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Abstract
Hydraulic vibratory hammer is a key equipment during piling process, and mechanical, hydraulic part of the hammer and 
workload are coupled with each other during operation. The vibration performance depends on the design parameters 
and the driving system. In order to investigate the vibration performance, a coupled dynamic model is established for 
hydraulic vibratory hammer, in which the mechanical model of hammer, hydraulic model for driving, and the model of 
workload are included. The filed test was carried out to validate the dynamic model under idle and operating conditions. 
Pressure and flow of the hydraulic driving system and acceleration of the mechanical part were obtained during different 
test conditions. The results of test and simulation were analyzed in time and frequency domain to validate the coupled 
dynamic model. Then, effects of different eccentric block parameters on the vibration performance were investigated 
based on the validated model, including radius, thickness, and angle of the eccentric block. Further the design parameters 
of optimal vibration performance of the hammer are obtained under the constraints of hammer structure, in which the 
angle is 90°, thickness is 190 mm, and radius is 175 mm.

Article Highlights

(1)	 We established a coupled dynamic model of the 
hydraulic vibratory hammer, including the mechani-
cal model of hammer, hydraulic model for driving, 
and the simplified model of workload.;

(2)	 The field test is proceeded to validate the model 
under idle and operating condition; the dynamic 

response of the mechanical part and hydraulic driv-
ing part is analyzed in time and frequency domain;

(3)	 The performance of the hammer is analyzed with 
the coupled dynamic model, in which better perfor-
mance of the hammer is obtained. The model-based 
method also provides a rapid and economical solu-
tion for the performance optimization of the hammer.
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1  Introduction

As a kind of piling equipment, the hydraulic vibratory 
hammer can drive different prefabricated piles, including 
steel, pipe, and concrete. It has been widely applied in 
construction industry and costal engineering [1, 2] with 
the advantages of low noise level, high efficiency, and 
powerful characteristics [1, 3–5]. The vibratory hammer 
drives piles with high frequency exciting force, which 
originated from the hydraulic-powered symmetrical 
eccentric mass, and the work efficiency is decided by 
the vibration performance [6].

Due to the coupling effects of pile and surrounding 
soil during working process, much attention had been 
paid on the dynamics of pile and soil. Some overall mod-
els of mechanical–electric–hydraulic–pile–soil were 
also considered, while the dynamic characteristics of 
the hammer was ignored and only the influence of the 
leakage of the hydraulic drive motor on the synchroni-
zation of the eccentric mass were considered [5]. Zhang 
established a hysteretic nonlinear model of sandy soil 
vibratory pile sinking capacity and comprehensively 
analyzed the influence of soil and other factors on the 
pile sinking capacity [7]. Although the characteristic of 
load and piles affects the performance of hydraulic vibra-
tory hammer significantly during working process, the 
dynamic vibration characteristics of the hammer, which 
originated from the coupling mechanical and hydraulic 
parts, are also crucial.

Vibration of the hammer normally comes from the 
rotation of the eccentric mass, for which different theo-
ries exist [8], while the vibration performance of hydrau-
lic vibratory hammer is always ignored [9, 10]. Vibration 
performance of the hammer depends on the driving 
system, i.e., the hydraulic-powered system, and the 
dynamic responses of involved mechanical structures. 
Liu analyzed the relationship between the amplitude 
and the eccentric moment of the eccentric mass with 
a 1DOF dynamic model of the hammer, in which the 
hammer was considered as a rigid body [11]. Li et al. 
[12] established a 2DOF dynamic model of hydraulic 
vibratory hammer, in which the dynamic characteristics 
of the hammer body and the damping structure were 
involved. And then dynamic responses of the hammer, 
including the excitation force, frequency, and the piling 
performance, were investigated with simulation. The 
results showed that the structure characteristic of the 
hammer affected the amplitude of vibration and the 
excitation force and the frequency played an important 
role in the working performance. However, the driv-
ing system of the hammer was always ignored, and the 
models of hydraulic parts were not considered. And the 

