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ABSTRACT:  A suitable driveability analysis offers valuable guidance for the construction of pile foundations. This paper 
proposes a novel driveability prediction method for continuous impact pile driving and monopile run.  Both tip gap and 
cyclic degradation of soil are considered, and the multiple-blow analysis shows that the method can produce accurate pre-
dictions of blow counts. Finally, a case of monopile installation in South China Sea is studied, where the behaviour of pile 
run is captured using the proposed method. 
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1 INTRODUCTION 

Driveability analysis is a critical step before piling, 
which is conducted to provide an important reference 
on pile design, hammer selection and the control of 
impact energy (Buckley et al., 2021). Engineering ac-
cidents such as pile run, fatigue damage and tip buck-
ling may occur in the process of impact pile driving, 
and rational driveability analysis can also help pre-
vent them from happening, ensuring safety and econ-
omy (Kourelis et al., 2022; Yenigul et al., 2023). 
However, traditional driveability analysis is discon-
tinuous due to a limited number of pre-set calculation 
depths, which induce uncertain errors. Cyclic effects 
on soil degradation are also not considered. 

In this paper, a novel driveability prediction 
method is proposed to account for the continuous im-
pact driving process. The theoretical framework in-
cluding the lumped mass-spring system and cyclic 
soil reaction model are described, followed by the 
procedure for a specific engineering problem. Multi-
ple-blow driveability analysis and the prediction of 
monopile run based on the proposed method are then 
conducted with the comparison to field data.  

2 THEORETICAL FRAMEWORK 

2.1 Simulation of Continuous Impact Driving 

The lumped mass-spring system (see Figure 1) is uti-
lized to simulate the impact process, which is initially 
proposed by Smith (1960). The ram segment de-
scends from a specified height and strikes the pile cap 
or the first pile segment. Kinetic energy is transferred, 
and all lumped masses adhere to Newton's second 
law. Specifically, each lumped mass is subjected to 
the internal forces of the pile and the soil resistance. 
The former are generated by the displacement differ-
ence between the lumped mass and the masses above 
and below it. 

To capture the penetration performance under 
continuous blows, the impact is initiated as soon as 
the pile displacement stabilizes, slightly increasing 
the impact frequency due to the ignored time between 
blows. However, the minimal change in soil proper-
ties during this time justifies the simplification. Fur-
thermore, the gap below the pile base will appear 
when the base spring is subjected to tension but the 
base segment is still moving upward. 
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Figure 1 – Lumped mass-spring system for pile driveabil-

ity analysis. 

2.2 Soil Reaction Model Considering Cyclic 
and Dynamic Effect 

To describe the soil behaviour around the pile, the 
elastoplastic spring-double dashpot model (EPSDD) 
model is defined (Zhang et al., 2025). The total re-
sistance Rtotal consists of three components as follows:  𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑒𝑝 +𝑅𝑟𝑎𝑑 + 𝑅𝑣𝑖𝑠 (1) 

where Rep represents the static resistance, and Rrad and 
Rvis denote the radiation and viscous damping forces, 
respectively. As illustrated in Figure 2, the radiation 
dashpot is connected in parallel with the elastic 
component of the elastoplastic spring, accounting for 
energy dissipation due to the propagation of stress 
waves (Simons, 1985; Lee et al., 1988; Gazetas and 
Dobry, 1984; Dobry, 2013). The viscous dashpot, 
which represents strength enhancement due to high 
strain rates, is positioned in parallel with the plastic 
spring, rather than with the plastic slider as in 
traditional models (Simons, 1985; Randolph and 
Simons, 1986; Randolph, 2003). 

The EPSDD model exhibits similar forms in both 
the shaft and base of the pile. For static resistance, the 
elastic and plastic components in the elastoplastic 
spring are arranged in series, with the overall 
stifffness defined by the form of harmonic mean. 
According to mapping rule in bounding surface 
elastoplastic theory (Dafalias and Popov, 1975; 
Dafalias and Popov, 1976), the plastic stiffness Kp 
can be calculated as (Zhou et al., 2021): 𝐾𝑝 = ℎ𝐾𝑝[𝑔(𝑧𝑝)∙𝑟𝑢0𝑟𝑚 ∙ 𝜌̅𝜌− 1] (2) 

