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1. Introductions 

Transmission lines rely on strong tower founda-

tions, because the bearing performance of the foundation 

directly affects the operational security of transmission 

line. Foundation projects therefore take up a large propor-

tion of the time and costs resulting from transmission line 

construction. As China's economy and society have rapidly 

developed, accelerated construction of power infrastructure 

and rising voltage levels have magnified the loads that 

foundations must support. In order to meet the uplift and 

alternating pressure requirements for larger loads, ultra-

high voltage (UHV) transmission line projects make use of 

pile foundations with larger length and diameter; this is 

especially true in areas with soft soil, where the pile diame-

ter can reach 2.2 m or more, significantly increasing engi-

neering cost, construction time, and potential environmen-

tal impacts. Therefore, it has become necessary to design a 

rational transmission line foundation that can reduce engi-

neering efforts, construction costs, and potential damage to 

the environment. 

Designed based on the bionics principle, the 

squeezed branch pile is a kind of variable section pile with 

branches or plate. The origins of this pile can be traced to 

India in the 1960s [1-2]; later, in the 1980’s, Ogura (1987, 

1988) in Japan and Martin (1983) in US investigated the 

bearing capacity of nodular cylinder piles through model 

tests [3-5]. Subsequently, there were fewer reports about 

the squeezed branch pile until it came into use in China in 

the 1990’s. Since then, many researchers have studied its 

bearing performance and operational mechanism. Some 

researchers (Zhang, 2005; Gao, 2007; Kong, 2013; Wang, 

2015) have used the finite element model or experiments to 

study the squeezed branch pile’s bearing capacity mech-

anism and other crucial factors, including diameter, quanti-

ty, spacing, and position of branches or plates [6-9]. The 

results indicate that the squeezed branch pile has higher 

bearing capacity and experiences less settlement because 

of the enlarged branches and plates that have been widely 

used in the construction of bridge projects and thermal 

power plants in China. However, there are few reports of 

using this type of pile in transmission lines. The load expe-

rienced by a transmission line foundation is different from 

that of bridges or other industrial and civil construction 

foundations, in that transmission lines are characterized by 

alternating uplift and pressure load. The uplift load-

carrying capacity of normal pile is usually far below the 

pressure load-carrying capacity, and the pile size is there-

fore usually determined by the uplift load [10]. Compared 

with normal pile, the uplift bearing capacity of squeezed 

branch pile is significantly higher, which may enable it to 

overcome normal pile’s disadvantage of low uplift bearing 

capacity in transmission line projects.  

At present, research into squeezed branch pile 

mainly focuses on bearing performance under uniaxial 

loads; however, transmission line foundations bear both 

horizontal and vertical alternating loads. The ratio of hori-

zontal and vertical loads for a corner tower can reach as 

high as 1:4, levels at which the influence of horizontal 

loads on the bearing performance of the pile cannot be 

ignored [11]. It is important to understand the behavior of 

squeezed branch pile under both vertical and horizontal 

loads, as this may provide theoretical and technical support 

for applying these piles in transmission line projects. 

This paper discusses the bearing performance of 

squeezed branch pile as studied through field static load 

tests and a finite element model; elements of bearing per-

formance assessed include the development of skin fric-

tion, pile tip resistance variation, displacement field distri-

bution, and plastic zone development of soil around the 

pile. The influence on the bearing performance of both 

branch quantity and the ratio of horizontal load to vertical 

load are also analyzed, and some design suggestions are 

proposed. 

2. Experiments 

Based on the details of a 1000 kV UHV transmis-

sion line project and the load case SZ304-66 tower, two 

squeezed branch pile were designed and constructed. In 

order to analyze the action of the branch, a normal pile 

with the same diameter and length was designed and con-

structed for purposes of comparison. The normal pile was 

numbered #1, and the two squeezed branch piles were 

numbered #2 and #3. The diameters of all three piles were 

600 mm, the lengths were 16.7 m, the branch diameters 

were 1400 mm, the branch heights were 700 mm, and the 

center of the branch was 7000 mm from the design ground. 

The test site was in the city of Yangzhou, in Jiangsu prov-

ince, which is characterized by lacustrine deposition red 

plain topography. According to geological data, the 30.0 m 

depth strata can be divided into a total of six layers, with 

the physical and mechanical properties of each soil layer 

shown in Table 1. 

