］.

By strengthening the load‑bearing properties of the pile 
foundation and increasing its strength as well as the stiff‑
ness of the soil around the pile， postgrouting at the pile 
tip successfully addresses these issues.  Thus， this tech‑
nique greatly increases the final load‑bearing capability 
of cast‑in‑place piles.  Over time， postgrouting has been 
widely applied and continuously refined［3‑7］.

Recent studies have further advanced the understand‑
ing of postgrouting mechanisms.  Wan et al.［8‑10］ investi‑
gated the axial load‑carrying mechanisms of postgrouted 
piles in various bearing strata， facilitating the widespread 
adoption of this technique.  Hu et al.［11‑12］ conducted ex‑
tensive theoretical research， modeling experiments， and 
field evaluations to examine how postgrouting enhances 
the bearing capacity of large‑diameter and elongated 
piles.  Zhang et al.［13］ proposed a probabilistic limit state 
design method to assess the reliability of postgrouted pile 
axial resistance， validating the approach through an engi‑
neering case study.  Their findings highlight the multifac‑
eted advantages of postgrouting and establish a solid theo‑
retical foundation for practical applications.

Zou et al.［14］ performed field studies on six engineered 
cast‑in‑place piles and three test piles before and after 
grouting， demonstrating that the technique effectively re‑
duces settlement and improves load‑carrying capacity.  
Liu et al. ［15］ developed a postgrouted pile design based 
on dual control criteria for load‑carrying capacity and 
settlement， formulating a load‑transfer model that ac‑
counts for the time‑dependent viscosity of grout.  Using 
numerical models and visual static pressure devices， 
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Zhang et al.［16］ found that postgrouting in loess improves 
pile foundation‑bearing capacity by shifting the neutral 
point and maximum axial force downward， demonstrat‑
ing the viability of postgrouting in loess regions.  To visu‑
ally analyze the geographical distribution of the grouting 
reinforcement zone and assess factors influencing elastic 
wave inversion outcomes， Huang et al.［17］ applied elastic 
wave CT technology to evaluate bridge pile foundations， 
proposing a methodology for assessing grouting effective‑
ness post‑reinforcement.

Despite significant advancements in postgrouting tech‑
niques at pile tips， challenges remain due to variations in 
reinforcement methodologies and the complexity of soil 
properties.  These factors have widened the gap between 
research advancements and their practical implementa‑
tion.  Therefore， this study systematically examines the 
impact of postgrouting on both pile‑tip and pile‑side resis‑
tance based on field test data.  The fundamental mechani‑
cal principles underlying this technique are elucidated， 
and its effects on improving pile‑tip and pile‑side resis‑
tance are thoroughly analyzed.
1　Project Description

The connecting project， including the Taizhou Bay 
Bridge， is located along the central coastal region of Zhe‑
jiang Province， bordered by Puba Harbor to the north 
and Aidu Bay to the south.  The Jiaojiang River estuary 

exhibits a flared aerial view， characterized by an open 
sea， a relatively straight coastline， and extensive tidal 
flats.  Within the TS17 bidding segment of this project， 
two test piles， designated SZ1 and SZ2， underwent static 
load testing.  These piles extend from pile No.  K143+
266. 0 at the beginning of the Jiaojiang North Junction 
Viaduct to pile No.  K148+008. 0 at its endpoint.

Both SZ1 and SZ2 were constructed using rotary drilling 
techniques， with diameters of 1. 5 m and lengths of 68 and 
65 m， respectively.  The bearing strata for both test piles 
consisted of pebble layers， with SZ2’s bearing stratum 
containing slightly larger pebble particles than SZ1’s.  
However， their basic allowable foundation‑bearing capaci‑
ties （fak） were similar： 320 kPa for SZ1 and 350 kPa for 
SZ2.  The elastic modulus of the pile shafts， denoted as 
Ec， was assumed to be 33. 5 GPa.  Fig. 1 illustrates the 
geological profile of the test piles， while Table 1 presents 
key geological parameters of the soil layers at the test site.

