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Abstract. The clay–silt interbedded stratum exhibits complex structural features 

and significant variations in soil permeability. Accumulated sediment at the pile 

tip and disturbance along the pile–soil interface are common problems, which 

often restrict the mobilization of end resistance, lead to uneven distribution of 

shaft resistance, and cause the load-bearing performance of cast-in-place piles to 

deviate from design expectations. To evaluate the practical reinforcement effect 

of post-grouting in this type of strata, this study relies on the pile foundation pro-

ject of the main tower of the Jinwei Railway Dongying Yellow River Bridge. 

Two self-balanced static load tests were performed on the same test pile before 

and after post-grouting, and the influence of grouting on pile-end resistance, shaft 

resistance, and load-transfer characteristics was systematically analyzed. 

Test results show that pile-end resistance increases significantly after grout-

ing, rising from 12,252 kN before grouting to 26,194 kN after grouting, an in-

crease of more than 100%. Shaft resistance also increases at all depth segments, 

with the shallow layers showing the most prominent improvement, while the 

middle and deep layers exhibit relatively stable enhancement. Grouting improves 

the overall stiffness of the load–displacement curve, and the ultimate bearing ca-

pacity increases from 82,442 kN before grouting to 115,545 kN after grouting. 

The load-transfer mode also changes markedly, shifting from a “shallow-layer-

dominated” pattern before grouting to a “multi-layer collaborative” pattern after-

ward. These findings indicate that post-grouting can effectively improve the pile–

soil interface conditions in interbedded strata and enhance the bearing efficiency 

of large-diameter cast-in-place piles, providing a reference for the design and 

construction of pile foundations in similarly complex geological conditions. 
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1 Introduction 

Large-diameter bored cast-in-place piles are widely used in high-speed railway foun-

dations and long-span river-crossing bridges due to their high bearing capacity and  
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strong adaptability. Their vertical load-bearing performance is directly associated with 
the overall safety and serviceability of the structural system. In clay–silt interbedded 
strata, however, the engineering behavior of the ground becomes highly complex. The 
loose and highly permeable silt layers, together with the low-permeability and highly 
compressible silty clay layers, make it difficult to remove sediment at the pile tip and 
maintain stable pile–soil bonding. These factors often lead to considerable variability 
in the mobilization of end resistance and shaft resistance along the pile length [1–3], 
reflecting the high sensitivity of load transfer to stratigraphic heterogeneity. 

Post-grouting has been increasingly adopted as an effective technique to improve 
pile performance by densifying the sediments at the pile tip, strengthening the pile–soil 
interface, and forming grout-induced cemented zones around the pile. Recent studies 
have consistently shown that post-grouting can significantly increase pile-end re-
sistance, enhance shaft resistance, and improve the continuity of load transfer along the 
pile body under various soil conditions [1–6]. The magnitude and depth-wise distribu-
tion of these improvements are strongly governed by grout diffusion behavior, perme-
ability contrasts between layers, and the development of interface bonding, which to-
gether control the mobilization of shaft resistance during loading [4–6]. 

International research further reveals that post-grouting raises deep-soil stiffness, in-
creases effective stress, and promotes multi-layer collaborative load transfer—mecha-
nisms that are particularly relevant in layered geological systems such as clay–silt in-
terbedded formations [7–9]. 

In such strata, load transfer is influenced simultaneously by layers exhibiting differ-
ent stiffness, drainage characteristics, and structural features; thus, the strengthening 
effects of post-grouting vary substantially with depth and require validation through 
full-scale field testing [9–10]. 

Therefore, evaluating post-grouting behavior in interbedded strata must consider 
both the macroscopic improvement in bearing capacity and the evolution of the load-
transfer mechanism with depth—an aspect emphasized in recent experimental and nu-
merical studies [9–10]. 

Given these considerations, this study investigates the effect of post-grouting on a 
large-diameter bored pile at the main tower foundation of the Dongying Yellow River 
Bridge along the Jinwei Railway. Two self-balanced static load tests were carried out 
on the same test pile (SZ1) before and after post-grouting. By comparing the develop-
ment of pile-end resistance, shaft resistance, and the overall load-transfer behavior un-
der both conditions, this study clarifies the enhancement mechanisms that govern pile–
soil interaction in clay–silt interbedded strata and provides field-based evidence of the 
effectiveness of post-grouting for large-diameter bored piles under complex layered 
geological conditions. 