performance of hydraulic system was not involved dur-
ing the working performance analysis of the hammer. 
Zhou [13] et al. studied the performance of a vibratory 
hammer with a AMESim model, in which the models 
of hydraulic cylinder, pipeline, and accumulator were 
included and the effects of hydraulic system param-
eters on the vibratory performance of the hammer were 
investigated with simulation. However, the working prin-
ciple of the target hammer is different from the conven-
tional hammer. The former one produced the excitation 
force with a reciprocating cylinder, and the cylinder was 
controlled with an alternating flow device. The other 
accessories of the system ensured the safe and efficient 
operating of the hammer. The conventional hammer was 
driven with a hydraulic motor, and the excitation force 
originated from the rotation of eccentric mass [14–16].

Above all, much attention had been paid to the effects 
of pile and soil properties [17, 18], and the structures of 
the hammer were also considered [3, 5, 6]. And some 
researches had focused on the hydraulic drive motor, 
while the involved mechanical and workload parts were 
not involved integrally. In addition, the vibratory ham-
mer will pass through the resonance region of the sys-
tem, which will produce noise pollution and damage to 
the mechanical structure, and it is closely related to the 
overall dynamic responses of these coupled hydraulic-
mechanical structures. And the compact of hammer also 
affect the parts of hydraulic system and surroundings of 
working environment [19, 20], If the dynamic responses 
and vibration performance of the hammer are evaluated 
with field test, it will take time and efforts [21]. The cou-
pled dynamic model would be crucial to evaluate the 
performance of hydraulic vibratory hammer economi-
cally and effectively. In this paper, a coupled dynamic 
model of hydraulic vibratory hammer is established to 
evaluate the vibration performance, and the field test 
in different conditions are carried to validate the cou-
pled model. And the influence of structural parameters 
on vibration performance of the hammer is discussed 
with the coupled models, which would be effective to 
improve efficiency of the hammer.

The rest of this paper is organized as follows. In Sect. 2, 
the coupled dynamic model, including mechanical 
model, hydraulic model, and workload model, is estab-
lished. The idle and operating field tests of hydraulic 
vibratory hammer is carried in Sect. 3. Then the time and 
frequency domain results of the coupled dynamic model 
and the field test are compared in Sect. 4. In Sect. 5, the 
performance of the hammer is evaluated with coupled 
dynamic model, and the comparing results of different 
operating conditions are discussed. Lastly, conclusions 
and an outlook future work are given.
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2 � Coupled dynamic model

The hydraulic vibratory hammer is always installed on 
a modified excavator, as shown in Fig. 1a, in which the 
manipulator is used to connect hammer and boom of 
excavator. And the hammer can be considered as a cou-
pled dynamic model, as shown in Fig. 11b. It is driven with 
a hydraulic motor, and the hydraulic flow is provided by 
the excavator, and is regulated with a valve to change 
the speed of the motor. The eccentric mass in the ham-
mer body, which is driven by motor, rotates to produce 
the excitation. The mechanical parts, including cradle, 
frame, and body, are connected by spring and damping 
blocks, while the body, clamp, and the pile are connected 
rigidly. During the piling process, the excitation drives the 
mechanical parts including the pile to cope with work-
load, which comes from the action of pile and soil, and 
the workload produce resistance torque counteracting the 
hydraulic motor through the mechanical parts. Therefore, 
model of the hammer can be considered as three models, 
i.e., mechanical model, hydraulic model, and workload 
model.