To meet design requirements， postgrouting was ap‑
plied at the pile tips.  Specifically， three grouting pipes， 
each measuring Φ34 mm × 3. 2 mm， were evenly distrib‑
uted at the pile tips.  These pipes extended 30 cm below 
the base of the reinforcement cage and were positioned 
within the pile’s bearing layer.  The grouting process 
commenced 46 d after the construction of the test piles.  
Each pile shaft consisted of 44 steel bars arranged in 11 
layers with four bars per layer.  The grouting process uti‑
lized ordinary Portland cement with a strength grade of 

Fig.  1　Geological section of test piles SZ1 and SZ2 （unit： m）
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42. 5 MPa， and the water‑to‑cement mass ratio was ad‑
justed to 0. 4.  A dual control strategy was implemented， 
focusing on both grouting volume regulation and pressure 
monitoring.  The final grouting volumes for test piles 
SZ1 and SZ2 were 7 600 and 5 600 kg， respectively， 
with a peak grouting pressure of 3. 4 MPa.
2　Analysis of Loading Test Results

The static load tests were conducted under two condi‑
tions： pregrouting （performed 43 d after pile installa‑
tion） and postgrouting （performed 30 d after grouting 
completion）.  The slow sustained load method was em‑
ployed， utilizing an automated percentage meter at the 
pile head and a displacement transducer at the pile tip to 
measure settlement.  At each loading stage， load stabili‑
zation allowed for precise displacement measurements at 
both the pile head and tip.  Fig. 2 depicts the 
load‑settlement （Q‑s） curves for both pregrouting and 
postgrouting scenarios.

An analysis of Fig. 2 reveals that the Q‑s curves for 
both test piles exhibit distinct inflection points and a 
sharp decline at the curve’s end.  When subjected to ulti‑
mate loads， the ultimate bearing capacities of the test 
piles increased by 47. 2% and 37. 7%， respectively.  To 
further evaluate the improvement in bearing capacity， 
load values at a constant displacement of 40 mm were 
compared， showing respective increases of 45. 2% and 
38. 8% after postgrouting.

Initially， the pregrouting and postgrouting curves were 
nearly identical and linear， indicating that lateral friction 
primarily supported vertical loads in the early loading 
stages.  At this stage， the load at the pile head had not yet 
been fully transferred to the pile base.  As the load in‑
creased， the Q‑s relationship became nonlinear， and the 
curves diverged.  Consequently， the load‑bearing capac‑
ity of the postgrouted pile was significantly greater than 
that of the pre‑grouted pile under comparable settlement 
conditions.  This discrepancy can be attributed to changes 
in the load‑transfer properties of the pile foundation fol‑
lowing grouting.

3　Analysis of the Influence of Postgrouting on 
the Tip Resistance of Bearing

Experimental studies ［18］ have demonstrated that the 
full mobilization of side pile resistance requires a dis‑
placement of approximately 0. 50%‑1. 00% of the pile di‑
ameter （D）， whereas the complete mobilization of tip re‑
sistance necessitates a displacement ranging from 10% to 
15% of D.  In traditional bored piles， side resistance is 
mobilized progressively from top to bottom， resulting in 
a non‑synchronous activation of side and tip resistances， 
which can lead to inefficient utilization of tip resistance.  
Postgrouting serves as an effective solution to this syn‑
chronization issue.

To assess the enhancement effect of postgrouting on 
tip resistance， we analyzed the following field‑derived 
curves： tip resistance versus toe displacement， top load 
versus tip resistance， and top displacement versus the 
proportion of tip resistance.  Fig. 3 presents the curve of 
tip resistance versus toe displacement， while Figs. 4 and 
5 present the relationships between top load and tip resis‑
tance， as well as top displacement and the proportion of 
tip resistance， respectively.

