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ABSTRACT  

This study characterizes the dynamic responses of hammer weight and drop height in dynamic penetration tests. The tests 

were conducted using an instrumented dynamic cone penetrometer (IDCP) to obtain the dynamic responses during 

penetration. Various hammer weight and drop height types were used at a fixed potential energy of 45.1 N∙m. The 

measured compression stresses and transferred energies into the rod head and cone tip were analyzed for hammer weight 

and drop height. The compression stress at the rod head varied with the hammer weight and drop height, whereas the 

compression stress at the cone tip is irrelevant to the hammer weight or drop height. In addition, the transferred energies 

into the rod head and cone tip increased as the hammer weight increased but decreased as the drop height increased. This 

study demonstrates that hammer weight and drop height should be considered when the characteristic of subsurface is 

profiled using dynamic penetrometer.  
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1. Introduction 

Dynamic penetration tests were conducted to 

characterize the ground strength. Standard penetration 

test (SPT) is a representative test using dynamic blow. 

The SPT hammer weight and drop height were 

standardized to ensure the constant potential energy of 

the dynamic blow. Results of SPT were used for 

evaluating the engineering properties of ground. In some 

cases, dynamic penetration test were conducted using 

non-standardized hammer weight and drop height. To 

correct the results of non-standardized SPT, formulas 

were suggested (Burmister, 1948). The number of blows 

for 30 cm increases as hammer weight and drop height 

increase. The ratio of transferred energy to potential 

energy is linearly proportional to the drop height (Youd 

et al., 2008). 

In some cases, a dynamic cone penetrometer (DCP) 

has been used for ground characterization due to its 

simplicity and high mobility. The hammer weight and 

drop height of the DCP were standardized as 8 kg and 

575 mm, respectively. However, energy loss lead to the 

inaccuracy of the DCP results. Thus, an instrumented 

dynamic cone penetrometer (IDCP) was developed to 

consider the energy loss (Lee and Byun, 2020). Dynamic 

responses are obtained using energy module in the IDCP 

and transferred energy is calculated. The potential energy 

of hammer influences on the transferred energy, therefore, 

consistency of energy is important for ground 

characterization. In addition, the dynamic responses vary 

with the end boundary conditions. 

In this study, the dynamic responses were obtained 

and analysed using the IDCP in free- and fixed-end 

boundary conditions. The IDCP tests were conducted at 

compacted soils and stainless-steel plate. This paper first 

introduces background theory of the IDCP and effect of 

hammer weight and drop height. Subsequently, an 

experimental study and result are represented. Finally, 

the results of the IDCP tests are analyzed. 

 

2. Background theory 

2.1. Instrumented dynamic cone penetrometer 

A DCP, which is a portable dynamic penetrometer, 

was standardized to characterize the strength of 

subsurface (Scala, 1956). Standardized hammer weight 

and drop height of DCP are 8 kg and 0.575 m, 

respectively. The potential energy of DCP is calculated 

as 45.13 N∙m by multiplication of gravitational 

acceleration, hammer weight and drop height. The 

penetration depth of DCP is recorded as DCP index 

(DCPI). The DCPI was used to estimate the ground 

engineering properties (George et al., 2009; Malek et al., 

2020). However, inconsistent dynamic blows are caused 

by the energy loss; thus, the results of DCP are inaccurate. 

An IDCP was developed to compensate for inaccurate 

DCP results (Byun and Lee, 2013). The hammer weight 

and drop height of the IDCP are identical to those of the 

standard DCP, however, a hammer weight of 12 kg with 

an identical drop height was used in some cases to 

improve the drivability (Kim and Lee, 2020; Park et al., 

2023). The measurement system for the IDCP is 

illustrated in Fig. 1. The IDCP probe and energy module 

anvil for measurement of dynamic responses are located 

at a cone tip and rod head. Accelerometers and load cells 



 

are installed inside the IDCP probe and energy module 

anvil to protect the sensors. For each dynamic blow, the 

IDCP index (IDCPI) is calculated by the penetration 

depth. 

 
Figure 1. Measurement system of instrumented dynamic 

cone penetrometer. 

2.2. Effect of hammer weight and drop height 

The compression stress at the rod head is calculated 

by dividing the compression force by the cross-sectional 

area (A) of the rod; additionally, it is expressed by the 

elastic modulus (E), velocity of the compression wave (c), 

gravitational acceleration (g), and drop height (h) as 

follows: 
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where σi, F, and v denote the compression stress, 

compression force, and particle velocity, respectively. 