2.1 � Mechanical model of the hammer

As the basic structure of the hammer, the mechanical parts 
contain the mechanical cradle, frame, body and clamp. The 

model of the mechanical parts can be considered as a 3 
degrees of freedom (DOF) dynamic model, as shown in 
Fig. 1b. The cradle of the hammer is always installed on 
the manipulator, which is connected with the excavator. 
It means that the cradle is fixed with the manipulator. Dur-
ing the piling process, the hammer is pressed into the hole 
with uniform velocity by the manipulator, and the accel-
eration of this motion is far less than the eccentric-excited 
acceleration of the hammer body. In the idle condition, 
the hammer was driven without workload and downward 
motion. According to Newton’s second law, the dynamic 
model can be given by:

 where x1 and x2 are the displacement of frame and body, 
respectively. m1 , m2 , and m3 are the mass of frame, body 
and the pile, respectively. And k1 and c1 are the stiffness and 
damping between cradle and frame, respectively; k2 and c2 
are the stiffness and damping between frame and body of 
the hammer, respectively; c3 is the damping between pile 
and soil. Fr is the resistance of pile during working, which 
originates from workload. The direction of the involved 
forces is the vertical direction in X-axis for the coordination 
in Fig. 1(b). Fe is the exciting force from the rotation of the 
eccentric mass, which can be given by [12]:

(1)m1ẍ1 +
(
c1 + c2

)
ẋ1 − c2ẋ2 +

(
k1 + k2

)
x1 − k2x2 = 0

(2)
(
m2 +m3

)
ẍ2 +

(
c2 + c3

)
ẋ2 − c2ẋ1 − k2x1 = Fe − Fr

(a) Main structure of the hammer     (b) Coupled dynamic model of the hammer

Fig. 1   Physical and coupled dynamic model of hydraulic vibratory hammer
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 where the index 1 and 2 indicate the active and passive 
eccentric mass, respectively. m and r are the mass and 
eccentric distance, respectively. � and � are the rotation 
angle and angular velocity of eccentric mass, since the 
two shafts of eccentric mass rotate synchronously and 
inversely, the direction of angle and angular speed are 
opposite. Then we can obtain the exciting force [5]:

The angle and angular velocity can be obtained 
by dynamic model of eccentric mass, which can be 
expressed as:

 where J1, and J2 are the moment of inertia for eccentric 
mass, T is the driving force of hydraulic motor, T2 is the 
driving torque of passive eccentric mass. ce is the rotational 
damping. The driving torque will be given in the hydraulic 
model.

The mechanical model of the hammer was obtained 
by substituting Eqs. (3)–(11) into (1)–(2).

2.2 � Hydraulic model

As shown in Fig. 1b (simplified schematic) and Fig. 2 
(detailed schematic), the hydraulic model contains the 
models of hydraulic valve, motor, inlet and outlet pipes. 
The valve, which is the key control component, decides 
the inlet flow of the system. The inlet flow is obtained 
from a flow sensor during experiments. The hydraulic 
motor is connected with the hydraulic pump by a very 
long pipeline, and the flow wave is weak. So, we focus on 
the model of valve, motor, and pipes, in which the model 
of hydraulic valve and motor can be given by:

(3)��⃗Fe = ��⃗Fy + ��⃗Fx

(4)��⃗Fx = F1sin𝜑1 − F2sin𝜑2

(5)��⃗Fy = F1cos𝜑1 + F2cos𝜑2

(6)F1 = F2 = mr�2

(7)�1 = −�2 = �t

(8)Fe = 2mr�2sin�1

(9)J1𝜔̈1 = T − T2 − 𝜔̇1ce

(10)J2𝜔̈2 = T2 − 𝜔̇2ce

(11)�1 = −�2

 where Q2, Q0, Qin, and Q4 are the inlet flow, out flow of 
valve, inlet flow and leak flow of the motor, respectively; 
p0, p1, p2, p5, p3, and p4 are the atmosphere pressure, inlet 
pressure of valve, out pressure after valve, inlet pressure 
of return oil, inlet pressure, and out pressure of the motor, 
respectively; A is the opening area of valve; Cd is the dis-
charge parameter; ρ is the density of hydraulic oil; D, n, ηv, 
and ηm are the capacity, speed, volumetric and mechanical 
efficiency of the hydraulic motor, respectively. And Δp is 
the pressure difference between the inlet and outlet port. 
Normally, the outlet of hydraulic motor is connected with 
oil tank, which means the outlet pressure is the atmos-
pheric pressure. The inlet pressure can be express as:

 where B is the effective bulk modulus, and it contains the 
bulk modulus of hydraulic oil and the pipe. r and l are the 
radius and length of inlet pipe.