Fig. 3 indicates that the general pattern of tip resistance 
variation with toe displacement remains consistent before 
and after grouting.  However， under equivalent 

Table 1　Main geological parameters of soil layers at the test 
site

Soil layer
Silty clay

Muddy clay
Mud
Silt

Clay
Pebble

ρ/
(g·cm−3)

1.89
1.69
1.62
1.96
1.75

w/%
29.1
53.6
61.8
15.4
38.6

φ/(°)
14.9

1.1
1.0

29.0
3.28

c/kPa
36.0
12.0
15.0

5.0
25.0

Es/MPa
3.78
2.20
2.10
9.32
3.28

fak/kPa
100
55
50

140
120
350

qsa/kPa
30
12
10
35
30
90

Note: ρ represents natural density, w represents natural moisture con‑
tent, φ represents internal friction angle, c represents cohesion, Es represents compression modulus, fak represents the basic allow‑
able value of foundation‑bearing capacity, and qsa represents the 
standard value of pile‑side friction resistance.

Fig. 2　 Load⁃settlement curves of test piles before and after 
grouting.（a） SZ1； （b） SZ2
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end‑bearing capacities， the toe displacement （s'b） of 
grouted piles is significantly smaller than that of un‑
grouted piles， suggesting that a higher tip resistance can 
be achieved with reduced displacement.

As the applied load increases， toe displacement contin‑
ues to rise.  In the initial stage， both grouted and un‑
grouted piles exhibit a nonlinear elastic increase in tip re‑
sistance with toe displacement.  This behavior occurs be‑
cause a portion of the side resistance above the pile tip 
contributes to the tip resistance， thereby slowing the rate 
of increase.  In the next step， the curve transitions to a 
linear elastic increase as the soil at the pile tip undergoes 
compression.  The tip resistance （q'b） of postgrouted piles 
is significantly higher than that of pre‑grouted piles due 
to the higher initial stiffness （k'b） of the soil， resulting in 
improved bearing properties.  This enhancement is fur‑
ther highlighted by the additional resistance observed at 
the pile tip of grouted piles （Δqb）.

Postgrouting greatly increases tip resistance， as seen in 
Figs. 4 and 5.  Fig. 5 shows that prior to grouting， the 
proportion of tip resistance is higher at smaller displace‑
ments， likely due to minimal debris at the pile base from 
the drilling process.  When the pile head undergoes verti‑
cal displacement of 3‑4 mm， the tip resistance becomes 
crucial.  The slurry pressure during grouting generates bi‑
directional pressure at the pile base， leading to a higher 

Fig. 3　Tip resistance⁃settlement curves of test piles before and 
after grouting.（a）SZ1； （b）SZ2

Fig. 5　Settlement⁃tip resistance percentage curves of test piles 
before and after grouting.（a）SZ1； （b）SZ2

Fig. 4　Load⁃tip resistance curves of test piles before and after 
grouting.（a）SZ1； （b）SZ2
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proportion of tip resistance at smaller displacements in 
the early postgrouting stage.

The prestressing force exerted from the bottom to the 
top of the shaft allows the tip resistance to engage earlier 
when the shaft top experiences vertical loading.  As the 
applied vertical load increases， side friction force pro‑
gressively redistributes the weight， leading to a gradual 
decline in the proportion of tip resistance.  Consequently， 
postgrouting at the pile tip effectively reduces the 
non‑synchronous mobilization of side and tip resistances.