Thus, the σi increases with the h as expressed in Eq. (1). 

For dynamic blow, the equilibrium equation of force 

at a specific location can be derived by compression 

stress at a specific location (σ), cross-sectional area (A), 

hammer weight (WH), and acceleration (a) as follows: 
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The a is the differentiation of v with respect to time (t), 

and v can be expressed as the product of c and strain. 

Subsequently, the first order ordinary differential 

equation (ODE) is as follows: 

 

 
0HW c d

A
E dt


 + =

 (3) 

As separable ODE among the first-order ODE, the 

equation can be rearranged with rod weight (Wg) and 

time factor (α) for σ as follows: 

 

 2

R R

H H

W W

W W

i

E
e gh e

c

 

 
− −

= =  (4) 

Thus, drivability, which is determined by the 

compression stress, is theoretically affected by the 

hammer’s weight and height. 

 

3. Experimental study 

3.1. Site description 

Dynamic cone penetration tests using the IDCP were 

conducted at compacted soils in the embankment (three 

sites) to measure the IDCPI and on a stain-less steel plate 

to obtain the dynamic responses. First, five types of 

hammer weight (4, 8, 12, 16, and 24 kg) were used for 

dynamic blow with an adjusted drop height and fixed 

potential energy of 45.13 N∙m to measure the IDCPI. The 

IDCPIs of the five hammer weights were averaged at 

intervals of 5 cm as shown in Fig. 2. The DCP tests were 

also performed for comparison. The obtained DCPI was 

averaged at same intervals with the IDCPI. Fig. 2(a) 

shows the profiles of IDCPIs and DCPI according to the 

depth. To compare the penetration indices according to 

the boundary conditions, soils were classified as dense 

layer at the depth, where the DCPI was lower than 12 

mm/blow, and loose layer at the depth, where the DCPI 

is more than 20 mm/blow. Except the depths of 650-750 

mm, the soils in site A are classified as dense layers. The 

soils in sites B and C are classified as loose layers as 

shown in Figs. 2(b) and 2(c). 

Then, the dynamic responses were obtained at stain-

less steel plate as a fixed-end boundary condition and at 

loose soils, where the DCPI is more than 20 mm/blow, as 

a free-end boundary condition. Eleven types of hammer 

weight (4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and 24 kg) were 

used with fixed potential energy (45.13 N∙m) by 

adjusting the drop height. 

Soil samples were collected in the field from three 

sites. The soil index properties were estimated and 

summarized in Table 1. Sieve analyses were conducted 

for samples in three sites based on ASTM D422 (2007). 

The effective diameters with 10%, 30%, 50%, and 60% 

passing percentage (D10, D30, D50, and D60) were obtained 

and the coefficients of uniformity (Cu) and curvature (Cc) 

were calculated using the effective diameters. Laboratory 

tests obtained specific gravities (Gs) were obtained by 

laboratory test according to ASTM D854 (2010). Finally, 

the samples from the three sites were classified as silty 

sands (SM) based on a unified soil classification system 

(USCS). 

 
Table 1. Soil index properties in three sites. 

Site D10 D30 D50 D60 Cu Cc Gs USCS 

A 0.05 0.19 0.52 0.74 15.7 1.0 2.65 

SM B 0.04 0.10 0.46 0.77 18.9 0.3 2.65 

C 0.04 0.08 0.30 0.41 10.8 0.4 2.66 

*Unit of D10, D30, D50, and D60 is ‘mm’. 
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Figure 2. Profiles of penetration indices (IDCPI and DCPI) with hammer weights of 4, 8, 12, 16, and 24 kg. 

 

3.2. Dynamic responses 

A acceleration and force signals were obtained using 

the energy modules of the IDCP. The typical force- and 

energy-time waveforms are represented in Fig. 3. The 

force-time waveforms are measured from loadcell and 

accelerometer in the energy module (Fig. 3(a)). The value 

of first peak is considered to be the compression stress. 

The energy-time waveform is calculated as shown in Fig. 