Experiments used the static load test method. The 

test system consisted of reaction steel beam, anchor piles, 

and hydraulic jacks, with two anchor piles used to provide 
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counter-force. The settlement of the test pile was measured 

by displacement sensors attached to an independent frame, 

and the data was read and recorded by a computer. The 

loading history of the pile tip was determined based on 

Chinese code GB 5007-2011 [12]. The test processing was 

controlled by the settlement of the pile top, and the load 

test was terminated once an inflexion point appeared on the 

load-settlement (Q-s) curve, or once the pile settlement 

exceeded 80 mm when the Q-s curve of the pile head var-

ied gradually. 

Table 1 

Physical-mechanical parameters of soil strata 

Soil 

layer 

No. 

Geotechnical 

name 
Depth, m 

Cohe-

sion, 

kPa 

Internal 

friction 

angle, ° 

I Cultivated 

soil 
1.1 5.0 0 

II 
Silty clay 

with silt 
6.6 20.1 6.0 

III 
Silty clay 

and silt in-

terbedded 

13.4 13.5 8.0 

IV Silty clay 

with powder 
19.5 20.0 8.8 

V Silt clip 27.2 9.0 20.2 

VI Silty clay 30.0 21.7 12.4 
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Fig. 1 The arrangement of string wire stress gauges and 

soil pressure cells 

 

In order to study the axial load transfer mecha-

nism, string wire stress gauges were attached to reinforcing 

bars at different depths, with two gauges symmetrically 

arranged in each section. Eight steel stress gauges were 

used in each squeezed branch pile at depths of 2.4, 6.5, 7.5, 

and 11.7 m, while six steel stress gauges were used in the 

normal pile at depths of 2.4, 7.5, and 11.7 m. The piles 

ended in a symmetric arrangement of two soil pressure 

cells for measuring tip resistance, as shown in Fig. 1. The 

string wire stress gauges and soil pressure cells were con-

nected to acquisition instruments by cables. 

3. Experimental results and analysis 

3.1. Load versus settlement relationship 

Fig. 2 shows the Q-s curve of the test piles, where 

Q represents the vertical load and s represents settlement. 

In general, the data show that the settlement values of both 

the normal pile and the branch piles increase slowly when 

the applied load is less than 1000 kN, making the Q-s 

curve approximately linear. The settlement levels gradually 

increase with the loads. When the load on pile #1 reaches 

1735 kN, the settlement increases significantly. As Figure 

3 shows, the settlement value under the 1735 kN load is 

24.43 mm, while the total settlement value is 36.99 mm. 

For test piles #2 and #3, inflexion points appear on the Q-s 

curves when the loads reach 2007 kN and 2053 kN, respec-

tively; according to Chinese code GB 5007-2011 [12], take 

the load value as ultimate bearing capacity of the pile, the 

load value corresponds to the inflexion point. The ultimate 

bearing capacities of piles #1, #2, and #3 were 1550 kN, 

1780 kN, and 1825 kN, respectively, meaning that the 

bearing capacity of the branch pile was 16.3% higher than 

that of the equal diameter normal pile under the same con-

ditions. This can be attributed to the existence of the 

branch, which provides larger resistance; however, the side 

resistance is reduced because the effective pile length of 

contact with soil declines.  
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Fig. 2 Q-s curves for static loading tests 

 

The failure process of a branch pile differs from 

that of a normal pile with equal diameter. The rate of set-

tlement increase for a branch pile is slow, and it remains 

slow when approaching ultimate bearing capacity. Overall, 

the settlement is far less than that of a normal pile with the 

same diameter, which can be attributed to the branch re-

sistance; therefore, the failure process shows a typical duc-

tile feature, which is very advantageous for the security of 

a transmission line’s tower. 

3.2. Axial force of piles 

Fig. 3 shows the axial force distribution curves for 

piles #1, #2, and #3 under each level of loading. The data 

were calculated according to the string wire stress gauge 

readings at each level, using the equation Ni= (Es As +Ec 

Ac) εi , where Ni represents the axial load of section I; Es 
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represents the elastic modulus of the reinforcing bars,  

Es =200000 N/mm2;  Ec represents the elastic modulus of 

concrete, Es =32500 N/mm2; As represents the cross sec-

tional area of the reinforcing bars; Ac represents the cross 

sectional area of the concrete; and εi represents the strain 

of cross section i, εi =(εi1 +εi2)/2. As Fig. 5 shows, the 

axial force of the test piles gradually decreases as the aver-

age depth increases. The greater the load of the pile top, 

the greater the difference between the pile tip axial force 

and the pile top load. The axial force of the squeezed 

branch pile takes a sharp change at the branch location, 

reducing significantly below the branch; this sudden 

change increases with the pile top load. This occurs be-

cause the side resistance works earlier than the branch re-

sistance, and the load percentage shared by the branch re-

sistance increases with the pile top load, such that the axial 

force of the pile above the branch is significantly greater 

than that of the pile below the branch. 
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                         a                                                     b                                                           c 