where h is the shape parameter, 𝜌̅ is the distance of 
two bounding value, and 𝜌  represents the back 
projector distance of current stress status. ru0 denotes the 
initial ultimate shear strength tu0 in the t-z model and the 
ultimate base stress qu0

 in the Q-z model, while rm is the 
corresponding maximum stress during loading history. 𝑔(𝑧p) is the degradation function related to the plastic 

displacement 𝑧p. For damping force, the linear form 

is used for the radiation dashpot, with the power law 
applied to the viscous component (Simons. 1985; 
Coyle and Gibson, 1970; Heerema, 1979; Lysmer 
and Richart, 1966):  𝑟𝑟𝑎𝑑 = 𝑐𝑟𝑎𝑑𝑧̇𝑒 (3) 𝑟𝑣𝑖𝑠 = 𝑟𝑒𝑝 ∙ 𝛼( 𝑧̇𝑝𝑧̇𝑝0)𝛽 (4) 

where 𝑟rad and 𝑟vis are the unit radiation and viscous 
damping force. 𝑐rad is the radiation damping constant, 
while 𝛼 and 𝛽 are two viscous damping constants. 𝑧̇e 
and 𝑧̇p  represent the displacement rates of the elastic 

and plastic springs, respectively, with 𝑧̇p0 denoting the 

reference value of 𝑧̇p , typically taken as 1 m/s 

(Randolph, 1991). 
 

 
Figure 2 – Elastoplastic Spring-Double Dashpot Soil Re-

action Model for continuous impact driving. 

 
Specifically, the calculation methods of para-me-

ters are different in t-z and Q-z models. As shown in 
Table 1, most parameters are related to basic soil 
properties, including the small strain shear modulus 
(Gmax), and the saturated density (ρ). The elastic stiff-
ness and degradation function of the t-z model can be 
calibrated primarily through interface shear tests, 
where z50 is the shear displacement corresponding to 
half of tu0, tr denotes the residual shear strength, and 
a and b are degradation constants. Lu, typically taken 
as 1 m, is the reference displacement. Furthermore, 
the added mass is incorporated into the Q-z model as 
proposed by Wolf (1989), which is linked to the pile 
diameter D, the density ρ and the Poisson ratio ν of 
soil. The dimensionless coefficient 𝛼0 can be set at 
0.16 for saturated soil (Deeks and Randolph, 1995). 

 

Table 1. Different formulas of EPSDD parameters for pile shaft and base. 
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Parameters t-z model Q-z model Reference 

Elastic stiffness 

 Ke 

𝑡u02𝑧50 
8𝐺m𝑎𝑥(1 − 𝜈)𝜋𝐷 Zhou et al., 2019; Lysmer 

and Richart, 1966 

Degradation function 𝒈(𝒛𝐩) max {[(1 + ∫|d𝑧p|𝑧50 )−𝑎 − 𝑏 ∙ ∫|d𝑧p|𝐿u ] , 𝑡r𝑡u0} 1 Zhou et al., 2019 

Radiation damping con-

stant crad 
√𝐺m𝑎𝑥𝜌 

3.4√𝐺m𝑎𝑥𝜌(1 − 𝜈)𝜋  Simons, 1985; Lysmer and 
Richart, 1966 

Added mass  𝒎𝐚 
0 

𝛼0𝜌𝐷32(1 − 𝜈) Deeks and Randolph, 1995 

2.3 Procedure 

For a specific engineering problem, the analysis pro-
cedure below is suggested:  
(1) Calibrate the pile-soil interface parameters 

through monotonic and cyclic interface shear 
tests, and determine fundamental soil parameters, 
such as Gmax, using laboratory geotechnical tests 
like bending beam tests or in-situ CPT tests. 

(2) Discretize the pile foundation, establish the 
lumped mass-spring system and EPSDD soil 
reaction model integrating the hammer 
parameters and the calibrated soil parameters. 

(3) Establish the mapping relationship of pile and 
soil at the calculation depth, followed by the 
initiation of iterative computations, resulting in 
the generation of displacement-time and 
cumulative displacement-blow count curve 
curves. 

3 MULTIPLE-BLOW DRIVEABILITY 
ANALYSIS BASED ON PROPOSED 
METHOD 

Jardine et al. (2006) reports on a field test involving 
six piles (R1 to R6) driven into dense sand. The blow 
count is recorded and shows differences under the 
potential effects of spatial variations in soil properties. 
Based on the proposed method, the blow counts of 
R2 to R6 are predicted for depths between 10.5 m and 
11.5 m.  

