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Abstract
Seismic vibrators are the primary sources for land seismic acquisition, featuring 
controllable bandwidth and energy, low environmental impact, safety, and high 
efficiency. With the widespread application of “2W&H” technology, wide-frequency 
seismic data, particularly low-frequency components, have attracted increasing 
attention. However, the ground force output of a vibrator is severely constrained 
at low frequencies, primarily due to limitations in its mechanical and hydraulic 
systems. Among these, hydraulic system limitations are often associated with oil 
flow, which is largely constrained by the pump’s maximum capacity; however, oil 
flow is not measured during vibrator sweeps. The system complexity prevents the 
installation of flow sensors on vibrators, making the performance of the vibrator oil 
flow unmonitored. Since the oil flow directly determines the quality of the vibrator 
ground force output, it is essential to understand the behavior of vibrator oil flow. In 
this study, a detailed analysis of the working mechanism of a seismic vibrator was 
conducted, as well as its low-frequency force-output limitations. Then, we proposed 
a method for estimating vibrator oil flow. Both theoretical analyses and field-testing 
data were used to validate the proposed estimation method. The estimated data 
demonstrated strong consistency with the direct flow measurement using flow 
sensors. Moreover, the results confirm the feasibility of the proposed estimation 
method. This method provides a real-time quality control indicator for the vibrator oil 
flow performance during vibrator sweeps, thereby enabling complete monitoring of 
the vibrator performance quality at low frequencies. In addition, this method holds 
promising potential for broad application in land vibroseis exploration.
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1. Introduction
Hydraulic seismic vibrators have been used as the primary source for land seismic 
surveys for over 60  years. Over the years, many innovative vibroseis acquisition 
techniques have been developed, leading to significant improvements in acquisition 
productivity. For example, Rozemond1 introduced a slip-sweep acquisition method, and 
the high-fidelity vibratory-seismic method was developed by Allen et al.2 In addition, the 
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distance separated simultaneous source was developed and 
presented by Bouska,3 and a more flexible simultaneous 
source acquisition technique, independent simultaneous 
source acquisition, was invented by Howe et al.4

Recently, vibroseis low-frequency acquisition has 
become a routine practice in land seismic surveys. 
Seismic vibrator manufacturers have been making 
progress in vibrator actuator design to improve 
vibrator low-frequency performance.5-10 However, these 
improvements still cannot meet the force spectrum 
required at low frequencies. To acquire more low-
frequency data, the use of custom nonlinear sweep 
signals based on low-dwell technology has become a 
routine operation in land seismic surveys.11-14 However, 
how to perform quality control (QC) of seismic vibrator 
performance at low frequencies remains a challenge. In 
geophysics literature, few studies have been devoted to 
seismic vibrator QC at low frequencies. Moreover, apart 
from the study by Sallas,15 very few technical papers 
have provided a concise explanation of how a hydraulic 
seismic vibrator works, particularly regarding the 
hydraulic power supply system.

In the present study, we first present a detailed 
introduction to how a hydraulic seismic vibrator works. 
Then, we discuss the limitations experienced by a seismic 
vibrator when it operates at low frequencies. The reaction 
mass displacement limitation is physically measured and 
monitored in the vibrator field QC. However, the other 
limitation—vibrator oil flow—is not physically measured 
or monitored in QC. Next, considerable effort is devoted 
to the study of vibrator oil flow, and a novel method is 
proposed for estimating vibrator oil flow to enable QC 
of the low-frequency ground force. Finally, we conduct 
experimental tests to assess the agreement between the 
estimated and measured oil flow. Consequently, field QC 
of vibrator oil flow becomes possible.

2. Theoretical analysis
2.1. Challenges from low-frequency acquisition

In field operation, low-dwell sweeps must be used 
on seismic vibrators to push the vibroseis acquisition 
bandwidth toward the low end of the spectrum. These 
low-dwell sweeps typically shake seismic vibrators at low 
frequencies for extended periods of time to boost low-
frequency force-energy. Seismic vibrators often work at the 
edge of their maximal capabilities, especially in the seismic 
vibrator hydraulic system. Fatigue, wear, and failure become 
inevitable in vibrator system components. Consequently, 
the quality of the vibrator ground force is affected, thereby 
reducing the quality of seismic data. For example, in 2021, 
a crew in the Middle East desert experienced a total failure 

of seven pilot servo-valves and severe damage to vibrator 
pumps in only 2 weeks of operation.

