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ABSTRACT:  A database of 26 high quality field lateral pile load tests from four independent studies is established. Based on 

the collected database, a CPT-based p-y model with a modified hyperbolic formulation is proposed. The model features four 

parameters, namely the initial soil-pile interaction stiffness (kini), the ultimate soil resistance (pu), the stiffness degradation 

coefficient (m), and the ultimate soil resistance adjustment coefficient (A), which are all functions of the CPT cone tip resistance 

(qc). The model is demonstrated to provide satisfactory performance in predicting the lateral response of monopiles in sand. 
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1 INTRODUCTION 

Currently, the design of large diameter monopile 

foundations mainly relies on use of the so-called “p-y” 
models, among them the model recommended by API 

(2014) standard (hereafter referred to as the API p-y 

model) is most commonly adopted in practical design. 

The applicability of the API p-y model to large diameter 

monopiles with a diameter (D) of 5 to 10m and a small 

penetration length-to-diameter ratio (L/D) of 5 or less, is 

debated among the industry and academia. Evidence 

from centrifuge model testing (Georgiadis et al., 1992; 

Klinkvort & Hededal, 2014 and Zhu et al., 2016) and 

numerical simulations (Thieken et al., 2015; Amar 

Bouzid, 2018 and Wang et al., 2023) suggests that the 

API p-y model severely over-estimates the monopile 

soil-pile interaction stiffness and capacity in sand. For 

this reason, alternative solutions are called for. Among 

others, cone penetration test (CPT) based p-y models are 

attractive as they avoid the uncertainties with derivation 

of soil parameters which are needed by the spring 

models, such as the API model and the PISA model 

(Byrne et al., 2015), either by interpretation of the CPT 

results or by lab testing of sand samples which are 

typically performed on reconstituted soil specimens. 

Several CPT based p-y models are available in the 

literature, such as Novello (1999), Dyson & Randolph 

(2001), Suryasentana & Lehane (2014, 2016), and Li et 

al. (2014). However, a thorough examination of the 

existing CPT-based p-y models reveals the following 

limitations: i) The backbone curves of the models 

proposed by Novello et al. (1999), Dyson & Randolph 

(2001), Suryasentana & Lehane (2014) and Li et al. 

(2014) are power law functions. This function form 

lacks the capacity to predict the ultimate soil resistance 

(pu); ii) Suryasentana & Lehane (2016) designed their 

model as a piecewise function, with the initial p-y 

stiffness set to 4.5Gmax and the backbone curve as an 

exponential function. The adjustments improve the 

prediction of kini and provide a clear pu, but the piecewise 

function lacks simplicity and introduces discontinuities 

to the predicted p-y response. 

The purpose of this study is to present a CPT-based 

p-y model for monopile analysis in sand that is able to 

capture the correct initial soil-pile interaction stiffness 

and the ultimate capacity. The following work has been 

performed: 

1) A lateral pile load test database is established by 

collating high-quality field tests from four independent 

studies; 

2) A novel p-y model is developed based on a 

modified hyperbolic formulation using the CPT cone tip 

resistance qc as the sole input parameter. The predictive 

capability of the proposed p-y model is demonstrated by 

back-analysis of the tests from the database. 

2 MONOPILE TEST DATABASE 

The database includes field pile load tests from Li et al. 

(2014), Murphy et al. (2018), the PISA project 

(McAdam et al., 2020; Taborda et al., 2020), and Wang 

et al. (2022). The profiles of CPT cone tip resistance 𝑞𝑐 

for the field tests are available from the corresponding 

references. 
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The geometric and loading information of the field 

pile load tests is summarized in Table 1. All piles in 

Table 1 are hollow steel pipe piles with an elastic 

modulus Epile=210GPa. 