2 Experimental Program 

The test site is located in the alluvial plain of the Yellow River, where the subsurface 
strata consist of alternating layers of silt, fine sand, and silty clay, forming a typical 
interbedded sedimentary structure. The fine sand layers exhibit high permeability and 
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loose structure, whereas the silty clay layers are characterized by low permeability and 
dense structure. These stratigraphic characteristics make the removal of sediment at the 
pile tip and the maintenance of the pile–soil interface critical issues during construction. 
As shown in Figure 1, the load cell was installed within the reinforcement cage of the 
test pile to realize the self-balanced static load test and to monitor the load-transfer 
response of different pile segments. 

 

Fig. 1. Schematic Diagram of the Load Cell and Its Connection to the Reinforcement Cage in 
the Test Pile 

Table 1 presents the embedment elevations and relative positions of the upper and 
lower load cells in Test Pile 1, which provide the basis for identifying the load-transfer 
characteristics of the upper and lower pile sections during loading. 

Table 1. Embedment Elevation of the Load Cell in Test Pile 1 

Positions and Elevations of Load ells (m) C
Positions and Elevations of the 

Load Cells (m) 

Elevation of the Upper Load Cell -49.21 
Distance from the Pile Tip 65.383 

Elevation of the Lower Load Cell -79.01 
Distance from the Pile Tip 35.583 

3 Performance of Post-Grouted Piles and Analysis of Load-
Transfer Mechanisms 

3.1 Characteristics of Bearing Capacity and Load–Displacement Behavior 

As shown in Fig. 2, the load–displacement curve of the pile before grouting exhibits a 
softening trend, with displacement increasing rapidly during the high-load stage, indi-
cating insufficient densification at the pile tip and inadequate bonding along the pile–
soil interface. As shown in Fig. 3, after grouting, the overall stiffness of the load–
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displacement curve increases significantly, and the rate of displacement growth under 
high loads is markedly reduced, demonstrating improvements in the stress conditions 
at both the pile tip and the pile shaft. The ultimate bearing capacity of the test pile 
increases from 82,442 kN to 115,545 kN, representing an increase of approximately 
40%. 

 

(a) Lower Load Cell Response of Test Pile SZ1 Before Grouting 

 

(b) Upper Load Cell of Test Pile SZ1 Before Grouting 

Fig. 2. Load–Displacement Curve of SZ1 Before Grouting 
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(a) Lower Load Cell of Test Pile SZ1 After Grouting 

 

(b) Upper Load Cell of Test Pile SZ1 After Grouting 

Fig. 3. Load–Displacement Curve of SZ1 After Grouting 

3.2 Layered Enhancement of Shaft Resistance 

As shown in Fig. 4, the magnitude of shaft resistance improvement is strongly con-
trolled by the permeability of the soil layers. In the shallow silt–fine sand segment, 
where permeability is relatively high and grout diffusion is sufficient, the enhancement 
of shaft resistance is the most pronounced, reaching approximately 45.5%. In the mid-
dle fine sand segment, the soil structure is uniform and the reinforced zone exhibits 
good continuity, resulting in an increase of about 20%. In the deeper silty clay segment, 
the low permeability limits grout diffusion, and the improvement in shaft resistance is 
relatively modest (around 14%), although the overall enhancement trend remains evi-
dent. 



 (1) 

 (2) 
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Fig. 4. Distribution of Shaft Friction Along Depth at Ultimate Load for Each Segment of SZ1 
Before and After Grouting 

3.3 Improvement of Pile-End Resistance and Mechanism Analysis 

As shown in Fig. 5, before grouting, the development of shaft resistance exhibits a clear 
depth-dependent pattern as the pile–soil relative displacement increases. In the upper 
silt–fine sand zone, where the soil structure is relatively loose, shaft resistance is mo-
bilized rapidly under small displacements, reaching peak values of 55–70 kPa followed 
by slight softening. In the middle dense fine-sand layer, shaft resistance increases 
smoothly with displacement, the curve maintains a stable slope without softening, and 
peak values of 80–90 kPa indicate strong interface bonding and efficient load transfer. 
In the lower segment near the bearing stratum, the initial shaft resistance is low but 
rises sharply to above 100 kPa when the displacement reaches 8–10 mm, showing no-
ticeable hysteresis and suggesting that the deep interface had not fully mobilized its 
capacity before grouting but retains significant potential for further enhancement. 