To quantify the improvement in tip resistance， the pro‑
portion of tip resistance and its percentage increase after 
postgrouting were analyzed at a displacement of s = 40 
mm.  The corresponding proportions of tip resistance at 
this displacement were 31. 8% and 33. 1%， with percent‑
age increases of 88. 2% and 28. 3%， respectively.  These 
results indicate that after postgrouting， all super‑long 
piles transition into tip‑bearing friction piles， demonstrat‑
ing a substantial impact on load‑transfer characteristics.
4　Analysis of the Strengthening Mechanism of 

Postgrouting at the Pile Tip

4. 1　Reinforcement mechanism of postgrouting at 
the pile tip

Scholars from all around the world have been investi‑
gating strengthening mechanisms involved in the wide‑
spread use of postgrouting procedures at pile tips.  The 
strengthening effect of pressure grouting on the soil sur‑
rounding the pile tip， upward migration of grout along 
pile sidewalls， expansion of the pile tip owing to pressure 
grouting， and resulting negative friction resistance from 
pressure grouting at the pile tip are currently acknowl‑
edged as the four main areas where postgrouting at pile 
tips improves pile foundation engineering properties［18‑25］.

The fundamental reinforcement mechanism of post‑
grouted piles involves the grouting of the soil layer be‑
neath the pile shaft.  The pressure grout impacts various 
elements， including the soil at the shaft base， debris at 
the pile bottom， and the surrounding soil near the lower 
half of the pile， through infiltration， compaction， and 
fracturing.  These processes consolidate the soil and de‑
bris at the pile base， enhancing the strength and stiffness 
of the foundation soil and improving the resistance at the 
shaft tip.  The grout， injected under high pressure， dis‑
perses spherically at the pile base or forms spherical 
grout bulbs， thereby compressing the surrounding soil.  
Given that the test piles’ bearing stratum consists of 
gravel， which exhibits favorable injectability， the pres‑
sure grouting reinforcement mechanism is particularly ef‑
fective.  The grout compresses the soil， forming grout 
bulbs interspersed with stones， which expand the effec‑
tive base area of the pile.  Fig. 6 illustrates the force 
mechanism during the pressurization and loading phases 

of tip‑grouted piles.
The bidirectional pressure generated by the injected 

grout pre‑compresses the debris at the pile base， the soil 
layer at the shaft bottom， and the surrounding lower soil.  
Simultaneously， a prestressing force is exerted from be‑
low， potentially causing slight upward movement of the 
pile shaft and generating negative frictional resistance at 
the pile‑soil interface.  A residual pressure remains at the 
pile foot even after the grouting process is complete.

Upon vertical loading at the pile head， the prestressing 
force at the base supports part of the load， facilitating ear‑
lier engagement of tip resistance.  Consequently， the 
pile‑soil interface transitions progressively from negative 
to positive frictional resistance.  Furthermore， partial de‑
formation of the soil layer surrounding the lower pile sec‑
tion promotes early activation of tip resistance.  This pro‑
cess effectively mitigates the asynchronous mobilization 
of side and tip resistances， which otherwise compromises 
the performance of pile foundations.
4. 2　Mechanism of tip resistance enhancement effect

Building on previous analyses of postgrouting effects 
on tip resistance and its reinforcing processes， Fig. 7 in‑
troduces a mechanism curve illustrating the enhancement 
of pile‑tip resistance.

Fig. 7 elucidates that Curve Ⅰ outlines the correlation 
between pile‑tip resistance and displacement before grout‑
ing.  Conversely， Curve Ⅱ illustrates the precompres‑

Fig. 6　Mechanism of tip grouting

Fig. 7　Mechanism of tip resistance improvement
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sion effect at the pile tip during grouting caused by pres‑
surized grout injection beneath the pile base.  Segment 
OA of Curve Ⅱ corresponds to the grouting phase at the 
shaft tip.  Following grouting， the pressure at the shaft 
tip gradually decreased from Point A to Point B， where 
pressure dissipation was complete.  This resulted in a 
curve that describes pile‑tip resistance versus displace‑
ment under standard loading conditions.