The Eqs. (10)–(14), give the inlet, outlet flow of the sys-
tem. And the flow of hydraulic motor can be described 
in Eqs. (12)–(13). The hydraulic motor is used to drive the 
eccentric mass, and equilibrium equation of moments can 
be obtained with Eqs. (14) and (9)–(11).

2.3 � Workload model

The workload of the hammer originated from the resist-
ance between pile and soil during piling process [22, 23]. 
The resistance can be given by:

(10)Q2 = ACd

√
2
(
p1 − p2

)
∕�

(11)Q0 = ACd

√
2
(
p5 − p0

)
∕�

(12)Q2 = Qin + Q4

(13)Qin = nD∕�v

(14)T = D
(
p3 − p4

)
�m

(15)ṗi = BQi∕
(
𝜋r2l

)
(i = 3,4)

P1 P2
P3

P4

P5P0

Q2

Q4

Fig. 2   Schematic diagram of hydraulic model for driving system
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 where Fr is the resistance force, L, f, H are the perimeter, 
friction shear stress, and depth of pile, respectively. Fp and 
Ap are resistance in the end and sectional area of pile. f0 
and F0 are the values of friction and resistance in the end 
of the pile, and a, b is the corresponding correction fac-
tor, which are determined by the condition of piling. In 
addition, one and the same pile hole was used throughout 
the test. The friction force is related to the sinking veloc-
ity, and the factor a is decided according to the sinking 
process. In this paper, the same hole is used during the 
experiments, the pile is self-sinking. Then the factor a is 
0.2. The resistance force in the end of pile is decided by 
the crossing area of pile, and the factor b is used to correct 
the resistance force.

Then the coupled dynamic model of the hammer was 
obtained, and it included the mechanical model, hydrau-
lic model, and the workload model. The model should be 
run in simulation environment, and the results should be 
validated with field test results. The related contents are 
arranged in the next section.

3 � Simulation and field test results

3.1 � Simulation and field test setup

The coupled dynamic model was simulated with the co-
simulation between AMESim and ADAMS, which was run 
with 0.005s interval. The frame of simulation was shown in 
Fig. 3, and the involved parameters were shown in Table 1. 
As it can be seen from Fig. 3, the mechanical and work-
load models were simulated in ADAMS, and the hydrau-
lic model was simulated in AMESim. The hydraulic model 
received the control signal as input control signal, which 
was the control signal, recorded in field test. The hydraulic 
model provided the driving torque for mechanical model, 
and the speed of revolution of mechanical part was fed 

(16)

⎧
⎪⎨⎪⎩

Fr = LfH + FpAp

f = af0
Fp = bF0

back to hydraulic model. Similarly, the mechanical and 
workload model connected with each other by driving and 
resistance forces. In order to validate the coupled dynam-
ics comprehensively, the simulation was run at idle and 
operating condition separately, the workload model was 
absent in the idle condition and active in the run condi-
tion. In addition, the clamp and the pile are disconnected 
in the idle condition, and the mass of body is also changed.

The parameters in the coupled model include mechani-
cal and hydraulic related. Some parameters are accessi-
ble, such as the mass, dimension of pipe, and so on. While 
some parameters are hard to get, such as the stiffness and 
damping parameters, and these parameters are also cru-
cial for simulation. The error of these parameters would 
introduce deviation of the model. In order to calibrate 
the model, we focused the idle condition, in which only 
the mechanical and hydraulic models were involved. We 
proceed different simulations under different parameters 
according to the test results, and we compared the ampli-
tude and frequency of acceleration and amplitude of pres-
sure during simulation. These involved parameters were 
tuned to calibrate the coupled model.