 
Table 1. Geometric information of the field pile load tests 

No. Test ID 𝑫 (m) 𝒕  (m) 𝑳 (m) 𝒉 (m) 

Li et al. (2014) 

1~3 Li_1~3 0.340 0.014 2.20~4.35 0.40 

Murphy et al. (2018) 

4 Murphy_1 0.245 0.008 1.50 0.40 

5~7 Murphy_2~4 0.510 0.010 1.50~3.00 1.00 

Wang et al. (2022) 

8~10 Wang_1~3 0.127 0.019 0.75~1.50 0.34 

11~13 Wang_4~6 0.169 0.0045 1.00~2.50 0.34 

14~16 Wang_7~9 0.273 0.0064 0.75~1.50 0.34 

17~19 Wang_10~12 0.457 0.0064 0.75~1.50 0.35 

PISA project (McAdam et al., 2020; Taborda et al., 2020) 

20~22 PISA_1~3 0.273 0.007 1.43~2.73 5.00 

23~24 PISA_4~5 0.762 0.010 2.27~3.98 10.00 

25 PISA_6 0.762 0.025 6.02 10.00 

26 PISA_7 2.000 0.038 10.61 9.90 

Notes: t (m) is the wall thickness of the pile; L (m) is the 

embedded length of the pile; h (m) is the loading eccentricity. 

3 THE CPT-BASED P-Y MODEL  

The current model adopts a modified hyperbolic 

formulation, which introduces a parameter m that 

controls the stiffness degradation and a parameter A that 

acts on the ultimate capacity. The specific form of the 

proposed p-y model is presented in Eq. (1): 

 𝑝 = 𝑦[( 1𝑘𝑖𝑛𝑖)𝑚 + ( 𝑦𝐴𝑝𝑢)𝑚] 1𝑚 (1)
 

 

where kini (kPa) is the initial p-y stiffness; pu (kN/m) is 

the ultimate soil resistance; m is the stiffness degradation 

coefficient; A is the ultimate soil resistance adjustment 

coefficient. The calibration for each model parameter 

using the collected database is elaborated below. 

Regarding the modified hyperbolic p-y formulation 

as presented in Eq. (1), when the lateral displacement (y) 

approaches 0, the predicted p-y stiffness k=kini; when the 

lateral displacement (y) approaches infinity, the 

predicted soil resistance p=Apu. This is demonstrated in 

Eq. (2): 

 

𝑘𝑦→0 = (𝑝𝑦)𝑦→0 = { 1[(1 𝑘𝑖𝑛𝑖⁄ )𝑚](1 𝑚⁄ )} = 𝑘𝑖𝑛𝑖 (2𝑎)
𝑝𝑦→∞ = { 𝑦{[𝑦 (𝐴𝑝𝑢)⁄ ]𝑚}(1 𝑚⁄ )} = 𝐴𝑝𝑢 (2𝑏) 

 

3.1 Initial p-y stiffness kini 

Numerous studies (Di Laora & Rovithis, 2015; Wang et 

al., 2023) have indicated that the initial stiffness of p-y 

curves at any given depth is directly correlated to the 

small-strain shear modulus Gmax of the soil. The current 

p-y model adopts a simple relationship between kini and 

Gmax where kini=4.5Gmax, as proposed by Di Laora & 

Rovithis (2015), which is also employed by 

Suryasentana & Lehane (2016) in their CPT-based p-y 

model. 

For the Gmax, seismic CPT allows for direct 

measurement of the cone tip resistance and the small-

strain shear modulus by measuring the shear wave 

velocity (Vs). When in-situ data do not include Gmax, it is 

recommended to utilize the empirical relationship 

between Gmax and qc suggested by Baldi et al. (1989) as 

presented in Eq. (3): 

 𝐺𝑚𝑎𝑥 = 𝜌𝑇𝑉𝑠2 (3𝑎)𝑉𝑠 = 277𝑞𝑐0.13(𝜎𝑣′)0.27 (3𝑏) 

 

where: ρT (kg/m3) is the total soil mass density; Vs (m/s) 

is the shear wave velocity. The units of qc and σv' are in 

MPa in Eq. (3). 

3.2 Ultimate soil resistance pu 

The soil resistance distribution model proposed by 

Petrasovits & Award (1972) is employed in this study. 