Fig. 3 Axial forces of test a) #1 test pile, b) #2 test pile and c) #3 test pile 

 

3.3. Side friction resistance 

Fig. 4 plots the side friction resistance against the 

load for the squeezed branch piles. When the squeezed 

branch pile is subject to vertical loads, displacement occurs 

between the soil and the pile, such that the pile’s side fric-

tion begins to take effect. As the friction resistance curve 

shows, during the early loading period the load is shared 

among the side friction resistance, branch resistance, and 

tip resistance, and the side friction resistance of the upper 

pile increases as the load increases. When the load increas-

es past a certain value, the lower part of the branch pile’s 

side friction resistance gradually comes into play; howev-

er, because the branch pile side resistance bears a larger 

load, friction on the lower portion of the branch pile grows 

more slowly. 
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Fig. 4 Side friction distribution of squeezed branch a) #2 test pile side friction and b) #3 test pile side friction 

 

3.4. Bearing capacity of branch and tip resistance 

The load shared by the branch can be computed 

based on the difference in axial force between the upper 

and lower interface of the branch. The results show that as 

the vertical load increases, the loads that the branches un-

dertake gradually increase; at the limit of its capacity, the 

load on the branch of pile #2 is 390 kN and the load on the 

branch of pile #3 is 462 kN, accounting for 22% and 25%, 

respectively, of the ultimate bearing capacity. 

The data for tip resistance were recorded based on 

to the readings of the soil pressure cells at each level. Re-

sistance is calculated as Pk= σk Ap , where Pk represents 

the tip resistance of load level k; Ap represents the cross 

sectional area of the pile; and σk represents the stress of the 

soil under the pile tip for load level k, σk =(σk1 +σk2)/2. 

Fig. 5 shows the pile tip resistance under different load 

levels. The data show that the initial tip resistance accounts 

for a smaller proportion than side friction resistance, indi-

cating that the tip resistance plays a lagging role. As the 

load increases, the tip resistance begins to increase; when 

the load reaches its maximum, the tip resistance of test 

piles #1, #2, and #3 are 125 kN, 70 kN, and 82 kN, respec-

tively, accounting for 8.1%, 3.9%, and 4.4%, respectively, 
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of the piles’ ultimate bearing capacity. The tip resistance of 

test pile #1 is slightly larger than those of test piles #2 and 

#3; this is because the settlement of the equal diameter 

normal pile is greater than that of the branch pile under the 

same load, which allows the tip resistance to come fully 

into play. 
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Fig. 5 Tip resistance of test piles 

4. Numerical simulations 

The finite element model of the squeezed branch 

pile and the surrounding soil was constructed by 

ABAQUS. The squeezed branch pile was assumed to be 

made of continuous, homogeneous elastomers, and the 

linear elastic constitutive model was used to describe the 

pile. The Coulomb molar (M-C) model was used to de-

scribe the soil, with a three-dimensional solid reduction 

unit C3D8R used for the model of the piles and soil. Con-

sidering the contraction of the pile-soil interface, the con-

tact element adopted the elastoplastic Coulomb friction 

model, and the contact surface friction coefficient re-

mained unchanged [7]. In order to eliminate the effects of 

soil boundaries, the soil take was set at 40 times the radius 

of the pile diameter, with the depth take set at the pile 

length, and the stress balance of the soil was calculated 

before loading. 
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Fig. 6 Comparison of finite element and experimental load 

displacement curves 

 

Test piles #2 and #3 can serve as examples to ver-

ify the rationality of the modeling methods and the validity 

of the finite element model. Fig. 6 compares the load-

settlement curves of the numerical and experimental re-

sults. The data show that the overall trend of the load-

settlement curves remains relatively similar during the 

entire loading process, although the finite element settle-

ment is slightly larger than the experiment results. Taking 

into account the actual difference between the ideal numer-

ical calculation and the geological conditions of the site, 

the modeling method appears to be reasonable and feasi-

ble. 

