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Abstract. Piles with a small slenderness ratio (short piles) have the characteris-
tics of high rigidity and small deformation, which meets the requirements for
promoting mechanized construction. This paper designs short pile models with
three slenderness ratio ratios to test the uplift capacity characteristics of short
piles on clay foundations. The load-deformation characteristics and development
laws of short pile foundations under different slenderness ratios are studied. The
results indicate that the short pile foundation on the clay foundation showed a
composite shear failure mode. The ultimate uplift capacity of short pile founda-
tion is positively correlated with the pile slenderness ratio. The theoretical calcu-
lation value of short pile foundation is relatively conservative. In the design of
short pile foundations, the slenderness ratio of the pile must be controlled to bal-
ance economy and performance.
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1 Introduction

The short pile foundation of power transmission lines in China is generally designed
according to DL/T5486-2020 [1], which has the characteristics of high rigidity and
small deformation and is conducive to mechanized construction [2-8]. Transmission
tower structure foundations are often subjected to uplift loads [9]. Therefore, it is im-
portant to understand the uplift capacity of short pile foundations [10-11]. BRAJA [12]
proposed a preliminary general procedure for estimating the ultimate pullout capacity
of foundations in clays, based on the results of laboratory model tests on rectangular
foundations in saturated clays. Dash et al. [13] studied the effects of multiple parame-
ters on the uplift capacity of piles, including different sand types, embedment depth,
and slenderness ratio. Research has shown that compressive loads on piles can reduce
their net tensile bearing capacity. In addition, the type of soil affects the stress and
bearing capacity characteristics of pile foundations [14]. Therefore, Reddy et al. [15]
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inhomogeneous clays and confirmed that the theoretical values are higher than the ac-
tual values. Usually, using short pile foundations in the design of transmission towers
can improve the efficiency of foundation excavation and reduce the safety risks of con-
struction, which meets the requirements of promoting mechanized construction. How-
ever, existing studies have not agreed on the variation of the ultimate bearing capacity
of short piles in clay [16-21]. Therefore, the bearing capacity and theoretical calculation
of short pile foundations on clay foundations must be studied urgently.

In summary, this paper carried out a model test on the uplift capacity of short pile
foundations on clay foundations, studied the load-deformation characteristics and de-
velopment laws of short pile foundations under different slenderness ratios, and ex-
plored the design theory of the uplift capacity of short piles in clay foundations. The
research results can provide insights into the design of short pile foundations for trans-
mission lines on clay.

2 Experimental Details

2.1 Dimensions of Model Pile

The pile model designed for this paper is made of organic glass with a diameter D of
35mm. A total of three groups of specimens (i.e., BDZ1, BDZ2, and BDZ3) are manu-
factured, with pile lengths L of 245 mm, 350 mm, and 525 mm, corresponding to three
different slenderness ratios, i.e., L/D=7, 10, and 15. In order to study the strain devel-
opment characteristics and laws of the model pile during loading, the resistance strain
gauges are arranged at typical locations of the pile body to test the strain changes at
different parts during loading. Therefore, notches are set on both sides of the pile body
to facilitate the pasting of strain gauges and lead-out wires, and a hole is opened on the
top of the pile to facilitate loading. The strain gauges are pasted at the quarter of the
pile body, with three locations, and arranged symmetrically along both sides of the
model pile. The specific pasting positions are shown in Fig 1. The strain gauge model
is BE120-5AA, which is 10 mm x 4 mm. At the same time, a vertical displacement
meter is set to measure the vertical displacement of the short pile top during the uplift
loading process to obtain the load-displacement curve of the short pile.
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Fig. 1. Size of model pile and measurement point layout
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2.2 Soil for Model Testing

The water ratio of typical soft plastic clay is determined by screening, trial mixing, and
testing. Then, soil for the model test is prepared. The soil parameters of the foundation
soil for the short pile foundation test are obtained according to the geotechnical test and
are shown in Table 1.

Table 1. Parameters of test soil

Parameter Unit  value
Moisture content % 21.1
Density g/em’  2.02
Dry density g/em®  1.67
Porosity ratio / 0.590
Saturation % 98
Plasticity index / 18.2
Liquidity Index / 0.01

Compression factor ~ MPa'  0.21
Compression modulus  MPa  7.57
Cohesive force kPa 58.8
Internal friction angle ° 16.6

2.3  Test Model

After the strain gauge is pasted on the notches of the model pile, AB glue and a layer
of proportional fine sand are evenly applied on the surface and groove of the pile. This
way can not only protect the strain gauge from being scratched by fine stones or other
debris in the soil but also better simulate the friction between the pile body and the soil
to obtain accurate load-strain development of the model pile under graded horizontal
loads, as shown in Fig 2(a). The model soil in the soil box is backfilled and compacted
in layers. Model piles of various sizes are buried in the model soil. When the test model
is made, it is sealed and locally loaded for more than 4 weeks to ensure that the test clay
is fully consolidated, as shown in Fig 2(b).