Based on this soil resistance distribution as well as the 

equilibrium of force and moment, the ultimate lateral 

capacity Hu (kN) and the corresponding ultimate 

overturning moment capacity Mu (kN·m) at the mudline 

can be calculated in Eq. (4): 

 𝐻𝑢 + 𝐻𝑏 = ∫ 𝑝𝑢d𝑧𝑑
0 − ∫ 𝑝𝑢d𝑧𝐿

𝑑 (4𝑎)
𝑀𝑢 + 𝐻𝑏𝐿 − 𝑀𝑏 = ∫ 𝑝𝑢𝑧d𝑧𝑑

0 − ∫ 𝑝𝑢𝑧d𝑧𝐿
𝑑 (4𝑏) 

 

where Hb (kN) is the shear force at the pile base; Mb 

(kN·m) is the moment at the pile base; d (m) is the depth 

of rotation point from the mudline. 
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According to the field tests by Wang et al. (2022), the 

effect of base resistance on rigid monopile response is 

shown to be negligible. Therefore, with Eq. (4), the 

ultimate lateral loading capacity (Hu and Mu) at the 

mudline of a rigid pile can be determined if the 

expression for pu is known. Based on the ultimate 

capacities determined from the field pile load tests, the 

following Eq. (5) for pu is calibrated: 

 𝑝𝑢 = 0.55𝐷𝑞𝑐0.7(𝜎𝑣′)0.3 (5) 

 

3.3 Adjustment coefficient m and A 

This section presents the calibration of the stiffness 

degradation coefficient m and the ultimate soil resistance 

adjustment coefficient A. The calibration process 

involves repeatedly adjusting the values of m and A until 

the proposed p-y model provides the best prediction to 

the load-displacement curves measured in the field tests 

of the database. The variation of the best-fit values of m, 

A with the L/D ratio of the piles covered in the pile load 

test database is presented in Figure 1. 

 
(a) Stiffness degradation coefficient m 

 
(b) Ultimate soil resistance adjustment coefficient A 

Figure 1 The relationship between coefficients m, A and the 

L/D of piles 

 

In the predictions of the field model test presented in 

Section 4, the values of coefficients m and A are 

determined according to the fitted curves (black solid 

line) in Figure 1. The explicit formulations of the fitted 

curves are presented in Eq. (6): 

 𝑚 = 0.537 + 1.095 × 0.633𝐿 𝐷⁄ (6𝑎)𝐴 = 1.549 − 0.5601 + 𝑒(𝐿 𝐷⁄ −4.424) 1.628⁄ (6𝑏) 

 

4 MODEL PREDICTIONS VS. TEST DATA 

This section presents an evaluation of the performance 

of the proposed p-y model. The prediction results are 

compared with the filed test data in Figure 2 to Figure 5. 

In addition, predictions using the API p-y model, the 

existing proposed CPT-based p-y models (Li et al., 2014; 

Suryasentana & Lehane, 2016), and the PISA model 

using General Dunirk Sand Model parameters (GDSM, 

as provided by Plaxis Monopile Designer) are presented 

in the comparison for the tests performed at Dunkirk 

testing site as presented in Figure 5. To improve the 

clarity of graphical presentation, only representative 

cases from each test site are presented. 

It should be noted that the GDSM is calibrated for 

monopiles with 2<L/D<6 and 45%<Dr<90% from 

numerical analyses using Dunkirk sand soil parameters. 

However, the L/D ratio of piles tested at the Dunkirk site 

from the PISA project varies from 2.93 to 10 and the Dr 

of the sand covers a range from 75% to 100% (Taborda 

et al., 2020). In the predictions with the PISA model 

using the GDSM parameters, Dr is set to 90% in layers 

with higher relative densities. 

 
(a) D=0.340m, L=2.20m 

 
(b) D=0.340m, L=4.35m 

Figure 2. The proposed p-y model predictions vs. field pile 

load tests by Li et al. (2014) 

  
(a) D=0.245m, L=1.50m 
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(b) D=0.510m, L=3.00m 

Figure 3. The proposed p-y model predictions vs. field pile 

load tests by Murphy et al. (2018) 

 
(a) D=0.127m, L=0.75m 

 
(b) D=0.169m, L=2.50m 

  
(c) D=0.273m, L=1.00m 

 
(d) D=0.457m, L=1.50m 

Figure 4. The proposed p-y model predictions vs. field pile 

load tests by Wang et al. (2022) 

 
(a) D=0.273m, L=1.43m 

 
(b) D=0.273m, L=2.73m 

 
(c) D=0.762m, L=2.27m 

  
(d) D=0.762m, L=6.02m 

 
(e) D=2.000m, L=10.61m 

Figure 5. The proposed p-y model predictions vs. field pile 

load tests of the PISA project (McAdam et al., 2020; Taborda 

et al., 2020) 

