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Abstract.  This study evaluates the lateral capacity of flexible pre-bored precast concrete (PC) piles under drained 
soil conditions by employing various representative interpretation criteria. A database comprising 15 field lateral load 
tests in Taiwan was analyzed to investigate the relationships and reliability among various displacement, rotation, and 
graphical-based interpretation methods. Results show that the mean interpreted Q/QH ratios for displacement and 
rotation-based methods range from 0.20 to 0.80, increasing with larger movements. For graphical methods, the ratios 
are QS&W/QH = 0.42 and QL/QH = 0.59, with standard deviations and coefficients of variation comparable to other 
criteria. The QL method provided the most reasonable and consistent evaluation of both capacity and displacement, 
corresponding closely to the load at 20 mm or 3% of the pile diameter. Regression analysis identified Q10%B as the 
most reliable predictor, with a high coefficient of determination (r2 = 0.92). Overall, pre-bored PC piles exhibited 
higher normalized lateral capacities than drilled shafts and driven piles. The findings provide practical guidance for 
the consistent interpretation and design of flexible pre-bored PC piles under lateral loading. 
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1. Introduction 

 
While axial capacity has long been the primary focus of analysis and design of pile 

foundations, lateral capacity is equally important, particularly for structures subjected to 
significant horizontal loads such as earthquakes and wind [1, 2]. Ensuring the reliability of lateral 
capacity is essential not only for stability but also for serviceability, because excessive lateral 
displacements and rotations can compromise structural performance and functionality.  

The ultimate lateral capacity of pile foundations generally occurs at relatively large 
displacements or rotations. In practical design, however, allowable displacements and rotations 
must be limited to meet serviceability requirements. As a result, the “lateral design capacity” of 
pile foundations, including pre-bored precast concrete (PC) piles, is usually inferred from lateral 
load test results, often called as the “interpreted failure load”. 

The lateral capacity and behavior of piles have been widely studied and evaluated in both 
research and practice [1-8]. There have been studies on the lateral loads for flexible piles [9, 10]. 
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Over the years, various interpretation criteria have been proposed to define lateral capacity based 
on load test results. These methods are founded on different assumptions: some depend on 
subjective judgment and the scale of the test curve, while others involve extrapolation of measured 
data. As a result, the interpreted capacities often differ considerably. Such methods have been 
evaluated extensively for drilled shafts, but the case of pre-bored PC piles has received less 
attention.  

Pre-bored PC piles differ in construction from conventional drilled piles such as drilled shafts, 
and this distinction influences their load-transfer mechanisms. The construction process typically 
involves pre-boring, placing cement grout, and lowering the PC pile into position [11]. The 
presence of the cement grout affects both axial and lateral responses, leading to potential 
differences in capacity mobilization compared with traditional deep foundations. While recent 
studies evaluated the axial compression and uplift capacity of pre-bored PC piles [11-13], a 
comprehensive evaluation of their lateral performance remains lacking. Most existing lateral 
interpretation criteria rely on data from drilled shafts, which may not accurately reflect the 
behavior of the pre-bored PC piles. Given the increasing application of these piles in urban and 
infrastructure projects, establishing reliable and consistent lateral interpretation criteria is of 
significant engineering importance. 

The objective of this paper is to evaluate and compare representative interpretation criteria for 
determining the lateral capacity of flexible pre-bored PC piles under drained soils. A database of 
lateral load tests is analyzed to examine the relative merits, interrelationships, and reliability of 
different criteria. The interpreted capacities are then compared both statistically and graphically. 
Additionally, the data in this study will be integrated into a broader pile load test database [14-16]. 
These high-quality datasets are essential for the advancement of data-centric geotechnics, which is 
a data-driven approach in geotechnical engineering that utilizes real-world data to support digital 
transformation and decision making, specifically for training artificial intelligence models to 
improve the accuracy of future capacity predictions [13, 17, 18]. From the results, 
recommendations are made for the consistent application of interpretation criteria in practice. 

 
 
2. Database of lateral load tests 

 
The database developed for this study consists of 15 field lateral load tests conducted on pre-

bored PC piles in Taiwan under drained soil conditions. The basic soil and pile information is 
summarized in Table 1, while the material parameters are presented in Table 2. Fig. 1 shows the 
horizontal load versus pile displacement for each lateral load test. To account for the behavior of 
the interface formed by cement grout between the pile and the surrounding soil, the concrete 
strength of the pile and the strength of the cement grout were combined to simulate the actual 
conditions at the failure interface. The commonly adopted compressive strengths of concrete (f’c) 
for pre-bored PC piles are 49.03 MPa (500 kg/cm2) and 78.45 MPa (800 kg/cm2). When the 
compressive strength is not specified in the test report, a value of 49.03 MPa (500 kg/cm2) is 
assumed. The cement grout strength (f’s) at the second interface is taken as 20.59 MPa (210 
kg/cm2), and the thickness of the cement grout is assumed to be 0.05 m. 

References for the pile load tests are listed in Table 3. The pile lengths range from 20 m to 40 
m, with diameters between 0.5 m and 0.8 m. The soil conditions are characterized by SPT-N 
values from 9 to 17 blows, soil unit weights between 16.8 and 19.4 kN/m³, and effective friction 
angles ranging from 29° to 32°. The initial modulus of subgrade reaction varies from 12.11 to  
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Table 1. Soil and pile properties of load test data for pre-bored PC piles in drained soils 

Pile No. Test site Soil profile
Pile 

Length
L (m)

Pile 
Dia.