Figure  1 presents an example illustrating the 
consequences of this field operation when the hydraulic 
pump flow limitation is reached. Figure  1A shows the 
frequency–time (F–T) variant spectrum of the vibrator 
ground force. In the ground-force signal, a very strong 
spike appears when the sweep changes from a nonlinear 
sweep rate to a linear sweep rate. This indicates that 
severe cavitation possibly occurs in the vibrator pump 
system. Figure 1B shows strong harmonic noise associated 
with severe cavitation observed on the shot record; the 
cavitation can lead to severe damage to the vibrator pump. 
Figure 1C displays severe scratches observed on the port 
plate of the hydraulic pump.

These findings demonstrate that, when the vibrator 
operates at low frequencies, the hydraulic flow limitation 
is reached. In addition, the vibrator ground force is 
contaminated with spiky noise, leading to additional 
harmonic noise in seismic records and damage to 
hydraulic system components. This results in a significant 
reduction in the production rate. In addition, repairing 
these pilot servo-valves and hydraulic pumps significantly 
increases operating costs. Hence, it is necessary to monitor 
the seismic vibrator motion and performance at low 
frequencies so that early warnings can be triggered before 
the vibrator system components fail completely.

2.2. Vibrator hydraulic working principle

Figure 2 illustrates how a hydraulic seismic vibrator works. 
A seismic vibrator is essentially a hydro-mechanical system 
driven by a servo-valve assembly controlled electronically. 
The vibrator system consists of two subsystems—the 
vibrator hydraulic power supply system and the vibrator 
actuator system—connected through a pressurized oil 
flow. The vibrator hydraulic power supply system generates 
the required high-pressure oil flow for the vibrator actuator 
system. The output shaft of a diesel engine is connected to 
the pump shaft so that the engine’s rotational power can be 
transferred to the pump.

A variable displacement pressure piston pump, through 
a high-pressure adjustment device, produces a high-
pressure oil flow and outputs it into hoses. The pressurized 
oil flow goes through a high-pressure filter to remove 
particles and impurities from the oil circuit. Filtering these 
impurities effectively prevents severe cavitation in the oil 
flow circuit. After filtration, the filtered oil flow passes 
through a high-pressure accumulator. The main function 
of the high-pressure accumulator is to suppress pressure 
fluctuations and maintain the high pressure at a constant 
level (3,250 psi). At this point, the high-pressure oil flow is 
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ready to leave the hydraulic power supply system and enter 
the vibrator actuator system.

The high-pressure fluid flows into the main-stage 
servo-valve. The displacement of the main-stage servo-
valve is controlled by a vibrator controller. Specifically, the 

Vib Pro HD controller regulates the displacement of the 
main-stage servo-valve. In fact, it controls the current of 
the pilot servo-valve (not depicted in the diagram). The 
electrical current of the pilot servo-valve is proportional 
to the displacement of the main-stage servo-valve. For 

Figure 1. Examples of hydraulic flow limitation in a seismic vibrator. (A) Frequency–time variant spectrum of the vibrator ground force, illustrating a 
strong spiky noise (red box). (B) Seismic record displaying harmonic noise (red box) caused by the spiky ground force. (C) Mechanical damage observed 
on the hydraulic pump caused by the spiky ground force.

B C

A

Figure 2. Schematic illustration of a hydraulic seismic vibrator
Abbreviations: AccBP: Accelerations of baseplate; AccRM: Accelerations of reaction mass; LP: Low pressure; LVDT: Linear variable differential transformer.
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simplicity, we assume that the vibrator controller directly 
controls the displacement of the main-stage servo-valve.

The high-pressure hydraulic fluid output from a control 
port of the main-stage servo-valve, QT, flows into the 
upper chamber of the reaction mass, rapidly increasing 
the pressure in the upper chamber. This increased pressure 
pushes the reaction mass upward. At the same time, 
the same pressure is applied to the top surface of the 
piston, causing the piston to move downward, resulting 
in a downward movement of the vibrator baseplate. 
Furthermore, the upward movement of the reaction mass 
and the downward movement of the baseplate combine 
to form a weighted-sum ground force (Fg), which is then 
transmitted into the deep ground.16

When the high-pressure oil fluid flows into the upper 
chamber of the reaction mass, the reaction mass moves 
upward, increasing the volume of the upper chamber while 
reducing the volume of the bottom chamber. The hydraulic 
oil fluid, QB, flows out of the bottom chamber and returns 
to the low-pressure side, or return side, of the hydraulic 
power supply system through another control port of the 
main-stage servo-valve. The oil flow leaves the vibrator 
actuator system and returns to the hydraulic power supply 
system. It also passes through a low-pressure accumulator 
to reduce pressure ripples and stabilize the return pressure. 
Typically, the return-side pressure is maintained at 250 psi. 
The return flow also passes through a low-pressure filter 
for filtration. The filtered low-pressure hydraulic oil then 
goes through a cooling system to dissipate heat. The cooled 
hydraulic oil is subsequently drawn into the pump again, 
and a new cycle begins.