Curve Ⅲ exhibits the variation in pile‑tip resistance 
with displacement during postgrouting loading.  Under 
equivalent load capacities， the displacement of un‑
grouted piles （sb） was significantly greater than that of 
grouted piles （s'b）， highlighting that postgrouting en‑
hanced tip resistance while reducing displacement.  The 
process reinforced the soil layer through compaction and 
fissuring， leading to increased strength and stiffness.  As 
a result， the initial soil stiffness at the pile tip improved 
from k'b （pregrouting） to a higher level， and the tip resis‑
tance （Δqb） increased， ultimately enhancing the pile‑tip 
bearing capacity.

In essence， postgrouting initiated a precompression ef‑
fect in the surrounding soil， reducing the displacement re‑
quired to mobilize pile‑tip resistance.  This approach miti‑
gated the asynchronous mobilization of side and tip resis‑
tances， promoting more efficient load transfer.  Conse‑
quently， foundation settlement under operational loads 
was reduced.  Thus， pile‑tip grouting significantly im‑
proved the bearing capacity of pile foundations and mini‑
mized settlement.
5　Analysis of the Influence of Tip Grouting on 

Side Resistance

5. 1　Experimental data analysis
Postgrouting at the pile tip substantially increased its 

load‑bearing capacity and reinforced the surrounding soil 
along the pile shaft through upward grout migration and 
penetration.  This process enhanced side resistance， par‑
ticularly near the pile tip， due to the filling and compac‑
tion effects.  This study analyzed the enhancement 
mechanisms by examining the total side resistance near 
the shaft tip， displacement profiles， and vertical varia‑
tions in unit side resistance based on experimental piles.

Fig.  8 illustrates the relationship between the total lat‑
eral resistance of the lower shaft section and pile‑tip 
settlement， comparing pre and postgrouting conditions 
for the experimental piles.  Before grouting， the curves 
for test piles SZ1 and SZ2 exhibited noticeable bending 
points， whereas after grouting， they followed a more 
gradual trend.  For equivalent pile‑tip settlements， the to‑
tal side resistance of the lower pile section was higher 
postgrouting.  This was attributed to increased soil stiff‑
ness near the pile tip， which reinforced side resistance.  
Additionally， this improved stiffness not only amplified 
side resistance but also strengthened pile‑tip resistance， 
enhancing the overall load‑bearing capacity of the piles.

Fig. 9 presents the distribution of average side resis‑
tance across different pile depths under ultimate loading 
conditions， comparing pre and postgrouting results.  Af‑
ter grouting， side resistance in test piles SZ1 and SZ2 
was significantly higher than before， particularly within 
15‑20 m of the pile tip.  This was primarily due to grout 
penetration and filling within the gravel layer， which im‑
proved soil properties and increased average side resis‑
tance in this zone.  Moreover， previous studies ［26］ indi‑
cated that during pile‑tip grouting in gravel layers， grout 
typically migrated 10‑20 m upward along the pile shaft， 
further enhancing side resistance.
5. 2　Mechanism of tip grouting on side resistance

The influence of shaft tip conditions on pile foundation 
load‑bearing capacity has been well documented， with 
variations in supporting layers influencing foundation 
failure modes.  Without grouting， as shown in Fig. 10， 
the supporting layer at the pile tip exhibited low strength 
and substantial sediment accumulation， causing penetra‑
tion deformation under high loads.  This deformation led 
to downward soil movement along the pile sides， com‑
pacting the overlaying soil and reducing relative displace‑
ment between the shaft and adjacent soil， thereby weak‑
ening side resistance.  Additionally， soil movement near 
the pile tip decreased horizontal stress， further reducing 
side resistance.

Conversely， with grouting （Fig. 10）， sediment at the 

Fig. 8　Total side resistance of the lower shaft versus pile toe 
settlement of test pile before and after grouting.（a）SZ1； （b）SZ2
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pile tip and the underlying soil was strengthened.  A com‑
pression zone formed near the pile tip under high loads， 
and the overlying soil confined this compressed zone， 
leading to the development of an arching effect and a 
compaction zone near the shaft tip.  The arching effect in‑
creased additional horizontal stress （Δσh） in the pile‑side 
soil near the shaft tip， while the compaction effect inten‑
sified along the shaft， peaking at the shaft tip where hori‑
zontal stress was maximized.  As a result， side resistance 
increased in this region.