In this case, each pile has a length of 19 meters 
and an outer diameter of 457 mm. The hammer and 
helmet weigh 4.7 tons. Detailed information 
regarding the hammer, piles, and soil conditions can 
be found in Jardine et al. (2006). 

For t-z spring, the static parameters at Dunkirk 
have been calibrated by Zhou et al. (2019), with z50 
set at 0.5 mm and tr specified as 0.317tu0. The shaft 
shape parameter hs, the degradation constants a and b 
are set at 4, 0.027, 0.496, respectively. For Q-z spring, 
the base shape parameter hb is estimated as 0.6 based 

on Xu et al. (2024). Additionally, the ratio of 
unloading stiffness to elastic stiffness of shaft friction 
Au satisfies the Masing rule (Segalman and Starr, 
2008), while for the base stress, it is revised as 3.5 
from Achmus et al. (2019). For dynamic parameters, 
the radiation damping constants are calculated 
according to Table 1, and viscous damping constants 
are estimated as 0.3 and 0.2 (Randolph, 2003; 
Salgado, 2015).  

To calculate the soil plug resistance, the linear 
Smith model (Smith, 1960) is linked to the base 
segment, while pile R1 is selected to calibrated the 
soil plug capacity according to Yu and Yang (2012). 
In the elastic stage, the static plug resistance (𝑞plug,s) 
changes linearly with the spring compression. Once 
it reaches the plastic stage, the static plug resistance 
remains constant. In addition to the static plug 
resistance, the total plug resistance (𝑞plug,tot), which 

can be calculated using the equation (5), also includes 
a dynamic component. 𝑞𝑝𝑙𝑢𝑔,𝑡𝑜𝑡 = 𝑞𝑝𝑙𝑢𝑔,𝑠(1 + 𝑐𝑧̇) (5) 

where c is the damping constant, 𝑧̇ is the displacement 
rate. 

The piles are initially set at the embedment depth 
of 10.5 m, and the previous penetration process is 
implicitly considered with the degraded shaft 
strength estimated by Alm and Hamre (2001). As 
depicted in Table. 2, the predicted blow counts 
closely correspond to the recorded values, with all 
relative errors confined to within 4%. 

 
Table 2. Comparison of predicted blow counts with rec-

orded values. 

Pile 

number 

Recorded 

blow counts 

Predicted 

blow counts 

Relative 

error 

R2 158 154 2.5% 

R3 195 189 3.1% 

R4 246 245 0.4% 

R5 208 216 3.8% 

R6 186 184 1.1% 



6- Pile Installation Challenges and Decommissioning in sands and clays | S. Zhang et al. 

4 Proceedings of the 5th ISFOG 2025 

4 APPLICATION IN MONOPILE RUN 
PREDICTION 

In this section, a case of monopile run in South China 
Sea is studied and the proposed method is further ap-
plied to predict the process.  

As shown in Figure 3, CPTU test and the borehole 
log demonstrate an alternating distribution of 
cohesive and sandy soil layers. The monopile 
measures 81.5 meters in length with a maximum 
outer diameter of 7.5 meters, which was driven using 
were driven using IHC-S3000 hammer. The hammer 
energy is 322 kJ per blow, which remains constant 
with depth. A pile run distance of 5.75 meters was 
recorded. 

The main input parameters of EPSDD model are 
listed in Table 3, where the viscous damping 
constants are evaluated according to Lee (1988) and 
Heerema (1981). It should be noted that for cohesive 
soil, the degradation function in t-z model takes the fol-
lowing form (Yu et al., 2023): 𝑔(𝑧𝑝) = 𝑚𝑎𝑥 {[ 𝑡𝑟𝑡𝑢0 + (1 − 𝑡𝑟𝑡𝑢0)𝑒−𝑎∙ ∫|𝑑𝑧𝑝|100𝑧50] , 𝑡𝑟𝑡𝑢0}

  (6) 
Ke, z50 and h of cohesive soil are calibrated by Taha 
and Fall (2014). Furthermore, the ultimate base stress 
is calculated by kqqt,a (Bustamante and Gianeselli, 
1982), while in this study, the bearing capacity factor 
kq also includes the increase of internal friction at the 
pile tip when penetrating in stiff soil. Two monopiles 
at the same site are utilized to calibrated the bearing 

capacity factor at medium dense sand (kq-MD), dense 
sand (kq-D), and low-plasticity (silty) clay mixed with 
sand (kq-LC). To consider the layered effects, the 
changing depth of kq is modified by CPT-based 
method of soil classification (Robertson, 1990), 
while for the excessively thin layer with a thickness 
less than the diameter of influence zone around the 
pile base (Yu and Yang, 2012), the value of kq is 
assigned equal to that of the adjacent thicker layer. 