The pile-end resistance exhibits the greatest increase, rising from 12,252 kN to 
26,194 kN, with an improvement of more than 100%. This significant enhancement is 
primarily attributed to the densification of sediment at the pile tip, the rearrangement 
of particles within the bearing stratum, and the cemented structure formed by grout 
solidification, all of which substantially increase the strength and deformation modulus 
of the soil at the pile end.  

To link the observed improvement in base resistance with soil–mechanics principles, 
the ultimate toe resistance can be expressed as:  

b bu bQ q A  

0 0.5bu c v qq c N N BN     
 



 (3) 

 (4) 

202             M. Liu et al.

The bearing‐capacity factors qN  and N  increase markedly with the effective 

friction angle  , for example:  

tan 2tan (45 / 2)qN e      
 

( 1) tanqN N   
 

In this study, post-grouting increased the toe resistance from 12,252 kN to 26,194 
kN (>100%). This indicates that grouting densified the sediment at the pile base, rear-
ranged particle structure, and formed a cemented bulb with higher stiffness, which ef-
fectively increased the equivalent  , and thereby enhanced qN , N , and buq , pro-

ducing the substantial gain in end-bearing capacity. 

 

(a)Upper Section of Pile SZ1 

 

(b) Middle Section of Pile SZ1 
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(c) Lower Section of Pile SZ1 

Fig. 5. Shaft Friction–Displacement Curves of Different Segments of SZ1 Before Grouting 

3.4 Changes in the Load-Transfer Mechanism 

After grouting, the shaft resistance of all pile sections increases significantly, exhibiting 
a clear depth-dependent enhancement pattern. In the upper silt–fine sand zone, the peak 
shaft resistance rises from 55–70 kPa to 85–100 kPa, with a steeper curve slope and 
reduced softening, indicating substantial improvement of the interface conditions. In 
the middle dense fine-sand layer, shaft resistance increases to 95–110 kPa, representing 
the largest enhancement (exceeding 25%), which reflects effective grout penetration 
and markedly improved interface shear capacity. In the lower section near the bearing 
stratum, the peak resistance exceeds 120 kPa, and the curve tends toward saturation 
with a steeper initial slope. This demonstrates strengthened deep-interface conditions, 
enabling considerable shaft resistance to be mobilized at an early loading stage and 
significantly enhancing the contribution of deep soil layers to load transfer. 

As shown in Fig. 6, before grouting, the load was mainly carried and released rapidly 
within the shallow layers, while the middle and deep layers contributed insufficiently 
to the overall bearing behavior. After grouting, improvements at both the pile–soil in-
terface and the pile tip led to a significant increase in shaft resistance in the middle and 
deep layers. As a result, load transfer along the pile depth became more continuous, 
forming a “multi-layer collaborative” bearing pattern. The contribution of deeper soil 
layers increased markedly, resulting in a more stable and effective load-transfer system. 
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Fig. 6. Equivalent Converted Load–Displacement Curves at the Pile Head of SZ1 Before and 
After Grouting 

4 Conclusions 

(1) Post-grouting markedly enhances the vertical bearing capacity of large-diameter 
cast-in-place piles. The end–side combined grouting scheme delivers the greatest im-
provement, raising the ultimate bearing capacity by approximately 40%. 

(2) Shaft resistance increases with a distinct stratified pattern: shallow layers exhibit 
the most significant enhancement, middle layers maintain stable improvement, and 
deep layers—though limited by low permeability—still demonstrate measurable gains. 

(3) Pile-end resistance increases by more than 100%, primarily due to the densifica-
tion of the bearing stratum and the substantial enhancement of its stiffness, which col-
lectively form the main sources of the overall bearing-capacity improvement. 

(4) Grouting modifies the load-transfer mechanism from a shallow-dominated pat-
tern to a multi-layer collaborative mode, significantly strengthening pile–soil interac-
tion and providing practical guidance for the design and parameter optimization of post-
grouted piles in interbedded soil strata. 
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