Sufficient strength of the pile‑tip supporting layer was 
essential for the arching effect to occur.  If the soil 
strength at the shaft tip was too low， the arching effect 

did not develop［27］.  Thick， weak sediment at the pile tip 
typically prevented arch formation in ungrouted piles.  
However， in grouted piles， the grout reinforced the sedi‑
ment and soil at the pile tip， increasing stiffness and im‑
proving its load‑bearing performance.  Consequently， the 
arching and compaction effects became more pro‑
nounced， and the rise in horizontal stress was more sig‑
nificant near the pile tip.

Overall， pile‑tip grouting increased soil strength at the 
shaft tip， leading to a more substantial improvement in 
side resistance.  This underscored the importance of the 
technique in strengthening soil near the shaft tip， which 
directly enhanced side resistance.  Additionally， the up‑
ward migration and infiltration of grout further improved 
side resistance by enhancing the interaction between the 
pile and surrounding soil.
6　Calculation of Postgrouted Pile‑Tip Resis‑

tance Based on Settlement Control

6. 1　Definition of postgrouted pile‑tip resistance en‑
hancement coefficient based on settlement stan‑
dards

With increasingly stringent requirements for founda‑
tion settlement control in critical structures such as 
super‑high‑rise buildings， long‑span bridges， and rail 
transit， minimizing pile foundation settlement has be‑
come a key aspect of foundation design.  Postgrouted 
piles can be designed based on either bearing capacity or 
settlement.  In the bearing capacity approach， grouting 
reinforces the soil at the pile tip or along the pile shaft to 
enhance the pile foundation’s resistance， focusing on the 
combined contribution of side and tip resistance.  In con‑
trast， settlement‑based design considers not only the 
magnitude of mobilized resistance but also its develop‑
ment process.  Thus， settlement‑based design for post‑
grouted piles must account for the strengthening effect of 
grouting on pile resistance.

Different pile head settlement thresholds correspond to 
varying degrees of mobilized resistance， resulting in dif‑
ferent enhancement coefficients for pile foundation resis‑
tance.  The previous section analyzed the mechanism of 
postgrouting in increasing pile‑tip bearing capacity.  To 
aid in the design of postgrouted piles， this study estab‑
lishes a relationship between the enhancement coefficient 
of tip resistance and pile head settlement， introducing a 
method for designing tip resistance based on settlement 
control.  Since the bearing layer of the test piles in this 
study primarily consisted of pebbles， only the compari‑
son of end resistance between grouted and ungrouted 
piles under different pile head settlements in this type of 
bearing layer was considered， as shown in Fig. 11.

Fig. 11 shows that different pile head settlement stan‑
dards for grouted and ungrouted piles correspond to spe‑
cific tip resistance values， with the ratio of these values 

Fig. 9　Distribution of shaft resistance of each section for the 
test pile before and after grouting under ultimate loading.
（a）SZ1； （b）SZ2

Fig. 10　 Schematic of the effect of base resistance on shaft 
resistance
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defined as the tip resistance enhancement coefficient un‑
der given pile head settlement conditions.  When the pile 
head settlement was 1. 00% D， the tip resistance values 
of the grouted and ungrouted piles were Qb，a and Qb，b， re‑
spectively.  The enhancement coefficient of tip resistance 
under the pile head settlement was calculated as follows：