B (m)
GWT
(m) 

Dr 
(%)

SPT-
N

γt 
(kN/m3) 

φ' 
(o) 

Kh 
(MN/m3) 

Es 
(MPa)

PDL1 Yilan, Yilan, Taiwan Clayey and 
sandy silt 40 0.6 1.0 30 9 18.0 29.3 12.11 3.92

PDL2 Fangyuan, Changhua, 
Taiwan 

Silty sand with 
silt and sand 30 0.6 1.0 44 16 19.4 31.5 19.86 5.80

PDL3 Xianxi, Changhua, Taiwan Sandy silt and 
silty sand 28 0.6 1.0 27 9 16.8 29.0 13.09 3.30

PDL4 Mailiao, Yunlin, Taiwan Silty sand 25 0.5 1.5 41 13 17.9 30.8 18.72 5.08
PDL5 Mailiao, Yunlin, Taiwan Silty sand 24 0.6 1.5 41 13 17.9 30.8 18.72 5.08
PDL6-1 Mailiao, Yunlin, Taiwan Silty sand 25 0.5 1.9 41 13 17.9 30.8 18.72 5.08
PDL6-2 Mailiao, Yunlin, Taiwan Silty sand 25 0.5 1.9 41 13 17.9 30.8 18.72 5.08

PDL7 Xingang, Chiayi, Taiwan Sandy silt and 
silty sand 25 0.5 - 43 15 19.9 31.4 19.88 5.51

PDL8 Anping, Tainan, Taiwan Silty sand 26 0.5 2.3 46 17 18.7 32.4 21.66 5.66

PDL9 Rende, Tainan, Taiwan Sandy silt, 
clay 24 0.5 2.7 41 14 17.5 31.2 18.57 4.55

PDL10-1 Xinshi, Tainan, Taiwan Silty sand with 
clay 29 0.8 1.8 43 15 19.2 31.9 20.27 5.87

PDL10-2 Xinshi, Tainan, Taiwan Silty sand with 
clay 29 0.6 1.8 43 15 19.2 31.9 20.27 5.87

PDL10-3 Xinshi, Tainan, Taiwan Silty sand with 
clay 29 0.8 1.8 43 15 19.2 31.9 20.27 5.87

PDL10-4 Xinshi, Tainan, Taiwan Silty sand with 
clay 29 0.6 1.8 43 15 19.2 31.9 20.27 5.87

PDL11 Fengshan, Kaohsiung, 
Taiwan 

Silty sand with 
clay 20.6 0.7 2.5 42 15 18.4 31.3 19.26 6.74

  

n 15 15 14 15 15 15 15 15 15 
Mean 27.2 0.6 1.8 40.6 13.8 18.5 31.1 18.7 5.29

SD 4.24 0.01 0.51 4.96 2.2 0.83 0.91 2.54 0.83
COV 0.16 0.17 0.29 0.12 0.16 0.04 0.03 0.14 0.16

Notes: GWT = ground water table; Dr = relative density; γt = total unit weight; φ' = effective friction angle; Kh = initial modulus of 
subgrade reaction [21]; Es = elastic modulus for soil [22] 
 

 
21.66 MN/m², while the soil elastic modulus ranges from 3.92 to 6.74 MPa. 

All tests were performed on flexible pre-bored PC piles, with flexibility classified according to 
the criteria of Broms [3] and Poulos and Hull [19]. According to Broms [3], a pile is considered 
flexible if it satisfies the condition βrL > 2.5, where 

𝛽௥ = ൬ 𝐾௛𝐿4𝐸௖𝐼௖൰ଵସ
 (1)

Here, βr is the stiffness ratio between the soil and the pile, 𝐾௛is the coefficient of horizontal 
subgrade reaction, L is the pile length, Ec is the elastic modulus of concrete, and Ic is the moment 
of inertia of the pile cross-section. According to Poulos and Hull [19], a pile is flexible if its length 
L exceeds the critical pile length Lc, defined as 

𝐿௖ = 4.44 ൬𝐸௖𝐼௖𝐸௦ ൰ଵସ
 (2)
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Table 2. Material parameters for pre-bored PC piles in drained soils 

Pile No. 
Ec  

(MPa) f’c  
(MPa)

Ic 
(m4) 

βr 
(1/cm) βrL 

PDL1 114855 58.63 0.00636 0.00224 8.94 
PDL2 94023 39.29 0.00636 0.00266 7.97 
PDL3 94023 39.29 0.00636 0.00240 6.71 
PDL4 93783 39.09 0.00307 0.00300 7.51 
PDL5 94023 39.29 0.00636 0.00262 6.28 

PDL6-1 93783 39.09 0.00307 0.00300 7.51 
PDL6-2 93783 39.09 0.00307 0.00300 7.51 
PDL7 93783 39.09 0.00307 0.00305 7.62 
PDL8 93783 39.09 0.00307 0.00312 8.10 
PDL9 114659 58.43 0.00307 0.00285 6.84 