4.1. Displacement of soil around pile 

Fig. 7 shows the horizontal displacement of soil 

around the pile at different depths under 2053 kN loading, 

based on radial distances from the center of the pile of 

0.7 m, 1.3 m, 2.5 m, 4.4 m, and 8.6 m. The data in Fig. 11 

show that as the radial distance away from the center of 

pile increases, the horizontal displacement of soil around 

the pile decreases; similarly, horizontal displacement of 

soil mutations occurs at the position of branch, but the mu-

tation becomes unclear as the distance from the center of 

the pile increases. 
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Fig. 7 Horizontal displacement of soil around pile 

 

Fig. 8 shows the vertical displacement of soil 

around the pile under the maximum load value. The result 

show that the maximum vertical soil displacement 

(54.27 mm) occurs below the branch plate. Meanwhile, the 

vertical displacement of the soil at the pile tip (maximum 

displacement of 48.52 mm) is relatively large, mainly due 

to the significant squeezing action of the branch and pile 

tip, and the soil above the branch separate with the 

branch’s upper surface. 

 

 

                  a                                 b 

Fig. 8 Vertical displacement of soil around pile a) Position 

of branch and b) Position of pile tip 

4.2. Vertical stress of soil around pile 

Fig. 9 shows the vertical stress of the soil 0.3 m, 

0.7 m, 1.08 m, 1.74 m, and 2.23 m away from the pile cen-

ter, when the working load on the pile top is 2053 kN. The 

vertical stress of the soil around the pile increases with the 
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soil depth. At a distance of 0.3 m from the pile, the range 

of variation in vertical stress is large, especially above and 

below the branch (6.5-7.5 m) and near the pile tip; the 

change in vertical soil stress decreases as the radial dis-

tance away from the pile center increases. The vertical 

stress tends to remain stable beyond about 1.74 m away 

from the pile center, which indicates that the influence of 

the distance on soil stress can be ignored when the distance 

exceeds 1.3D, where D represents the branch diameter. 

Considering the principle of additional stress superposi-

tion, it is recommended that the minimum center distance 

between piles in a group should not be less than 1.5D.  
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Fig. 9 Vertical stress of soil around pile 

4.3. Relative displacement between pile and soil 

Fig. 10 shows the relative displacement between 

the pile and the soil under different loads. These data indi-

cate that the relative displacement between the pile and the 

soil is divided into two parts separated by the branch. As 

the load increases, the growth rate of the relative displace-

ment between the pile and the soil becomes larger, and a 

mutation occurs below the branch and pile tip. This maybe 

explained by the fact that the soil below the branch and 

pile tip is consistently compressed, and the pressure de-

formation of the soil equals the displacement of the branch 

and pile tip such that the relative displacement between the 

pile and the soil decreases rapidly. 
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Fig. 10 Relative displacement between pile and soil 

4.4. Plastic development of soil around pile 

Fig. 11 depicts the plastic zone distribution of soil 

around the pile at different loading stages. The data indi-

cate that the plastic zone arises first at the position of the 

branch when the load is 1140 kN; as the load increases, the 

plastic zone also begins to appear in the pile tip, and a plas-

tic area gradually develops along both the branch and pile 

tip. This occurs because the soil below the branch and pile 

tip deforms under compression loading, and while most of 

the deformation comes from the consolidation of soil, 

some arises from compaction action. When the load in-

creases to a certain value, the soil at the pile tip loses its 

bearing capacity, and the load that the squeezed branch 

pile can bear reaches its maximum. 

 

 
 

               a                                  b 

Fig. 11 Plastic zone distribution of soil around pile:  

a) Q=1140 kN and b Q=2235 kN 

4.5. The influence of branches on the vertical bearing ca-

pacity of piles 

In order to investigate the influence of branch 

quantity on the bearing capacity of squeezed branch piles, 

the bearing capacity of piles with 1, 2, and 3 branches were 

calculated on the basis of tests. Considering the effect on 

bearing capacity, the spacing of branches should be greater 

than 1.5 times the branch diameter and 3 times the pile 

diameter; in other words, 3.0 m is the appropriate spacing 

for branches in this situation [9]. 
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Fig. 12 Q-s curve of squeezed branch piles with different 

branch quantities 

 

Fig. 12 shows the load-settlement curves of 

squeezed branch piles with different numbers of branches. 