βb，1%D = Qb，a
Qb，b

Using this method， the enhancement coefficient of tip 
resistance can be determined for other pile head settle‑
ment conditions as well.
6. 2　Calculation method for postgrouted pile‑tip re‑

sistance based on settlement control
To evaluate the influence of tip grouting on tip resis‑

tance， actual experimental data were analyzed， and the 
enhancement coefficient of tip resistance for piles in a 
pebble‑bearing layer was calculated under different pile 
head settlement conditions.  This provided a reference for 
the design of postgrouted piles in pebble‑bearing layers.  
The enhancement coefficient of tip resistance was ob‑
tained through statistical analysis of one postgrouted pile 
（SZ1） from this experiment and four additional post‑
grouted piles not detailed in this study.  By comparing 
pile foundation resistance before and after grouting under 
varying settlement conditions， a range of enhancement 
coefficient values was established， as shown in Table 2.

To further analyze the effect of tip resistance enhance‑
ment under different pile head settlement standards， Fig.  
12 illustrates the relationship between the average en‑
hancement coefficient of tip resistance and pile head 
settlement variation.  Fig. 12 demonstrates that the en‑
hancement coefficient increased with pile head settlement 
and then stabilized.  When pile head settlement was less 
than 1. 00%D， tip resistance increased rapidly， primarily 
due to the preloading effect of postgrouting on the soil at 
the pile tip.  Under pile head load， end resistance in‑
creased， allowing the grouted pile to achieve higher tip 
resistance with reduced settlement deformation.  When 
pile head settlement exceeded 1. 75%D， the rate of in‑

crease in the enhancement coefficient slowed and tended 
to stabilize.

Based on experimental results， the relationship be‑
tween tip resistance and pile head displacement before 
and after grouting was well approximated by a hyperbolic 
function.  The function exhibited an increasing trend， in‑
dicating that the tip resistance‑pile head displacement 
curve followed a plastic hardening behavior in the later 
stages.  This finding was consistent with previous studies 
on the pile‑tip load‑transfer function model［28］.
6. 3　Engineering case verification

To validate the proposed method， test pile SZ2 was se‑
lected as a case study.  The tip resistance‑settlement rela‑
tionship for SZ2 after grouting was calculated using the 
settlement‑based design method outlined in this study.  
The relationship curves for tip resistance and pile head 
displacement were derived for the maximum， average， 
and minimum enhancement coefficient values and then 
compared with the measured values， as shown in Fig. 13.

Fig. 13 shows that the measured relationship between 
end resistance and pile head displacement for the post‑
grouted pile fell within the calculated range and was clos‑
est to the curve corresponding to the average tip resis‑
tance enhancement coefficient.  While the proposed 
method could not precisely predict the exact tip 
resistance‑settlement curve， it provided a reasonable de‑

Fig. 11　Comparison of tip resistance between grouted and un‑
grouted piles under different pile‑top settlements

Table 2　Enhancement coefficients for tip resistance under different settlements
Percentage of pile‑top settlement to 

pile diameter/%
Maximum
Minimum
Average

Coefficient of variation

0.25
1.36
1.08
1.21
0.10

0.50
1.94
1.16
1.37
0.04

0.75
2.05
1.17
1.43
0.09

1.00
2.01
1.24
1.51
0.08

1.25
1.95
1.28
1.53
0.10

1.50
2.00
1.32
1.60
0.11

1.75
2.05
1.31
1.65
0.11

2.00
2.07
1.28
1.67
0.11

2.25
2.11
1.29
1.71
0.11

2.50
2.13
1.29
1.74
0.11

2.75
2.15
1.30
1.76
0.12

3.00
2.15
1.31
1.76
0.12

Fig. 12　Average enhancement coefficient for the tip resistance 
of grouted piles under different pile‑top displacements
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sign framework that met engineering requirements.  
Therefore， the calculation interval obtained using this 
method can serve as a reference for estimating the rela‑
tionship between tip resistance and pile head displace‑
ment in postgrouted piles.  From a design perspective， 
the lower bound of the calculated results can be conserva‑
tively adopted to ensure structural safety and reliability in 
engineering applications.
7　Conclusions