PDL10-1 94321 39.54 0.02011 0.00215 6.24 
PDL10-2 94023 39.29 0.00636 0.00267 7.75 
PDL10-3 94321 39.54 0.02011 0.00215 6.24 
PDL10-4 94023 39.29 0.00636 0.00267 7.75 
PDL11 115139 58.92 0.01179 0.00223 4.60 

n 15 15 15 15 15 
Mean 98155 43.13 0.0724 0.003 7.17 
SD 8366.7 7.77 0.006 0.0003 1.01 

COV 0.09 0.18 0.77 0.13 0.14 

Notes: Ec = the elastic modulus of concrete; 𝑓ᇱ𝑐 =  గቀಳమି଴.଴ହቁమ௙ᇲ௖ା గ൬ቀಳమቁమିቀಳమି଴.଴ହቁమ൰గቀಳమቁమ ; Ic = the moment of inertia of the pile 

cross-section, (πb4/64); βr = stiffness ratio between the soil and the pile 
 
 
Where Es is the elastic modulus of the surrounding soil. The simplified lateral analysis method 

by Chang [20] has been adopted in this study. For eccentricity = 0, the pile head displacement and 
rotation angle are given in Eqs. (3) and (4) 𝛿 = 𝐻2𝐸𝐼𝛽௥ଷ (3)

𝛼(𝑟𝑎𝑑) = 𝐻2𝐸𝐼𝛽௥ଶ (4)

Where H is the lateral load. For eccentricity > 0, the pile head displacement and rotation angle 
are given in Eqs. (5) and (6) 𝛿 = (1 + 𝑒𝛽)ଷ + 0.52𝐸𝐼𝛽௥ଷ 𝐻 (5)
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Figure 1. Lateral load versus displacement curves for all piles 
 
 𝛼(𝑟𝑎𝑑) = (1 + 𝑒𝛽)ଶ2𝐸𝐼𝛽௥ଶ 𝐻 (6)

 
 

3. Lateral interpretation criteria 
 
Interpretation criteria for lateral load tests can be broadly classified into three main categories: 

lateral displacement, percentage displacement of the pile diameter, and the pile head rotation angle. 
Additionally, graphical construction methods and mathematical models are employed. The chosen 
interpretation criteria were selected because they represent different ranges in the distribution of 
interpreted results. Since most load–displacement curves did not reach 10%B or a pile-head 
rotation of 5°, each lateral load–displacement dataset was extrapolated to a displacement 
corresponding to 10% of the pile diameter. According to ASTM D3966, a lateral displacement of 
5%B may be adopted as the criterion for determining the ultimate lateral capacity of a drilled shaft. 
However, considering that pre-bored PC piles generally have smaller diameters, this study adopts 
10%B as the upper displacement limit to ensure reasonable analytical interpretation. 

Displacement limitation methods define failure based on a specified head displacement. 
McNulty [23] interprets capacity as the load at 6.4 mm displacement (Q6.4mm), Walker and Cox 
[24] use 12.7 mm (Q12.7mm), and the New York City [25] criterion adopts 25.4 mm (Q25.4mm). Other 
methods express displacement as a percentage of the pile diameter. Pyke [26] defines failure at 5% 
of the diameter (Q5%B), Briaud [27] at 10% (Q10%B), and Broms [3] at 20% (Q20%B). 

Rotation limitation methods instead use head slope as the defining measure. Davidson et al. [4] 
propose a capacity corresponding to a head rotation of 2° (Q2°), while Ivey and Dunlap [28] adopt 
5° (Q5°). Mathematical models have also been introduced. Manoliu et al. [29] define failure as the 
load corresponding to the inverse slope (1/m) of the line y/p = ms + c, where p is the load and y is 
the head displacement (QH). This method represents an upper bound for all criteria and is called 
hyperbolic capacity. 
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Figure 2. Typical variation of apparent depth of rotation with load [31] 
 

Figure 3. The depth of apparent point of rotation
 
 
Finally, graphical construction methods rely on the interpretation of load-displacement curves. 

Slack and Walker [30] identify capacity from the intersection of two approximate straight lines on 
a log–log load–displacement plot (QS&W). Hirany and Kulhawy [31] interpret failure by plotting 
rotation depth against lateral load and classifying the curves into soil failure (QA), pile–soil failure 
at the pile shaft or pile tip (QB), and pile structural failure (QC), as illustrated in Fig. 2. The 
corresponding interpreted failure load is denoted as QL. For the lateral limit, the apparent depth of 
rotation (Zr) is obtained from the relationship between the lateral displacement (δ) and pile-head 
rotation (θ), defined as Zr = δ/θ, as shown in Fig. 3. 

58



 
 
 
 
 
 

Statistical evaluation of lateral interpretation criteria for flexible pre-bored PC piles… 

Table 3. References of pre-bored PC pile lateral load tests 

Pile No. Reference 

PDL1 Taian Engineering & Technical Consultants Co., Ltd., 2010. Construction of the Yilan City primary power 
distribution substation turnkey project: Pile test plan.

PDL2 Yantong Engineering Co., Ltd., 2010. Construction of new wind turbine units at Changhua Wangong: Pile load test 
report. 

PDL3 Yantong Engineering Co., Ltd., 2019. Construction of new wind turbine units at Zhanggong (III) and Yongxing 
wind farms: Pile test report for the Zhanggong (III) site.