(a) (®)
Fig. 2. Test model: (a) Model pile; (b) Test model
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2.4 Loading Protocol

A self-designed multi-point loading test device, which consists of a loading lever, re-
action beam, and lever support, is used for loading in this test, as shown in Fig. 3. The
hinge support of the loading lever is installed on the upper side of the reaction frame.
One end of the lever is connected to the pile foundation model through a steel strand,
and a mass is hung on the other end to achieve multi-point loading. According to rele-
vant specifications [1], this project adopts the rapidly maintained load method. First,
the theoretical value of the ultimate capacity of each pile foundation model is calcu-
lated. Then, the pile foundation model is subjected to graded equal loading, with the
value being 1/8~1/5 of the estimated ultimate capacity. In addition, the weight of the
loading lever and the basket are considered. Therefore, the first level load is 2 to 3 times
the graded load. After each load level is stable, the strain gauge data at different parts
of the pile body are tested and recorded.

Soil box

Fig. 3. Test set up

3 Test Results

3.1 BDZ1

For the steep-rising load-displacement curve, the bearing capacity is the load value cor-
responding to the starting point where the obvious steep rise occurs [1]. Fig. 4 shows
the load-displacement curve of model pile BDZ1. It can be observed that in the early
stage of loading, the uplift displacement increases slowly. With the gradual increase of
the uplift load, the growth amplitude of the uplift displacement increases rapidly. There-
fore, the uplift capacity of the short pile foundation BDZ1 on clay foundation is deter-
mined by the test to be 0.281 kN, and the uplift displacement is 1.39 mm. When the
load reaches 0.423kN, the pile BDZ1 is pulled out as a whole. It can be seen that during
the uplift loading process of the short pile foundation BDZ1 on the clay foundation,
obvious cracks are formed in the soil around the pile. An oblique fracture surface is
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formed in the soil, and the conical soil adheres to the pile. This is because the shear
strength and internal friction angle of clay are relatively small, and the bearing capacity
of soil is weak, making it susceptible to external forces and deformation.

4

~3
£

£

g

=Pl

3

= 0.281kN
&= .
a 1L /

0 1 1 1
0.0 0.1 0.2 0.3 0.4

Load (kN)

Fig. 4. Load displacement curve of BDZ1
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Fig. 5. Load-strain curve of BDZ1

The load-strain development at different parts of the pile body is shown in Fig. 5.
The contact area between BDZ1 and the soil is small, and the strain shows a nonlinear
growth characteristic. In addition, the strains near the pile top (i.e., S1, S2) are larger
and develop faster. In comparison, the strains on the pile side with a greater burial depth
are smaller (i.e., S4, S5) and develop slower. The reason is that when the pile top is
subjected to uplift load, this load first acts directly on the soil near the pile top and the
pile. The pile top is the direct load point, and the stress in this area will be relatively
concentrated, resulting in a larger strain. When the load is transmitted downward from
the pile top, it will gradually disperse and attenuate due to the pile body and soil inter-
action. As the burial depth increases, the frictional resistance of the pile side gradually
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increases and effectively resists the uplift load. The increased frictional resistance limits
the displacement of the lower part of the pile body, thereby reducing the strain at S5
and S6. Therefore, as the burial depth increases, the pile body strain decreases.

3.2 BDZ2

At the initial loading stage, the displacement and load of the BDZ2 specimen are ap-
proximately linearly related, as shown in Fig. 6. When the uplift load reaches a certain
value, the corresponding uplift displacement increases rapidly. The uplift bearing ca-
pacity of BDZ2 is determined by the test to be 0.723kN, and the uplift displacement is
3.86mm. When the uplift load on the BDZ2 specimen reaches 0.992 kN, the pile is
pulled out, so the loading is stopped. Compared with BDZ1, the uplift load of BDZ2 is
larger. The reason is that as the pile length increases, the contact area between the pile
and the surrounding soil also increases accordingly. When the pile is subjected to uplift
force, the pile body can more effectively disperse and transfer the load to the surround-
ing soil, thereby improving the uplift capacity of the pile body. Therefore, the range of
soil cracks around BDZ2 is significantly smaller than that of BDZ1.
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Fig. 6. Load displacement curve of BDZ2
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The load-strain development at different locations of BDZ2 is shown in Fig. 7. In
the initial loading stage, the pile and its surrounding soil are mainly in the elastic de-
formation stage, and the strain development is linear. As the load increases, the pile and
its surrounding soil enter the elastic-plastic deformation stage. Eventually, the relation-
ship between strain and load is no longer linear. Similar to BDZ1, the strain of the pile
body close to the surface develops faster, and the strain of the pile body with a greater
burial depth is smaller.