Different from the case in Section 3, the plug 
resistance is not represented by a separate soil plug 
spring, but is incorporated into the Q-z spring through 

kq to improve computational efficiency. To further 
clarify the composition of the base capacity, the 
annulus capacity, plug capacity, and total base 
capacity are calculated separately for both cases, as 
shown in Figure 4. 

To simulate the large-distance penetration 
behaviour, the mapping relationship between pile and 
soil is revised to update at each time step according 
to the real-time position. As illustrated in Figure 4, 
the predicted cumulative blow counts are closed to 
the recorded values, and the process of monopile run 
is successfully captured. The predicted distance of 
pile run, where the cumulative blow counts no longer 
increase, is 5.9 m, with a relative error of 2.6%. A 
limitation is that the blow counts is slightly 
overpredicted at the low-plasticity silty clay mixed 
with sand, which may be due to the degradation of 
base resistance under a high number of cyclic 
hammer loads. 

 

 
Figure 3 – Profiles of (a) cone resistance, qt; (b) sleeve friction, fs; (c) pore pressure, u2; and (d) borehole log at the site 

of pile run. 
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Table 3. Soil parameters for each stratigraphic layer. 

Soil description 
𝝆 

(kg/m3) 
a, b hs hb Aus Aub αs, βs αb, βb 

Mud 1666 0.016, 0 0.8 1 2.5 3.5 1.581, 0.2 1.143, 0.2 

High-plasticity clay 1923 0.016, 0 0.8 1 2.5 3.5 1.382, 0.2 0.975, 0.2 

Medium dense sand 2000 0.001, 2 4 1 2.5 3.5 0, 0.2 2, 0.2 

High-plasticity clay 1797 0.016, 0 0.8 1 2.5 3.5 1.279, 0.2 0.887, 0.2 

Dense sand 2000 0.0006, 1.9 4 1 2.5 3.5 0, 0.2 2, 0.2 

High-plasticity clay 1797 0.016, 0 0.8 1 2.5 3.5 1.246, 0.2 0.859, 0.2 

Dense sand 1950 0.0006, 1.9 4 1 2.5 3.5 0, 0.2 0.1, 0.2 
Low-plasticity clay 

(mixed with sand) 
1875 0.016, 0 0.8 1 2.5 3.5 1.173, 0.2 0.797, 0.2 

Low-plasticity silty clay 

(mixed with sand) 
1875 0.016, 0 0.8 1 2.5 3.5 1.173, 0.2 0.797, 0.2 

Low-plasticity silty clay 

(mixed with sand) 
1949 0.016, 0 0.8 1 2.5 3.5 1.068, 0.2 0.708, 0.2 

* The subscripts s and b denote that the parameter is used for the t-z and Q-z models, respectively. 
 

  
(a)                                           (b) 

Figure 4 – Proportion of plug capacity and annulus capac-

ity in total base capacity: (a) Pile R1 in Dunkirk site; (b) 

Monopile in South China Sea. 

 

 
Figure 5 – Comparison of predicted cumulative blow counts 

with recorded values. 

5 CONCLUSIONS 

A novel method for predicting driveability is proposed, 
enabling continuous analysis of cyclic impact driving. 
The theoretical framework is outlined, accompanied 

by a description of the recommended procedure. Two 
practical case studies are also presented. The primary 
conclusions are: 
(1) In the proposed method, the lumped mass-spring 

system is adjusted to simulate the continuous 
driving process with the effect of tip gap, while the 
elastoplastic spring is incorporated into the soil 
reaction model with cyclic shaft degradation 
expressed as the function of cumulative plastic 
displacement. 

(2) Both onshore and offshore cases demonstrate the 
effectiveness of the proposed method in predicting 
blow counts and pile run. The errors are within 
acceptable limits, and future research should focus 
on the potential variation in base resistance under 
a large number of cyclic hammer loads. 
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