The system diagram in field test operation is shown 
in Fig. 4. Three kinds of sensors were used; accelerom-
eters measure the acceleration signal of the hammer Fig. 3   Schematic diagram of simulation

Table 1   Parameters in simulation

Symbol Parameters Values

m1 Mass of frame 526 kg
m2 Mass of body 192 kg
m3 Mass of pile 57 kg
m Mass of eccentric block 108 kg
k1 Stiffness between frame and cradle 1e3 N/m
c1 Damping between frame and cradle 2e3 N/m/s
k2 Stiffness between frame and body 1.2e6 N/m
c2 Damping between frame and body 4e4 N/m/s
J1, J2 Moment of inertia for eccentric 

mass
1.3 kg m2

ce Rotational damping of eccentric 
mass

3 N m/(rad/s) N/m/s

D Displacement of hydraulic motor 125 cc/rev
B Effective bulk modulus 4e5 MPa
r Radius of inlet pipe 5/8 in
l Length of inlet pipe 11 m
L Perimeter of pile 1.3 m
H Depth of pile 0–5 m
a Correction factor 0.2
b Correction factor 0.6
Ap Sectional area of pile 0.2 m2

f0 Friction values in the end of the pile 4e6 N/ m2

F0 Resistance values in the end of the 
pile

2e5 N/ m2
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body and frame in vertical direction, and the pressure 
sensors measure the pressure of hydraulic driving motor 
in inlet port and outlet port, the flow sensor measures 
the inlet flow of the motor. A LMS SCADAS record the 
involved data with a 200 Hz sampling frequency. The 
field test was processed in idle and operating condition 
separately, and in the idle condition the clamp released 
the pile, the hammer is operated to pile in the operating 
condition.

The simulation and test results are compared in idle and 
operating condition. And the data in time and frequency 
domain is also compared separately.

3.2 � Idle condition results

The control signal of the valves and results of flow and 
pressure of simulation and experiments are compared in 
Fig. 5. The field test lasted 60s, showing the two driving 
modes of the motor, i.e., single mode and double model. 
The single mode, when single valve is open, means the 
motor was driven with only one pump, and the double 
mode, when double valve is open, means two pumps in 
the excavator are used, in which much flow was pumped 
into the motor. The valves are control by voltage, when 
the voltage reaches 5 V, the opening area of valve is maxi-
mum. As it can be seen from Fig. 5, during the 0 –20s, the 
hammer is started and run as single mode steadily, the 
steady flow is about 330 L/min, the steady inlet pressure 
and outlet pressure are 11.5 MPa and 2.9 MPa, respectively. 
The comparing flow and pressure results of simulation and 
field test coincide well during the steady single mode, 
while the trend changes differently during start stage for 
the comparing simulation and field test results. As it can 
be seen from the Fig. 5c, the maximum pressure of inlet 
port is about 35 MPa in the field test, while the maximum 
pressure is 28 MPa in the simulation. The trend of pres-
sure during start stage depends on two reasons, one is 
the driving load of eccentric mass, the other is that the 

Fig. 4   Field test system diagram

Fig. 5   Comparing results 
of flow and pressure in idle 
condition
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driving motor will experience the resonance frequency 
region of the mechanical structure of the hammer, which 
will result in a sharp increase in load. During 20–51s, the 
hammer is driven with double mode, in which the switch 
between single and double mode is also involved. Dur-
ing the steady stage of double mode, the inlet flow is 
about 480 L/min, and the inlet and outlet pressure are 
about 21 MPa and 4 MPa. The trend of flow and pressure 
for simulation and test coincide well during steady stage, 
the inlet pressure changes with slight differences during 
unsteady stage, the test data changes more sharply, and 
some ripples appear during steady stage, which is origi-
nated from the gap connection between cradle and frame 
of the hammer. Although the connection is simplified as 
stiffness and damping blocks in the modeling process, the 
trend of simulation and test are coincident, which can indi-
cate the dynamic characteristics of the hammer. Therefore, 
the difference is acceptable. After the double mode, the 
hammer is switch to single mode and then stopped dur-
ing 51–0s. The trend of flow and pressure coincide with 
each other for the data of simulation and test. At the 54s, 
the pressure increases severely and it is also reflected in 
the simulation, which is originated from the resonance of 
the mechanical structure and the driving motor [24, 25]. 
In addition to the verification of flow and pressure, the 
structure dynamic responses should also be considered.