The data indicate that the bearing capacity of the piles in-

creases as the branch quantity increases; the bearing capac-

ities of squeezed branch piles with 1, 2, and 3 branches are 

1780, 2007, and 2235 kN, respectively. The bearing capac-

ity of the squeezed branch piles increases about 12.8% 

when the branch quantity increases by 1. Therefore, within 

a certain range, the bearing capacity of squeezed branch 
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piles can be greatly improved by increasing the number of 

branches; however, considering geological engineering 

conditions and pile length, too many branches can produce 

unfavorable results, such that the optimum branch quantity 

for this situation is 1 to 3. 

4.6. Influence of horizontal load on vertical displacement 

of pile 

Analysis was also conducted to investigate the in-

fluence of the horizontal load on the bearing capacity of 

squeezed branch piles. Considering the ratio between hori-

zontal loads and vertical loads in actual projects, the set-

tlement of squeezed branch piles was calculated under six 

load conditions, include uniaxial vertical loading and five 

kinds of vertical loads with different horizontal loads. The 

squeezed branch piles had two branches spaced at 3.0 m, 

with the other parameters identical to those of the test 

piles. 

Fig. 13 plots settlement under these different load 

conditions. The data indicate that when the load is smaller, 

the influence of the horizontal load on the vertical pile set-

tlement is not obvious; however, as the load increases, the 

effects of the horizontal load on vertical pile displacement 

become more obvious. Under the same vertical load, the 

amount of settlement decreases as the horizontal load in-

creases, because friction resistance in the squeezed branch 

pile improves through the action of horizontal loading. 
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Fig. 13 Q-s curve squeezed branch piles under different 

load conditions 

5. Conclusions 

This study analyzed the mechanical performance 

and bearing capacity of squeezed branch piles through 

field static load tests and the finite element analysis meth-

od. The main results are as follows: 

1. Under the same conditions, the ultimate bearing 

capacity of squeezed branch piles increases by 16 to 30% 

compared with normal piles of the same diameter. Within a 

certain range, increased branch quantities lead to increases 

in ultimate bearing capacity and decreases in vertical pile 

displacement. In terms of engineering design, it is advisa-

ble to identify the optimal branch quantity for the particu-

lar bearing stratum; under the terms articulated in this pa-

per, the optimum number of branches was 1 to 3. 

2. The axial force of the squeezed branch pile is 

characterized by an obvious step change at the position of 

the branch under vertical loading, and friction resistance 

works in sequence.  

3. In the context of transmission line foundations, 

horizontal loading can improve the frictional resistance of 

the pile, exerting a significant restrictive effect on the ver-

tical displacement of squeezed branch pile. 

4. Variations in vertical soil stress depend largely 

on the position of the branch and pile tip, with variation 

decreasing as the radial distance away from the pile center 

increases. It is recommended that the minimum center dis-

tance between piles in a group should not be less than 

1.5D. 

5. The relative displacement between the pile and 

the soil increases gradually as the pile tip load increases, 

with a mutation occurring below the branch and pile tip. 

The plastic zone of the soil is found primarily in regions 

adjacent to the pile below the branch and pile tip. 
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Bai Junfeng 

 
FIELD TEST AND NUMERICAL SIMULATION ON 

BEARING CAPACITY OF SQUEEZED BRANCH PILE 

IN TRANSMISSION LINE 

S u m m a r y 

By applying static load tests and the finite ele-

ment analysis method, this study assesses the load-bearing 

performance and load transfer mechanism of squeezed 

branch piles. This study also compiles data and discusses 

findings about the distribution of field displacement, the 

development of a plastic zone in the soil, and the influence 

of branch quantity and horizontal load on the vertical bear-

ing capacity. The results show that the axial force of the 

squeezed branch pile changes obviously at the site of the 

squeezed branch. Additionally, this study identifies the 

sequenced effects of frictional resistance; the displacement 

patterns of the soil around the pile, particularly below the 

branch and pile tip; the minimum center distance between 

piles in a group, which should be greater than 1.5 times the 

branch diameter; and the location of plastic strain in the 

soil below the branches and pile tip. The data reveal that 

the vertical bearing capacity of squeezed branch pile is 16 

to 30% higher than that of normal pile under the same 

conditions; furthermore, the vertical bearing capacity of 

squeezed branch pile increases as the number of branches 

and horizontal load increase. Considering geological 

engineering conditions and loading requirements, it is 

advisable to identify an optimum branch quantity for the 

specific bearing stratum; in this case, the optimum branch 

quantity was 1 to 3． 

 

Keywords: transmission line foundation; squeezed branch 

pile; bearing capacity; horizontal load; field test. 
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