PDL4 Taian Engineering & Technical Consultants Co., Ltd., 2006. Construction of the new SM plant at Formosa 
Chemicals & Fibre Corporation, Mailiao: Static load test report for pre-bored PC piles.

PDL5 Taian Engineering & Technical Consultants Co., Ltd., 2007. Nanya Plastics MGN plant OSBL foundation pile 
project: Static load test report for foundation piles.

PDL6-1 Taian Engineering & Technical Consultants Co., Ltd., 2006. Mailiao Taiwan Chemical Fiber PC plant phase III 
expansion project: Static load test report for pre-bored PC piles.

PDL6-2 Taian Engineering & Technical Consultants Co., Ltd., 2006. Mailiao Taiwan Chemical Fiber PC plant phase III 
expansion project: Static load test report for pre-bored PC piles.

PDL7 Taian Engineering & Technical Consultants Co., Ltd., 2007. Xinguang ABS plant wastewater equalization tank 
expansion project: Static load test report for pre-bored PC piles.

PDL8 Taian Engineering & Technical Consultants Co., Ltd., 2001. Construction of Anping Port berths 22 and 23 and 
berth 23 backline project, Tainan: Static load test report for pre-bored PC piles.

PDL9 Cheng Quan Construction Co., Ltd., 2021. Chimei 2×30 MW GTG cogeneration plant project: Pile load test report 
for pre-bored PC piles. 

PDL10-1 Taian Engineering & Technical Consultants Co., Ltd., 2003. Chimei Nankang LCD plant phase IV preliminary pile 
testing project – Area A: Static load test report for pre-bored PC piles.

PDL10-2 Taian Engineering & Technical Consultants Co., Ltd., 2003. Chimei Nankang LCD plant phase IV preliminary pile 
testing project – Area A: Static load test report for pre-bored PC piles.

PDL10-3 Taian Engineering & Technical Consultants Co., Ltd., 2003. Chimei Nankang LCD plant phase IV preliminary pile 
testing project – Area B: Static load test report for pre-bored PC piles.

PDL10-4 Taian Engineering & Technical Consultants Co., Ltd., 2003. Chimei Nankang LCD plant phase IV preliminary pile 
testing project – Area B: Static load test report for pre-bored PC piles.

PDL11 Cheng He Construction Co., Ltd., 2009. Guiyang primary power distribution substation civil engineering detailed 
design and construction second turnkey project: Pile test plan 

 
 

4. Comparison of different interpretation criteria 
 
Table 4 presents the interpreted results of the representative interpretation criteria. Interpreted 

failure loads were obtained from each load-displacement curve in the database using the 
interpretation criteria. The range of these capacities is quite wide. For some load tests that were 
terminated before reaching failure or the interpreted values, the results are reported as greater than 
10%B. To facilitate a comprehensive comparison of each method, all interpreted values were 
normalized by QH, which consistently represented the largest value. The results are presented in 
Table 5, with mean, SD, and COV values. Values in parentheses indicate results within 10%B. 

The results show that the mean interpreted Q/QH ranges from 0.20 to 0.80 for both the 
displacement- and rotation-based methods, with the mean values increasing as the movement 
increases. For the graphical methods, the ratios are QS&W/QH = 0.42 and QL/QH = 0.59. The SD 
values for these methods are generally comparable to those obtained from the other interpretation 
criteria. In contrast, the COV values fall within the range observed between smaller and larger 
movements. Notably, this QL/QH ratio is slightly lower than the QL/QH = 0.70 reported in the study 
of drained lateral behavior of drilled shafts by Agaiby et al. [32] and is nearly identical to the 0.60 
value in the study of flexible drilled shafts by Chen and Lee [6].  
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Table 4. Statistical results of various interpretation criteria for pre-bored PC piles in drained soils 

Pile No. 
Interpreted Capacity, Q (kN) 

Q5mm Q6.4mm Q8mm Q10mm Q12.7mm Q15mm Q20mm Q25.4mm Q30mm Q40mm Q50mm 
PDL1 57 67 73 86 106 116 130 142 151 168 182 
PDL2 103 120 146 164 168 171 196 209 219 230 239 
PDL3 86 94 102 107 114 117 123 127 130 133 135 
PDL4 85 100 113 130 147 163 187 200 211 228 239 
PDL5 165 191 214 242 275 296 327 351 367 391 407 
PDL6-1 86 99 110 122 138 151 173 195 200 213 223 
PDL6-2 38 49 59 75 97 118 147 155 169 196 213 
PDL7 83 100 109 125 141 154 172 185 197 212 223 
PDL8 74 85 94 105 117 127 145 161 171 192 211 
PDL9 88 104 128 157 180 199 235 271 296 336 365 
PDL10-1 144 165 183 201 218 232 253 270 284 310 334 
PDL10-2 103 125 139 158 176 188 210 232 247 267 280 
PDL10-3 244 275 295 323 360 388 441 477 505 554 590 
PDL10-4 110 135 157 190 223 237 276 306 320 365 393 
PDL11 168 194 214 235 265 286 335 388 392 421 440 

n 15 15 15 15 15 15 15 15 15 15 15 
Mean 109 127 142 161 182 196 223 245 257 281 298 
SD 50 56 60 65 72 76 87 97 100 110 117 

COV 0.46 0.44 0.42 0.40 0.39 0.39 0.39 0.39 0.39 0.39 0.39 
 

Pile No. 
Interpreted Capacity, Q (kN) 