We intercepted the acceleration data between 0s−40s 
of hammer body in vertical direction to verify the dynamic 
model of hammer, in which the different mode of the ham-
mer is included. The result is shown in Fig. 6. As it can be 
seen from Fig. 6, the trend of simulation and test coincide 
well and the amplitude of the acceleration is very close, 
the differences is originated from the errors between 
model damping and actual structure. Further, we analyzed 
the frequency characteristics of single and double mode 

during steady stage with fast Fourier transform (FFT) [26], 
the results are shown in Fig. 7. Figure 7a and b are the 
comparing results of test and simulation in single mode, 
respectively, Fig. 7c and d are the comparing results of 
double mode. According to the results in Fig. 7, the fre-
quency of single and double mode is 42.8 and 57.4 Hz, the 
amplitude is 260.4 m/s2 and 430.4 m/s2. Although the cor-
responding data of simulation is different, errors are 2.6% 
and 4.9% for the frequency and amplitude in single mode 
steady stage. The correspond error are 2.3% and 2.4% in 
double mode steady stage.

The frequency at different time during the test is 
obtained with short time Fourier transform (SFT), results is 
shown in Fig. 8. Because the data of simulation and test is 
almost same, we mainly showed and analyzed the results 
of test. As it can be seen from the figure, the frequency of 
single and double mode is 42.8 and 57.4 Hz, which is iden-
tical to the FFT results. In addition, the trend of frequency 
at different time is identical to the trend of flow. This is 
because the hammer is essentially based on forced vibra-
tion. And dynamic response frequency of the hammer 
depends on the excitation frequency, i.e., the frequency 
of eccentric mass. The eccentric mass is driven by hydraulic 
motor, and the frequency is related to the speed of motor, 
which can be obtained with the displacement and flow. 
The motor of this hammer is a fixed displacement piston 
motor with 125 cc/rev displacement. Therefore, the trend 
of flow is identical to SFT results of acceleration data.

3.3 � Operating condition

After the idle condition, we processed the field test of 
operating condition. In this condition, the clamp of ham-
mer in connected with a prefabricated steel pile, and 
the hammer is controlled to pile into the soil. Due to 

Fig. 6   Time domain data of body acceleration in vertical direction Fig. 7   FFT results of acceleration in idle condition
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the limitation of test field, the pile is controlled by an 
operator piling and lifting up repeatedly during the test, 
and the control signal of the valves are recorded. The 
control signal was input to the simulation in the form of 
time series. The control signal of valves and comparing 
results of flow and pressure in operating condition are 
shown in Fig. 9. As it can be seen from the Fig. 9a and b, 
the test duration is marked as mix and double mode. In 
the mix mode 10–30s, the motor is driven with switch-
ing single and double mode, the inlet flow changes 
with fluctuation, which is between 280 and 50 L/min. 
The corresponding inlet pressure changes between 15 
and 29 MPa. Although the fluctuation range of simula-
tion and test is different, the trend is identical, and the 
values of flow and pressure are consistent in a relatively 
stable range, such as 20s ~ 25s. Identical characteristic 
appeared in the double mode, during 35–45s. The flow 
curves of simulation and test almost coincide at these 
steady stages, the pressure curves are also similar. In 
addition, the differences between simulation and test 
appeared at 31– 34s, 47–49s, and 57–60s, in which the 
flow returned to zero in the test and the corresponding 
flow just reduce and then increased in simulation, and 
the pressure in Fig. 9c shows the same characteristics. 
This is because damping, including damping of structure 
and damping between soil and pile, is greater in the test, 
and the hammer stop faster when the hydraulic power 

is cut. The acceleration of the hammer also reflects this 
characteristic.