During vibrator operation, some hydraulic oil loss 
is inevitable due to internal and external leakages in the 
hydraulic system. Therefore, a special hydraulic circuit 
is designed and added to allow the leaked oil fluid to 
flow back to a reservoir tank, effectively preventing 
environmental contamination. In addition, a small charge 
pump is added to the hydraulic circuit to compensate for 
the loss of hydraulic oil in the hydraulic system. As noted, 
in the vibrator system, hydraulic oil flow is an essential 
element that transfers energy, converting hydraulic energy 
into mechanical motion and ground force output.

2.3. Low-frequency limitations

In recent years, low-frequency vibroseis acquisition has 
become a routine practice in land seismic exploration.17 
Through years of field practice, field experience, and 
analysis have shown that the seismic vibrator ground force 
at low frequencies is severely limited due to constraints 
in the vibrator’s mechanical and hydraulic systems. Wei18 
and Sallas19 have studied the seismic vibrator extensively, 

concluding that the ground force at low frequencies is 
mainly limited by two key factors: the maximal travel 
distance of the reaction mass, also referred to as the mass 
stroke limit, and the vibrator’s total flow, which is primarily 
determined by the hydraulic pumps (pump flow limit).20

Specifically, regarding the maximal travel distance of 
the reaction mass, Equation (I) expresses the relationship 
between the maximal low-frequency ground force and the 
maximal reaction mass displacement, as well as the mass of 
the reaction mass.

Fmax1 = 42 Mrm Xrm f2� (I)

Where Fmax1 is the maximum force that can be 
theoretically generated by the vibrator mechanical system 
at low frequencies, Mrm is the mass of the reaction mass, 
Xrm is the maximum travel distance of the reaction mass, 
and f is the frequency. Based on Equation (I), there is no 
parameter related to the vibrator hydraulic system. Thus, 
Equation (I) expresses the low-frequency ground force 
limitation solely from the vibrator mechanical system.

Equation (II) provides an expression based solely on 
the vibrator hydraulic system. For a given vibrator, the 
hydraulically limited low-frequency force scales with the 
available total flow.

F
M Q

A
fmax

rm

p
2 9 87= . � (II)

Where Fmax2 is the maximum force that can be 
theoretically generated by the vibrator oil flow at low 
frequencies, Ap is the piston area in the reaction mass 
chambers, and Q is the maximum vibrator oil flow, 
primarily contributed by the vibrator pump flow.

In summary, the vibrator ground force at low 
frequencies is determined by the reaction mass stroke for 
a given vibrator (Equation [I]) and is also constrained 
by the vibrator’s total flow (Equation [II]). Given the 
specifications of a vibrator, a low-frequency force profile 
can be calculated using Equations (I) and (II).

Table  1 lists the key specifications of AHV-IV 
364 (60,000-lbf) and AHV-IV 380 (80,000-lbf) vibrators. 
Using these specifications, their low-frequency force 
profiles can be obtained. Figure  3 shows the theoretical 
low-frequency force profiles for the AHV-IV 364 and 
AHV-IV 380 vibrators. The force curves at low frequencies 
(<10 Hz) were plotted using Equations (I) and (II) with 
the specifications listed in Table  1. It can be clearly seen 
that the vibrator force curves at low frequencies are limited 
parabolically by the maximal reaction mass displacement 
and linearly by the vibrator total flow.

https://dx.doi.org/10.36922/JSE025410086
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To overcome these limitations on the seismic vibrator 
ground force at low frequencies, several researchers, 
especially from vibrator manufacturers, have attempted to 
redesign the vibrator hydraulic and mechanical systems so 
that the vibrator mechanical system becomes more rigid and 
the hydraulic power supply system becomes more efficient 
and less noisy.7,19-21 Field testing results have shown that 
at low frequencies, notable improvements in the vibrator 
ground force and reductions in harmonic distortion are 
observed. A  remarkable improvement in the signal-to-
noise ratio of the vibrator ground force is achieved. Thus, an 
extension of the vibroseis acquisition frequency bandwidth 
toward 1.5  Hz becomes achievable. However, these force 
improvements are still insufficient to meet the required 
force-energy in the frequency range below 5 Hz.