Q0.5%B Q1%B Q2%B Q3%B Q5%B Q10%B Q0.1◦ Q0.2◦ Q0.3◦ Q0.4◦ Q0.5◦ Q0.6◦ QS&W QL QH

PDL1 47 66 102 127 152 192 67 135 >192 >192 >192 >192 123 179 242
PDL2 74 113 167 192 219 245 74 147 220 >245 >245 >245 160 163 279
PDL3 66 91 112 121 130 137 55 111 >137 >137 >137 >137 74 80 145
PDL4 56 83 128 163 199 239 45 90 136 181 226 >239 118 172 299
PDL5 116 188 270 317 368 418 71 143 214 286 357 >418 177 289 483
PDL6-1 58 86 125 153 192 223 40 81 121 161 202 >223 98 157 270
PDL6-2 20 40 76 127 156 213 40 81 121 161 202 >213 146 171 329
PDL7 50 83 122 153 185 222 46 91 137 182 >222 >222 123 156 277
PDL8 46 72 105 127 160 210 49 98 147 196 >210 >210 123 188 268
PDL9 55 90 157 201 268 365 38 76 114 152 191 229 118 169 562
PDL10-1 140 187 238 268 312 404 151 301 >404 >404 >404 >404 245 - 444
PDL10-2 69 121 173 203 249 289 67 134 200 267 >289 >289 123 177 347
PDL10-3 230 296 400 470 554 679 153 306 459 612 >679 >679 441 604 755
PDL10-4 68 130 216 263 320 414 65 130 194 259 324 388 208 296 564
PDL11 139 201 276 348 408 465 121 243 364 >465 >465 >465 196 361 541

n 15 15 15 15 15 15 15 15 15(12) 15(10) 15(6) 15(2) 14 15 15
Mean 82 123 178 216 240 258 72 144 211(202) 260(246) 290(250) 304(309) 72 144 387

SD 51 65 85 97 106 113 37 74 106(98) 130(142) 130(61) 137(80) 37 74 159
COV 0.63 0.53 0.48 0.45 0.44 0.44 0.52 0.51 0.50(0.51) 0.50(0.53) 0.50(0.26) 0.45(0.26) 0.52 0.51 0.41

 
 
The corresponding displacements, denoted as ρ, are listed in Table 6. The values determined 

from both the displacement and pile diameter percentage limit methods were obtained directly 
from in-situ measurements. For QS&W, the corresponding values were approximately 11 mm or 2% 
of the pile diameter, while for QL, they were about 22 mm or 3.5% of the pile diameter. The QL 
method is appropriate for evaluating lateral flexible pre-bored PC piles, as it provides a reasonable  
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Table 5. Statistical results of normalized interpretation capacities by Manoliu et al. interpretation (Q/QH) for 
drained soils 

Pile No. 
Normalized Interpreted Capacity, (Q/QH) 

Q5mm Q6.4mm Q8mm Q10mm Q12.7mm Q15mm Q20mm Q25.4mm Q30mm Q40mm Q50mm 

PDL1 0.24 0.28 0.3 0.36 0.44 0.48 0.54 0.59 0.62 0.69 0.75

PDL2 0.37 0.43 0.52 0.59 0.6 0.61 0.7 0.75 0.78 0.82 0.86

PDL3 0.59 0.65 0.7 0.74 0.79 0.81 0.85 0.88 0.9 0.92 0.93

PDL4 0.28 0.33 0.38 0.43 0.49 0.55 0.63 0.67 0.71 0.76 0.8

PDL5 0.34 0.4 0.44 0.5 0.57 0.61 0.68 0.73 0.76 0.81 0.84

PDL6-1 0.32 0.37 0.41 0.45 0.51 0.56 0.64 0.72 0.74 0.79 0.83

PDL6-2 0.12 0.15 0.18 0.23 0.29 0.36 0.45 0.47 0.51 0.6 0.65

PDL7 0.3 0.36 0.39 0.45 0.51 0.56 0.62 0.67 0.71 0.77 0.81

PDL8 0.28 0.32 0.35 0.39 0.44 0.47 0.54 0.6 0.64 0.72 0.79

PDL9 0.16 0.19 0.23 0.28 0.32 0.35 0.42 0.48 0.53 0.6 0.65

PDL10-1 0.32 0.37 0.41 0.45 0.49 0.52 0.57 0.61 0.64 0.7 0.75

PDL10-2 0.3 0.36 0.4 0.46 0.51 0.54 0.61 0.67 0.71 0.77 0.81

PDL10-3 0.32 0.36 0.39 0.43 0.48 0.51 0.58 0.63 0.67 0.73 0.78

PDL10-4 0.2 0.24 0.28 0.34 0.4 0.42 0.49 0.54 0.57 0.65 0.7

PDL11 0.31 0.36 0.4 0.43 0.49 0.53 0.62 0.72 0.72 0.78 0.81

n 15 15 15 15 15 15 15 15 15 15 15
Mean 0.30 0.34 0.39 0.44 0.49 0.53 0.6 0.65 0.68 0.74 0.78

SD 0.11 0.11 0.12 0.12 0.12 0.11 0.11 0.11 0.10 0.09 0.08
COV 0.36 0.34 0.32 0.28 0.24 0.21 0.18 0.16 0.15 0.12 0.10

 