（1） Before and after grouting was applied， the test 
piles’ ultimate bearing capacity rose by 47. 2% and 
37. 7%， respectively， under equal displacement condi‑
tions.  This notable improvement implied that postgrout‑
ing at the pile tip successfully increased the bearing ca‑
pacity of the pile foundation.
（2） An earlier mobilization of vertical load‑bearing tip 

resistance was made possible via postgrouting at the pile 
tip， which started precompression in the nearby soil.  Dis‑
parities and synchronization problems between side and 
tip resistances were lessened by this proactive reaction.  
In particular， the proportions of tip resistance after grout‑
ing are 31. 8% and 33. 1%， respectively， representing an 
augmentation of 88. 2% and 28. 3% compared to before 
grouting， respectively， at the same displacement levels.  
These results highlighted how postgrouting at the pile tip 
had a major impact on tip‑bearing capacity， which in 
turn affected total bearing performance.
（3） To delve into mechanism of pile tip consolidation 

grouting， we studied the influence of postgrouting on tip 
resistance bearing characteristics.  Additionally， we pro‑
vided a graphical representation of the process used for 
improving pile‑tip resistance.  An initial investigation on 
the enhancement of tip resistance through postgrouting at 
the pile tip was carried out.  However， additional 
in‑depth investigation and analysis are required to fully 
understand this phenomenon.
（4） The total side resistance of the shaft， especially 

around the pile tip， was strengthened via postgrouting at 
the pile tip.  Side resistance was reinforced via postgrout‑

ing， which fortified the soil around the pile tip.  The arch‑
ing effect of the pile tip soil is affected by the effect of 
postgrouting.  When the arching effect of the pile tip soil 
is more significant， the more obvious the increase in the 
horizontal stress near the pile tip， the same goes for side 
resistance.
（5） Based on measured data statistics， a design 

method for tip resistance control via settlement was pro‑
posed to further elucidate the process of increasing tip re‑
sistance through postgrouting at the pile tip.  Owing to 
different pile‑top settlement standards， grouted and un‑
grouted piles corresponded to the respective tip resistance 
values.  The tip resistance value for postgrouted pile was 
established by providing a reinforcement coefficient.  
The design method for tip resistance control via settle‑
ment based on measured data statistics was validated us‑
ing engineering examples， and the method has a practical 
reference value.
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桩端压浆对桩端阻力承载性状的试验研究
张润泽 1，4， 王宏涛 2， 王磊 3， 龚维明 1， 万志辉 1，2

（1.东南大学土木工程学院， 南京 211189； 2.南京工业大学交通运输工程学院， 南京 211816； 3.南京东土建设科技

有限公司， 南京 211164； 4.中铁第五勘察设计院集团有限公司，北京 102600）
摘要： 桩端后压浆可以有效改善灌注桩的承载性能。为了研究桩端后压浆桩端阻力和侧阻力的发挥，对压

浆前后的 2根试桩现场静载试验数据进行分析。通过理论分析研究了桩端阻力提高的机制以及桩端后压浆

对侧阻力的作用。在此基础上，提出了一种以沉降控制桩端阻力的设计方法。研究结果表明，压浆后桩的

极限承载力有所提高，这体现了砾石土中桩端注浆的有效性及其对桩基荷载传递能力的影响。桩端后压浆

增强了持力层的强度和初始刚度，最终提高了桩基的整体承载力。此外，桩端压浆有助于增强桩身整体侧

阻力，尤其是桩端附近。桩端后注浆对桩端土壤的成拱效应有影响，成拱效应的程度和桩端附近水平向应

力的增加与注浆加固的有效性呈正相关。基于实测数据统计的沉降控制桩端阻力的设计方法已通过工程

实例验证，具有实用参考价值。

关键词：桩端压浆；桩端阻力；桩侧摩阻力；负摩阻力；增强效应；预压作用
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