33 BDZ3

The load-displacement of specimens BDZ3 and BDZ2 have similar development
trends. The displacement and load are approximately linear in the initial loading period.
When the uplift load reaches a certain value, the displacement increases rapidly. The
Load-displacement curve of BDZ3 is shown in Fig. 8. The test determines the uplift
capacity to be 0.824 kN, and the uplift displacement is 8.08 mm. In this test, when the
load reaches 1.33 kN, the pile is pulled out, and the loading is stopped. Compared with
BDZ1 and BDZ2, the development of soil cracks in BDZ3 is not significant. This is
because the friction area between the pile and the soil of BDZ3 is larger, and the soil is
subjected to a more uniform force, resulting in a slow development of cracks.
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Fig. 8. Load displacement curve of BDZ3
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The load-strain development at different parts of the pile body of the BDZ3 specimen
is shown in Fig. 9. Obviously, the load-strain of the specimen shows a linear develop-
ment trend during the loading process, which further illustrates that the soil is subjected
to uniform stress. Finally, the model pile is pulled out because the load overcomes the
friction between the pile and the soil.

3.4 Discussion of Test Results

In general, the uplift capacity of the pile increases with the increase of the slenderness
ratio. Under the same uplift force, the pile with a slenderness ratio of 15 has the smallest
uplift displacement and the strongest ability to resist deformation. The following con-
clusions can be drawn: the ultimate uplift capacity of a short pile foundation on a clay
foundation is positively correlated with the slenderness ratio of the pile, and increasing
the slenderness ratio can effectively enhance the uplift capacity of the pile. Therefore,
in the design and construction of short pile foundations of transmission towers on clay
foundations, key information such as the thickness of the clay layer, soil conditions,
and groundwater level of the foundation need to be considered. In special cases such as
clay, even though the pile length may be shorter, special consideration needs to be given
to the pile's slenderness ratio to ensure the pile's stability and bearing capacity.

4 Theoretical Calculation of Uplift Capacity of Pile
Foundation

4.1 Uplift Capacity

The ultimate uplift capacity of a single pile should be determined through static load
tests. During the preliminary design, the standard value of the ultimate uplift capacity
of a single pile is usually calculated based on an empirical formula, i.e., Eq. (1) [1].

P, Zzat7tUtLiqst (D
i=1

where vy; is the secondary grouting anti-pull adjustment coefficient, which is taken as
1.2 for the soil layer undergoing secondary grouting and take as 1.0 for soil layers that
have not undergone secondary grouting. L; is the thickness of the i-th layer of soil. Uj
is the circumference of the pile. gy; is the standard value of the ultimate lateral resistance
of the layer i-th of soil. ¢; is the ultimate lateral friction resistance and uplift reduction
coefficient of the layer i-th of soil. The value ranges from 0.70 to 0.80 for clay.

4.2  Discussion on Calculation Methods

The pull-out bearing capacities obtained by calculation and testing are shown in Table
2. It can be found that the calculated value is more conservative than the test value, and
the error between the test value and the calculated value becomes larger as the pile
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slenderness ratio increases. This is because the calculation formula for the uplift capac-
ity in the specification is derived based on the shear failure mode of the uplift pile along
the contact surface. However, the lower sidewall interface of the pile is shear-damaged
in the test. At the same time, an oblique fracture surface is formed in the soil at a local
depth in the upper part. Part of the soil in the conical area of the fracture surface adheres
to the pile, presenting a composite shear failure mode, and the deadweight of this part
of the soil cannot be ignored. Therefore, the standard formula for calculating the uplift
capacity of short piles on clay foundations is conservative. In practice, the formula can
be amplified based on the slenderness ratio of the short pile.

Table 2. Comparison between the test and calculated values

Specimens Fi (kN) Fe (kN) Error (%)
BDZ1 0.281 0.269 4.5
BDZ2 0.723 0.678 6.7
BDZ2 0.824 0.750 9.9

Note: Error = (Ft - Fc) / Fc x 100%

5 Conclusion

A model test is carried out in this paper to study the uplift capacity and influencing
factors of short pile foundation on clay foundation, and the following conclusions can
be drawn:

(1) The uplift displacement at the initial loading stage is linearly related to the load.
When the load reaches the ultimate uplift capacity, the specimen will fail quickly due
to the pile being pulled out.

(2) The short pile showed a composite shear failure mode, with cracks forming in
the soil around the pile. The conical soil in the upper oblique fracture surface adhered
to the pile, thus affecting the uplift capacity of the short pile.

(3) The ultimate uplift capacity of short pile foundation on clay foundation positively
correlates with the pile slenderness ratio. Increasing the pile slenderness ratio can ef-
fectively enhance the uplift resistance of the pile.

(4) The theoretical calculation value of the short pile foundation is relatively con-
servative. It can be appropriately enlarged based on the slenderness ratio of the speci-
men.

(5) In the design and construction of short pile foundations for transmission towers
on clay foundations, even though the pile length may be shorter, special consideration
needs to be given to the pile's slenderness ratio to ensure the pile's stability and bearing
capacity.
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