Pile No. 
Normalized Interpreted Capacity, (Q/QH) 

Q0.5%B Q1%B Q2%B Q3%B Q5%B Q10%B Q0.1◦ Q0.2◦ Q0.3◦ Q0.4◦ Q0.5◦ Q0.6◦ QS&W QL 

PDL1 0.19 0.27 0.42 0.52 0.57  0.63 0.28 0.56 >0.79 >0.79 >0.79 >0.79 0.51 0.74

PDL2 0.27 0.41 0.60 0.69 0.74  0.78 0.27 0.53 0.79 >0.88 >0.88 >0.88 0.57 0.58

PDL3 0.46 0.63 0.77 0.83 0.87  0.90 0.38 0.77 >0.94 >0.94 >0.94 >0.94 0.51 0.55

PDL4 0.19 0.28 0.43 0.55 0.63  0.67 0.15 0.30 0.45 0.61 0.76 >0.80 0.39 0.58

PDL5 0.24 0.39 0.56 0.66 0.72  0.76 0.15 0.30 0.44 0.59 0.74 >0.87 0.37 0.60

PDL6-1 0.21 0.32 0.46 0.57 0.66  0.71 0.15 0.30 0.45 0.60 0.75 >0.83 0.36 0.58

PDL6-2 0.06 0.12 0.23 0.39 0.45  0.47 0.12 0.25 0.37 0.49 0.61 >0.65 0.44 0.52

PDL7 0.18 0.30 0.44 0.55 0.61  0.67 0.17 0.33 0.49 0.66 >0.80 >0.80 0.44 0.56

PDL8 0.17 0.27 0.39 0.47 0.54  0.60 0.18 0.37 0.55 0.73 >0.78 >0.78 0.46 0.70

PDL9 0.10 0.16 0.28 0.36 0.42  0.48 0.07 0.14 0.20 0.27 0.34 0.41 0.21 0.30

PDL10-1 0.32 0.42 0.54 0.60 0.65  0.70 0.34 0.68 >0.91 >0.91 >0.91 >0.91 0.55 -

PDL10-2 0.20 0.35 0.50 0.59 0.66  0.72 0.19 0.39 0.58 0.77 >0.83 >0.83 0.35 0.51

PDL10-3 0.30 0.39 0.53 0.62 0.69  0.73 0.20 0.41 0.61 0.81 >0.90 >0.90 0.58 0.80

PDL10-4 0.12 0.23 0.38 0.47 0.53  0.57 0.12 0.23 0.34 0.46 0.57 0.69 0.37 0.52

PDL11 0.26 0.37 0.51 0.64 0.71  0.75 0.22 0.45 0.67 >0.86 >0.86 >0.86 0.36 0.67

n 15 15 15 15 15 15 15 15 15(12) 15(10) 15(6) 15(2) 15 14
Mean 0.22 0.33 0.47 0.57 0.63 0.68 0.20 0.40 0.57(0.50) 0.69(0.60) 0.76(0.63) 0.80(0.55) 0.42 0.59

SD 0.09 0.12 0.13 0.12 0.11 0.11 0.08 0.17 0.21(0.15) 0.18(0.15) 0.15(0.15) 0.13(0.14) 0.10 0.12
COV 0.43 0.35 0.27 0.20 0.18 0.16 0.42 0.42 0.36(0.30) 0.27(0.26) 0.20(0.23) 0.16(0.26) 0.23 0.20

 
 

interpretation of both capacity and displacement. For practical and convenient application, the load 
corresponding to either 20 mm displacement or 3%B is the closest to QL. The mean normalized 
Q/QH versus mean displacement and displacement based on percentage diameter curves are shown 
in Figs. 4(a) and 4(b), respectively. 
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(a) Displacement limitation (b) Displacement limitation using pile diameter

(c) Pile head rotation limitation
Figure 4. Results of the mean normalized load-displacement curve 

 
 
Due to insufficient load test data of pile-head rotation, this study adopted the simplified lateral 

analysis method proposed by Chang [20] to estimate the pile-head rotation. This method, which 
assumes linear behavior, is commonly applied in field lateral analysis. As observed from Fig. 4(c), 
the interpreted results exhibit linear behavior in the initial portion of the curve, whereas the 
extended portion of the curve gradually levels off. Therefore, the use of Chang’s method should be 
exercised with caution due to its linear assumption. 

A regression analysis was performed comparing three methods, Q10%B, QS&W, and QL, against a 
reference capacity QH, with the results detailed in Table 7 and visualized in Fig. 5. The analysis 
revealed that all three methods underestimate the reference capacity, as evidenced by all regression 
slopes being less than 1.0. Among the methods, Q10%B proved to be the most reliable and 
consistent predictor, showing an exceptionally high coefficient of determination (r2 = 0.92) and the 
closest slope to unity, indicating a strong linear correlation with QH. Conversely, QS&W was 
determined to exhibit the lowest correlation (r2 = 0.65) and the most severe underestimation of the 
capacity, which corresponds visually to the greatest scatter and the lowest regression line in the 
figure. The QL method was intermediate, with r2 = 0.74 
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Table 6. Statistical results of interpreted displacement for pre-bored PC piles in drained soils 

Pile No. 
Interpreted displacement, ρ (mm) 