To meet the required force-energy, the low-dwell 
sweep is necessary. Several researchers21-24 have explored 
different approaches, including low-frequency sweep 
design techniques, to supply extra force-energy so that 
the vibroseis acquisition bandwidth can be extended 
toward low frequencies (<5  Hz). These low-frequency 
sweep techniques aim to guide seismic vibrators to follow 
as closely as possible their low-frequency force profiles. 
Qi et   al.13 demonstrate how a low-frequency sweep is 
designed for a given mode of vibrator.

To date, with the most advanced vibrator technologies, 
combining the latest low-frequency seismic vibrator with 

customized low-dwell sweeps, the low-frequency vibroseis 
acquisition bandwidth has been extended to record seismic 
data as low as 1.5 Hz.7 A good acquisition production rate 
is also achieved. However, challenges remain in preventing 
the complete failure of vibrator system components during 
vibroseis field operations. In other words, performing 
QC on seismic vibrator performance at low frequencies 
remains very challenging.

To address the limitation of the vibrator mechanical 
system, a reaction mass linear variable differential 
transformer (LVDT) sensor is mounted on the reaction 
mass to measure the reaction mass displacement in 
real-time. An LVDT is a type of sensor used for high-
accuracy position or displacement measurements. Thus, 
the reaction-mass travel distance during a sweep becomes 
a known variable, and its real-time measurements are 
recorded in a vibrator QC report, for example, an extended 
QC text file.

Figure  4 illustrates the results of QC of the reaction-
mass displacement. It can be clearly seen that the reaction-
mass displacement between 3.5 s and 4.5 s, corresponding 
to frequencies from 3 Hz to 6 Hz, reaches its maximal stroke 
limit. For modern seismic vibrator control electronics, a 
limit control is embedded to prevent the vibrator reaction 
mass from reaching its maximal displacement limitation.

However, the vibrator oil flow or pump flow—a 
limitation of the vibrator hydraulic system—is not 
measured, as there is no flow sensor installed on seismic 
vibrators. Therefore, the status of the vibrator oil flow 
becomes a “black box.” The vibrator flow status across the 
entire sweep bandwidth remains unknown, particularly in 
the low-frequency range. System reliability and complexity 
prevent the installation of flow sensors. Nonetheless, during 
a sweep, it is essential to understand how to obtain vibrator 
oil flow information. Thus, it is important to investigate the 
theoretical behavior of vibrator flow and develop a method 
to estimate the vibrator oil flow.

2.4. Theory: Total flow going to the reaction mass 
chamber

As shown in Figure  2, when the flow is output from the 
main-stage servo-valve, it goes to the reaction mass 
chamber (e.g., upper chamber). The vibrator oil flow in the 
reaction mass chamber follows the governing equation:

Q = Vrm Ap� (III)

Where Q denotes the total flow going to the reaction 
mass chamber; Vrm represents the reaction mass 
velocity—a relative velocity between the reaction mass 
and the baseplate; Ap is the piston area in the reaction mass 
chambers.

Table 1. Specifications of AHV‑IV vibrators

Parameters AHV‑IV 
364 vibrator

AHV‑IV 
380 vibrator

Peak force (lbs) 61,800 77,700

Reaction‑mass weight (Mrm; lbs) 11,020 13,029

Peak‑to‑peak useful mass stroke (Xrm; in) 3.87 3.87

Pumps (Qp; gallon/min) Two P7; 164 
gallon/min

Two P8; 187 
gallon/min

Piston area (Ap; in2) 20.67 25.92

Figure 3. Theoretical low-frequency force profiles of AHV-IV vibrators

https://dx.doi.org/10.36922/JSE025410086
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Based on Equation (III), the vibrator oil flow can 
be estimated using the relative velocity of the reaction 
mass and the baseplate. The reaction mass and baseplate 
accelerations are measured in real-time for every vibrator 
sweep in field production. Hence, the relative velocity can 
be obtained by integrating the measured accelerations.