 

From the above comparisons in Figure 2 to Figure 5, it 

is demonstrated that the currently proposed p-y model is 

capable of accurately capturing the soil-pile interaction 

stiffness for the field pile load tests from four different 

studies over the full range of lateral displacements that 

are relevant for practical design.  
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Furthermore, Figure 5 provides a comparative 

analysis of the proposed CPT-based p-y model against 

the API model, the PISA model using GDSM 

parameters, and two existing CPT-based p-y models, 

namely the Li et al. (2014) model and the Suryasentana 

& Lehane (2016) model. Key observations include: 

1) The proposed CPT-based p-y model demonstrates 

superior predictive capability in capturing the initial 

soil-pile stiffness, while providing acceptable estimation 

of the pile capacity at larger displacements; 

2) The Li et al.(2014) model is shown to present a 

reasonable prediction to the PISA pile load test despite 

the initial stiffness is somewhat lower than the test 

results and the prediction by the currently proposed 

model. However, due to the power-law function 

employed by the Li et al. (2014) model, it overtakes the 

currently proposed model at large displacement as it fails 

to capture the ultimate capacity of the soil; 

3) For the Suryasentana & Lehane (2016) model,  

although it shares the same kini as the currently proposed 

model, kini is only used for lateral displacements with 

0.01%D, beyond which the stiffness is considerably 

lower. As a result, there is a significant difference in the 

soil-pile interaction stiffness predicted by the currently 

proposed model and the model suggested by  

Suryasentana & Lehane (2016); 

4) The API model is shown to understate the soil-pile 

interaction stiffness and capacity. However, the level of 

underestimation appears to reduce with the scale of the 

pile. For the 2 m diameter pile load test, the API model 

captures the response well. The observation highlights 

the sensitivity of the API model to stress level and 

caution should be exercised when the conclusion from 

small scale field tests is extrapolated to reality. Evidence 

from centrifuge model tests and numerical simulation 

generally conclude that the API curves grossly over-

estimate the initial stiffness and capacity(e.g., Klinkvort 

& Hededal, 2014; Thieken et al., 2015; Zhu et al., 2016; 

Wang et al., 2023);  

5) It is somewhat unexpected that the PISA model using 

the GDSM parameters provides systematically lower   

predictions in both the initial soil-pile stiffness and 

ultimate capacity. 

CONCLUSIONS 

In this study, a novel CPT-based p-y model with a 

modified hyperbolic formulation which contains four 

model parameters, namely the initial p-y stiffness kini, the 

ultimate soil resistance pu, the stiffness degradation 

coefficient m, and the ultimate soil resistance adjustment 

coefficient A is developed based on a database including 

26 high quality field pile load tests from four different 

studies. Comparisons between the predictions by the 

proposed p-y model with the test data in the database 

reveal the excellent performance of the model for 

monopiles of different L/D in sand.  

It should be noted that the currently proposed model 

is calibrated from a still small database of  field pile load 

tests conducted in mainly dense sands with Dr ranging 

from 64% to 100% using relatively small piles with 

diameter from 0.127m to 2.0m and penetration depth 

from 0.75m to 10.61m. The following limitations should 

be considered: 

1) Stress level effect. Although the proposed model uses 

cone tip resistance as input in which the stress level is 

implicitly considered, the validity of the currently 

proposed model should still be checked against data 

obtained from realistic stress levels. While full-scale 

experiments are prohibitively expensive and impractical 

if not impossible, considering the extremely high loads 

involved, one possible approach is to expand the 

database with centrifuge pile load tests and high-quality 

numerical simulations. However, a challenge with the 

centrifuge tests and numerical simulations is that most 

of them are performed under “wished-in-place” 
conditions, while the impact installation process is 

demonstrated to have a large impact on the subsequent 

lateral pile response in sand (Fan et al., 2021).    

2) Small relative density range. The collected field pile 

load tests in this study concentrate in dense sands with 

Dr greater than 60%, thus the applicability of the 

currently proposed model to broader relative densities 

remains unverified. 
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