 The acceleration data of hammer body and frame in 
vertical direction is shown in Fig. 10a, and the correspond-
ing SFT result is shown in Fig. 10b. As it can be seen from 
the Fig. 9, the amplitude of the acceleration in operating 
condition is smaller than the data in idle condition. For 
example, the amplitude of single and double mode in 
operating condition are 190 m/s2, and 200 m/s2, respec-
tively, and the corresponding frequency are 32 and 41 Hz, 
which is smaller than the idle condition results in Sect. 3.2. 
Although the differences occurred during unsteady stages, 
dynamic characteristics of this hammer in steady stage, 
including mechanical and hydraulic parts, can be revealed 
with this coupled dynamic model.

4 � Performance analysis and optimization

After verification of the coupled dynamic model, we ana-
lyzed the performance of the hammer with it. According 
to the experience in piling, the hammer in double mode 
would be more efficient than single mode. As it can be 
seen from the results in Sect. 3, the differences between 
double mode and single mode can be reflected by the 
frequency and amplitude of vertical acceleration. While 
the frequency is directly related to the speed of driving 

Fig. 8   SFT results of the pres-
sure in idle condition
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motor, which is decided by the inlet flow. Therefore, we 
can optimize the structure of eccentric mass to obtain bet-
ter performance of the hammer, i.e., amplitude of vertical 
acceleration.

 In order to indicate the involved parameters, the 
structure of eccentric mass is shown in Fig.  11. The 
dimension includes radius r, thickness δ, and angle α. 

Due to the inside installation restrictions of hammer 
body, the radius is limited less than 175 mm, and the 
thickness is limited less than 190 mm, and the angle is 
unrestricted. We processed the simulation in idle con-
dition with different radius, thickness, and angle based 
on the coupled dynamic model, and the inlet flow of 

Fig. 9   Comparing results of 
flow and pressure in operating 
condition

(a) Acceleration data in operation condition (b) SFT results of acceleration data

Fig. 10   Acceleration and corresponding SFT results in operating condition
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hydraulic motor is constant during the simulation. The 
results are shown in Figs. 12 and 13, respectively.

The hammer body acceleration at different thickness 
and angles is shown in Fig. 12. As it can be seen from 
Fig. 12, thicker eccentric mass would bring large amplitude 
of hammer body acceleration in vertical direction. Accord-
ing to Eq. (7), thicker eccentric mass would increase the 
mass, which will produce greater exciting force. And the 
increasing angle would bring a nonlinear change. When 
the angle is less than 90°, the acceleration increases with 
the increasing angle. While the acceleration decreases with 
the angle is greater than 90°. The maximum acceleration 
is obtained when the angle is 90°. The different angles not 
only change the mass of eccentric mass, but also change 
the eccentric distance, which is the key parameter in 
Eq. (7). The increasing angle produces different change 
trend for mass and eccentric distance, which brings the 
nonlinear characteristic.

The results of different radius and thickness is shown 
in Fig. 13. As it can be seen from details in Fig. 13a, the 
increasing thickness and radius would increase the ampli-
tude of acceleration. However, the increasing radius bring 
more obvious change. According to Eq.  (7), mass and 
eccentric distance are two key parameters. The thickness 
only increasing mass, while the increasing radius not only 
increase mass, but also increase the eccentric distance. 
And the trend of changes is same, which would bring more 
obvious increasing of acceleration.