Figure  5A displays the measured reaction-mass and 
baseplate accelerations, where an AHV-IV 362 (60,000-lbf) 
vibrator performs a linear sweep from 1 to 21 Hz over a 
duration of 10 s, with a 1-s long cosine taper at the front 
end of the sweep on regular soil. This vibrator is equipped 

with two P7 pumps, and the maximal flow delivered by the 
two pumps is 167 gallons/min.

To evaluate the accuracy of the estimation algorithms, 
two accelerations are recorded with a sampling time 
interval of 0.25 ms, corresponding to a sampling frequency 
of 4,000 Hz. To obtain the relative velocity of the reaction 
mass, the accelerations are preprocessed to remove direct-
current offsets, followed by application of a low-bandpass 
filter. Two acceleration curves shown in Figure  5A have 
had their direct-current offsets and high-frequency noise 
removed.

Figure 4. Reaction-mass displacement quality control. (A) Extended vibrator quality control data, with the blue bar indicating the sweep time series at 500 
ms intervals, the yellow bar representing the corresponding frequencies of the first column, and the green bar showing the reaction-mass displacement 
during the sweep. (B) Reaction-mass displacement quality control data in the time domain. (C) Reaction-mass displacement quality control data in the 
frequency domain.

Figure 5. Signal display of (A) measured reaction-mass and baseplate accelerations on an AHV-IV 362 vibrator; (B) calculated reaction-mass velocity; and 
(C) estimated vibrator oil flow using Equation (III)
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B
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After preprocessing, an integration operation is applied 
to both the reaction mass and baseplate acceleration. As a 
result, the relative velocity between the reaction mass and 
the baseplate is computed (Figure 5B). Finally, the vibrator 
oil flow is estimated using Equation (III) and is plotted 
(Figure 5C).

It can be observed that the estimated vibrator oil flow 
remains at approximately 150 gallons/min between 2s and 
4s, corresponding to the frequency range from 5  Hz to 
9 Hz. During this time interval, the vibrator oil flow closely 
approaches the vibrator flow limitation of 167 gallons/
min. In other words, the estimated vibrator flow curve 
indicates that the vibrator oil flow reaches approximately 
90% of the hydraulic system’s maximum flow capacity. 
This curve serves as an indicator and suggests that the 
vibrator hydraulic system components may be operating 
under potentially harmful vibration conditions. At this 
point, the question becomes, “How do we know whether 
the estimation using Equation (III) is reasonable?” 
In practice, direct flow measurement is not available 
because flow sensors are not installed on the seismic 
vibrator, due to system complexity and extensive hardware 
modifications required for installation. Consequently, 
direct flow measurement is unrealistic in real vibroseis 
acquisition. Nevertheless, an alternative method based on 
the main-stage servo-valve can be used to calculate the 
vibrator oil flow. This method is presented in this study as 
an indirect validation of the estimation approach derived 
from Equation (III).

3. Solution and verification
3.1. Main-stage servo-valve total flow verification

As illustrated in Figure  2, the vibrator oil flow going to 
the reaction-mass upper chamber is equivalent to the 
flow output from the main-stage servo-valve. A  modern 
seismic vibrator actuator is driven by a hydraulic servo-
valve assembly consisting of a Moog 760-928A pilot servo-
valve and an Atlas 240H main-stage servo-valve. When 
supported by vibrator control electronics (e.g., Vib Pro HD 
controllers), an optional Pelton DR-valve can be installed 
between the pilot servo-valve and the main-stage servo-
valve.

Figure 6 shows an example of a servo-valve assembly 
mounted on a modern seismic vibrator. The main-stage 
servo-valve, specifically the Atlas 240H, alternately 
outputs oil flow to drive the seismic vibrator actuator. The 
governing equation for the servo-valve flow is expressed 
in Equation (IV). Merritt25 is a valuable source, offering 
comprehensive knowledge and a thorough treatment of 
servo-valve technology.25 The governing equation is as 
follows:

Q Kx P
x
x

Pv s
v

v
d� � � (IV)

Where:
(i)	 Q denotes the total flow output from the main-stage 

servo-valve control ports A and B (in3/s).
(ii)	 K is the flow–pressure coefficient (in2/ s / psi ).
(iii)	xv represents the displacement of the main-stage 

servo-valve (in).
(iv)	 Ps is the supply pressure to the main-stage servo-valve 

(psi).
(v)	 Pd represents the differential pressure across control 

ports A and B of the main-stage servo-valve (psi).