3(b). The transferred energy into the rod head or cone tip 

is calculated based on force-velocity integration method 

using the measured force (Fs) and calculated velocity (Va) 

as follows:  

 

 
 

(4) 

 

The force in Eq. (4), was measured using the loadcell, 

and the velocity was calculated from integral of 

acceleration measured using the accelerometer.  

 

(a) 

 
 

 

(b) 

 
Figure 3. Typical dynamic responses: (a) force-time 

waveforms; (b) energy-time waveforms. 

 

4. Experimental results and analyses 

4.1. Penetration index 

The obtained DCPI was correlated to the IDCPIs as 

shown in Fig. 4. The relationships between the DCPI and 

IDCPIs are separated according to the dense and loose 

layers in Figs. 4(a) and 4(b), respectively. The DCPI was 

larger than the IDCPIs because the diameter of the DCP 

was smaller than that of the IDCP. The IDCPI increases 

with the hammer weight in both layers. Gradients of 

relationship between the DCPI and IDCPI at dense layer 

are larger than those at loose layer. Note that larger 

gradient denotes that the IDCPI is more similar with the 

DCPI. Therefore, hammer weight and end boundary 

conditions affects the drivability of the IDCP. In other 

words, a heavier hammer weight and fixed-end boundary 

condition improve the drivability of dynamic 

penetrometer. 
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(a) 
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Figure 4. Relationships between penetration indices: (a) at 

dense layer; (b) at loose layer. 

 

4.2. Transferred energy 

The transferred energies into the rod head and cone 

tip were calculated based on Eq. (4) and plotted with 

hammer weight in Fig. 5. The relationships between the 

hammer weight and transferred energy into the rod head 

are represented in Fig. 5(a). Transferred energy into the 

rod head increases as the hammer weight increases. The 

relationships in the dense layer are similar to those in the 

loose layer. Thus, the transferred energy into the rod head 

is independent of end boundary condition. Fig. 5(b) 

shows the relationships between the hammer weight and 

transferred energy into the cone tip. The transferred 

energy into the cone tip increases with the hammer 

weight. The transferred energies into the cone tip at loose 

layer are smaller than those at dense layer. The difference 

decreases as the hammer weight increases. Therefore, the 

hammer weight affects the transferred energy into the 

cone tip. 

The drop heights are plotted against the transferred 

energies as shown in Fig. 6. The transferred energies 

decrease as the drop height increases. The relationships 

between transferred energy into the rod head are 

represented in Fig. 6(a). Similar to hammer weight, the 

relationships between the drop height and transferred 

energy into the rod head is independent of end boundary 

condition. The relationships between the drop height and 

transferred energy into the cone tip are represented in Fig. 

6(b). The transferred energies into the cone tip at dense 

layer are larger than those at loose layer.  

Additionally, the difference in the transferred energy 

increases as hammer weight increases. According to Eq. 

(1), transferred energies increase as the drop height 

increases. However, drop height is adjusted with hammer 

weight, so it seems that transferred energy tends to 

decrease as drop height increase. In other words, 

transferred energy more depends on the hammer weight 

than the drop height. Lighter hammer weight and higher 

drop height may be more effected by air drag and friction 

between the hammer and guide rod. 

 

 

(a) 

 
(b) 

 
Figure 5. Relationship between hammer weight and transferred 

energies into: (a) rod head; (b) cone tip. 
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Figure 6. Relationships between drop height and transferred 

energies into: (a) rod head; (b) cone tip. 

 

5. Conclusions 

Dynamic responses were obtained using an instrumented 

dynamic cone penetrometer (IDCP) under fixed-end 

boundary condition (e.g., dense layer and stainless-steel 

plate) and free-end boundary condition (e.g., loose layer). 

The IDCP index (IDCPI) is compared with a dynamic 

cone penetration index (DCPI) in hammer weight of 4, 8, 

12, 16, and 24 kg. Transferred energies at the rod head 

and cone tip are calculated by dynamic responses and 

plotted with eleven types of hammer weight and drop 

height (4-24 kg). 

IDCPI is proportional to the DCPI with various gradients 

lower than 1 due to the low drivability of IDCP caused 

by larger diameter of cone. The gradient of relationship 

between the penetration indices increases with hammer 

weight. Heavier hammer weight in fixed-end boundary 

condition improves the drivability. The transferred 

energies into rod head and cone tip increase as hammer 

weight increases and drop height decrease. The hammer 

weight had a greater effects on the transferred energy 

than the drop height. 
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