ρ0.5%B ρ1%B ρ2%B ρ3%B ρ4%B ρ5%B ρ10%B ρ0.1◦ ρ0.2◦ ρ0.3◦ ρ0.4◦ ρ0.5◦ ρL ρS&W ρH

PDL1 3 6 12 18 24 30 60 6.2 21.7 >60 >60 >60 46.6 16.5 >60
PDL2 3 6 12 18 24 30 60 3.7 8 32.5 >60 >60 11.5 8.6 >60
PDL3 3 6 12 18 24 30 60 2.2 11.3 >60 >60 >60 4.4 3.7 >60
PDL4 2.5 5 10 15 20 25 50 2.2 5.7 11.5 19 39.2 16.9 8.5 >50
PDL5 3 6 12 18 24 30 60 1.7 4.3 8.1 14.2 26.9 14.2 5.6 >60

PDL6-1 2.5 5 10 15 20 25 50 2 4.6 9.4 16.8 32 15.7 6.1 >50
PDL6-2 2.5 5 10 15 20 25 50 5.5 10.5 15.2 28 43.7 30 19.8 >50
PDL7 2.5 5 10 15 20 25 50 2.5 5.8 12.3 24 >50 15.3 8.5 >50
PDL8 2.5 5 10 15 20 25 50 2.7 8.6 20.2 43 >50 37.9 20.2 >50
PDL9 2.5 5 10 15 20 25 50 2.5 4.6 8 11.1 16.8 7.6 7.3 >50

PDL10-1 4 8 16 24 32 40 80 5.3 36.4 >80 >80 >80 - 17.5 >80
PDL10-2 3 6 12 18 24 30 60 3 7.4 17.5 40.1 >60 13.4 6.4 >60
PDL10-3 4 8 16 24 32 40 80 2 9 23.3 56 >80 53.5 20 >80
PDL10-4 3 6 12 18 24 30 60 3 6.2 10.5 18 32 22.9 11.5 >60
PDL11 3.5 7 14 21 28 35 70 3 11.3 23 >70 >70 22.4 6.6 >70

n 15 15 15 15 15 15 15 15 15 15
(12)

15
(10) 15(6) 15 

(14) 15 15

Mean 2.97 5.93 11.87 17.80 23.73 29.67 59.33 3.17 10.36 26.10 40.01 50.71 22.31 11.12 59.33
SD 0.50 1.00 2.00 2.99 3.99 4.99 9.98 1.35 8.13 21.71 22.10 18.32 14.11 5.74 9.98

COV 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.43 0.78 0.83 0.55 0.36 0.63 0.52 0.17

 
 

5. Comparison of interpretation criteria for different pile types 
 
Based on the three categories of interpretation criteria for lateral capacity, a comparison among 

different pile types was conducted. The lateral behavior of Pre-bored PC piles was compared with 
that of flexible drilled shafts [6], rigid drilled shafts [33], drilled shafts in gravel layers [34], and 
flexible driven piles [35]. The normalized interpreted failure loads for different pile types are 
presented in Fig. 6. The corresponding normalized curves are represented by Curve A for pre-
bored PC piles, Curve B for flexible drilled shafts, Curve C for rigid drilled shafts, Curve D for 
drilled shafts in gravel layers, and Curve E for flexible driven piles. Detailed data and references 
are listed in Table 8. When capacities are normalized by QH, as shown in Figs. 6(a) and 6(b), the 
behavior of the curves of different pile types converges and becomes less distinct. This trend 
aligns with observations by Topacio et al. [36] regarding drilled shafts in rock; while raw load-
displacement curves vary significantly between soft and hard rock due to stiffness, the distinction 
between the two diminished substantially after normalizing the load. After normalization, pre-
bored PC piles show curve stiffness comparable to driven piles and drilled shafts in gravel. Overall, 
pre-bored PC piles exhibited higher normalized lateral capacities than drilled shafts and driven 
piles. 

For pile-head rotation angle, all three pile types exhibited a linear trend, as shown in Fig. 6(c). 
This behavior is likely influenced by the common use of the simplified lateral analysis method by 
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Table 7. Regression data comparison for different methods versus QH 

Interpretation, Q (kN) X Statistics 
n r2 SD (kN) R 

Q10%B 0.82 15 0.92 137 542 
QS&W 0.43 15 0.65 74 367 

QL 0.6 14 0.74 37 524 
 

Figure 5. Comparison of the regression results of the lateral interpretation criteria 
 

Table 8. Comparison of normalized interpreted failure loads for different pile types 

Pile types (drained data) Reference 
Mean normalized interpreted load, (Q/QH) 

Q5mm Q6.4mm Q8mm Q10mm Q12.7mm Q15mm Q20mm Q25.4mm Q30mm Q40mm Q50mm Q0.5%B

Pre-bored PC piles (n =15) This study 0.30 0.34 0.39 0.44 0.49 0.53 0.6 0.65 0.68 0.74 0.78 0.22
Flexible drilled shafts 

 (n = 56) 
Chen and Lee [6] 0.33 -a 0.41 0.44 0.48 0.51 0.56 0.59 0.62 0.65 0.67 0.28

Rigid drilled shafts (n = 20) Chen et al. [33] 0.32 - a - a - a 0.39 - a - a 0.49 - a - a 0.64 0.34
Drilled shafts in gravel  