According to the results in Fig. 13a and b, when the 
angle is 90°, thickness is 190 mm, and radius is 175 mm, 
the acceleration of hammer body is 440 m/s2, which is 
greater than 310 m/s2, obtained in Sect. 3 with field test. 
Although the amplitude of acceleration is monotonically 
changing with the diameter and thickness according to 
the results in Fig. 13, these results indicated the different 

Fig. 11   Structure of eccentric mass

Fig. 12   Acceleration at different angle of eccentric mass

(a) 3D figure                                                        (b) planar figure

Fig. 13   Acceleration at different diameter and thickness of eccentric mass
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variation of acceleration when the thickness and diameter 
changed alone.

5 � Discussion

According to above analysis, the dynamic responses of 
the hammer are the coupled results of mechanical parts, 
hydraulic parts, and workload. Therefore, the coupled 
dynamic model is crucial during the whole research, which 
is also the obvious difference between the model in this 
paper and previous researches [5, 6, 12]. We considered 
the coupled effects of mechanical parts, hydraulic parts, 
and also workload during piling process to establish the 
model. The model could be used to simulate the dynamic 
responses for different specification of hammers. And the 
hydraulic driving system results also indicated the power 
demand during the working process. The input power of 
the hammer in this paper under idle condition is about 
47.3 kW and 136 kW for single and double mode. And 
the maximum power under operating condition is about 
70 kW and 170 kW. The results would be useful during the 
power matching of excavator, i.e., the energy supplied 
machine and the hammer. Reasonable matching would 
bring about energy saving and efficiency.

Normally, the hydraulic hammer is used to pile under 
different soil conditions, much attention had been paid 
on the work efficiency under different soil conditions or 
workloads [11, 18]. The dynamic impact responses of the 
hammer including acceleration amplitude and frequency 
are the power source. Therefore, how to obtain better 
impact responses under different design parameters is 
very important. The separate evaluation of the impact 
responses was inaccurate and unreasonable without con-
sidering the hammer and workload. We optimized the 
hammer performance with the validated model, and bet-
ter dynamic response can be obtained with the optimized 
parameters, i.e., the angle is 90°, thickness is 190 mm, 
and radius is 175 mm. The results and the model-based 
method can be used to evaluate the performance during 
design and use stage by changing the model parameters 
for the machine makers or users, and it will be more effi-
cient and economy.

6 � Conclusion

In order to evaluate the performance of hydraulic vibra-
tory hammer economically and effectively, we proposed 
a model-based method in this paper. The accurate cou-
pled dynamic model of the hammer, including mechani-
cal model, hydraulic mode, and workload model, was 
established. The mechanical parts were considered as a 3 

degrees of freedom (DOF) dynamic model, and the con-
nections between the parts were modeled as springs and 
dampers. And the model was verified with field test of idle 
and operating conditions. However, during the operating 
condition of field test, the same pile hole was used, which 
meant that the work load in the field was smaller than the 
actual work load. Comparing results shown that the cou-
pled dynamic model can reveal dynamic characteristics of 
the hammer in steady stage. The inlet flow of single and 
double mode changes with fluctuation, which is between 
280  and 350  L/min. The corresponding inlet pressure 
changes between 15  and 29 MPa. The amplitude of single 
and double mode in operating condition are 190 m/s2, and 
200 m/s2, respectively, and the corresponding frequency 
are 32 and 41 Hz. The working frequency of operating 
condition is lower than the idle condition. The practical 
value of the hammer may be different from the values in 
this paper owing to the difference of workload, while the 
dynamic trends would be useful during the performance 
evaluation of the hammer. Then we analyze the perfor-
mance of the hammer with the coupled dynamic model, in 
which effects of different parameters of the eccentric mass 
on the vertical acceleration of hammer body are covered. 
Results show that acceleration amplitude is largest when 
the angle is 90°, and increasing thickness and radius bring 
powerful performance for the hammer. Considering the 
limitation of the field test, we will focus the effects of dif-
ferent work load during specific operating condition on 
the dynamic responses of the hammer in our future work.
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