(n = 24) 
Marcos and Chen [34] 0.35 - a - a 0.48 - a 0.57 0.62 0.66 0.70 - a - a 0.36

Flexible driven piles (n = 19) Wu [35] 0.29 0.33 0.39 0.44 0.49 0.52 0.59 0.64 0.67 0.73 0.77 0.18
 Mean 0.32 0.34 0.40 0.45 0.46 0.53 0.59 0.61 0.67 0.71 0.72 0.28
 SD 0.02 0.01 0.01 0.02 0.04 0.02 0.02 0.06 0.03 0.04 0.06 0.07
 COV 0.07 0.01 0.02 0.04 0.09 0.04 0.04 0.10 0.04 0.06 0.09 0.25

 

Pile types (drained data) Reference 
Mean normalized interpreted load, (Q/QH) 

Q1%B Q2%B Q3%B Q5%B Q10%B Q0.1◦ Q0.2◦ Q0.3◦ Q0.4◦ Q0.5◦ Q0.6◦
Pre-bored PC piles (n =15) This study 0.33 0.47 0.57 0.68 0.81 0.20 0.40 >0.57b >0.69b >0.76b >0.80b

Flexible drilled shafts (n = 56) Chen and Lee [6] 0.38 0.50 0.57 0.64 0.70 0.15 0.30 >0.43b >0.52b >0.59b >0.64b

Rigid drilled shafts (n = 20) Chen et al. [33] - a 0.48 - a 0.64 0.76 - a 0.29 - a 0.36 - a 0.46
Drilled shafts in gravel  

(n = 24) 
Marcos and Chen [34] 0.48 0.61 0.68 0.74 - a 0.42 0.56 0.62 0.73 - a - a 

Flexible driven piles (n = 19) Wu [35] 0.30 0.44 0.52 0.63 0.76 0.10 0.20 0.30 0.41 0.52 0.62
 Mean 0.37 0.50 0.59 0.67 0.76 0.22 0.35 >0.48b >0.54b >0.62b >0.63b

 SD 0.07 0.06 0.06 0.04 0.04 0.12 0.12 0.13 0.15 0.10 0.12
 COV 0.18 0.12 0.10 0.06 0.05 0.56 0.35 0.26 0.27 0.16 0.19

Note: aNo data, bbeyond extrapolated curve 
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(a) Displacement limitation (b) Percentage limitation using pile diameter

(c) Rotation angle
Figure 6. Comparison of mean normalized curves of different pile types 

 
 
Chang [20] in Eqs. (3)-(6). Before reaching a pile-head rotation of 5°, drilled shafts in gravel 
layers show higher normalized interpreted loads than all other pile types. As rotation continues to 
increase, the curve gradually flattens, indicating that the behavior approaches the ultimate state. At 
the same rotation angle, pre-bored PC piles sustained higher normalized interpreted loads. 
Although pre-bored PC piles are classified as flexible foundations with smaller diameters, the 
higher concrete strength enabled them to mobilize larger loads at greater pile-head rotation angles. 

 
 

6. Conclusions 
 
Lateral load test data for flexible pre-bored PC piles in drained soils were analyzed using 

representative interpretation criteria. A comprehensive evaluation was conducted, from which 
conclusions were drawn. 
1. QH gives the highest values and always lies above the measurement, while loads at 30 mm, 

10%B, and 0.4° are comparable with the mean capacities close to 0.7QH. 

65



 
 
 
 
 
 

Xing-Ji Wang et al. 

2. The mean ratio of QS&W is 0.42QH and occurs at approximately occurs at 11 mm and 2%B. 
Meanwhile, QL is approximately 0.59QH and is about 22 mm and 3%B. 

3. The QL method is appropriate for evaluating lateral flexible pre-bored PC piles, as it provides a 
reasonable interpretation of both capacity and displacement. For practical and convenient 
applications, the load corresponding to either 20 mm displacement or 3% of the pile diameter 
(B) is the closest to QL and can be considered as QL. 

4. The estimation of pile-head rotation using Chang’s method provides a practical and simplified 
approach. However, its assumption of linear behavior necessitates cautious application. 

5. Regression analysis showed that Q10%B proved to be the most reliable and consistent predictor, 
showing a high coefficient of determination (r2 = 0.92) and the closest slope to unity, 
indicating a strong linear correlation with QH. 

6. After normalization by QH, the responses of different pile types become more comparable. 
Pre-bored PC piles show curve stiffness comparable with driven piles and drilled shafts in 
gravel. Overall, pre-bored PC piles exhibited higher normalized lateral capacities than drilled 
shafts and driven piles. 
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Notation list 
 

Symbol Definition
B Pile diameter
Dr Relative density
Ec Elastic modulus of concrete
Es Elastic modulus for soil
e Height of pile head above ground surface 
f’c Compressive strength of concrete

GWT Ground water table
H Lateral load
Ic Moment of inertia of the pile cross-section 
Kh Initial modulus of subgrade reaction 
L Pile length
Lc Critical pile length
n Number of data points
R Range

SD Standard deviation
X Normalized mean value
Zr Depth of apparent point
α Pile-head rotation angle
βr Stiffness ratio between the soil and the pile 
γt Total unit weight
δ Pile head displacement
φ' Effective friction angle
θ Pile-head rotation
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