The supply pressure is equivalent to the system high 
pressure minus the system return pressure. Typically, the 
system high pressure is set at 3,250 psi, and the system 
return pressure is set at 250 psi. Thus, the supply pressure 
is 3,000 psi. The hydraulic oil flow is delivered through 
the main-stage servo-valve control ports, resulting in 
a differential pressure across control ports A and B on 
the main-stage servo-valve. This differential pressure 
theoretically corresponds to the differential pressure across 
the piston in the reaction-mass chamber. By controlling 
the displacement of the main-stage servo-valve spool, the 
differential pressure across the piston can therefore be 
controlled.

Based on Equation (IV), the oil flow from the main-
stage servo-valve, Q, can be estimated if the supply pressure, 
the displacement of the main-stage servo-valve, and the 
differential pressure across the piston in the reaction-mass 
chamber are known. To estimate the vibrator flow using 
Equation (IV), four pressure sensors were installed on 
the main-stage servo-valve of the AHV-IV 362 vibrator 
to measure the system high pressure, system return 
pressure, and the differential pressure at control A and B, 

Figure 6. Servo-valve assembly installed on a modern seismic vibrator

https://dx.doi.org/10.36922/JSE025410086
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respectively. During the tests, a Vib Pro controller drove 
the vibrator with a linear sweep from 1 to 21 Hz over 10 s 
at a 70% force level (42,000 lbs). The sweep rate was 2 Hz/s, 
the start taper was 1 s, and the end taper was 0.2 s.

Figure 7 illustrates the supply pressure measurements, 
illustrating the system high pressure and system return 
pressure. In general, the high pressure remains around 
3,250 psi, and the return pressure remains at 250 psi. 
Pressure ripples or spikes are observed on the high- and 
return-pressure signals.

The pressure fluctuation is more pronounced in the 
supply pressure. Figure 8 presents the differential pressure 
measurements, illustrating the pressures measured at 
control ports A and B. The differential pressure was 
calculated as the pressure measured at control port A minus 

the pressure measured at control port B. Since the main-
stage servo-valve is equipped with an LVDT transducer to 
measure its displacement for servo-valve feedback position 
control, the displacement of the main-stage servo-valve 
was measured and recorded by the vibrator controller in 
real time. Figure 9 displays the measured displacement of 
the main-stage servo-valve during this sweep.

By incorporating all measurements into Equation (IV), 
where the flow-pressure coefficient (K) was set to 292, the 
total vibrator oil flow was estimated for this sweep.

Figure  10A illustrates the estimated flow responses 
using Equations (III) and (IV). In general, it can be seen 
that the flow curves show a strong similarity. To better 
demonstrate the similarity between the two flow curves, a 
similarity line was constructed using the x–y coordinates 

Figure 8. Measured differential pressure at control ports A and B on an AHV-IV 362 vibrator

Figure 7. Measured system high pressure and system return pressure on an AHV-IV 362 vibrator
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and is shown in Figure  10B. The flow samples estimated 
using Equation (IV) were assigned to the x-coordinate, 
while the flow samples estimated using Equation (III) were 
assigned to the y-coordinate. Together, they form ordered 
pairs (x, y) that locate points on a coordinate plane.

Theoretically, if the similarity line appears as an oblique 
line, the data samples in the x-coordinate are in-phase 
with those in the y-coordinate, and the two datasets are 
similar. If the similarity line has a 45° inclination, the data 
samples in the x-coordinate match perfectly with those in 
the y-coordinate in both amplitude and phase.

Figure 10B shows a very strong similarity between the 
flow curves estimated using Equations (III) and (IV), 

although a slight amplitude difference is observed. This 
amplitude discrepancy is clearly visible near the ordered 
pairs of (1, 1) and (−1, −1) and is approximately 5%. 
Equation (IV) provides a method to estimate the vibrator 
oil flow for any sweep; however, this estimation requires 
multiple measurements that cannot be obtained during 
field production. In vibroseis acquisition operations, 
no pressure sensors are installed; therefore, the supply 
pressure and the differential pressure are not measured.

In summary, for the estimation of the vibrator oil flow, the 
two estimation methods based on Equations (III) and (IV) 
produce highly similar flow curves. This similarity implies 
that both estimation methods provide reasonable estimates 

Figure 9. Measured displacement of the Atlas 240 H main-stage servo-valve on an AHV-IV 362 vibrator
Abbreviations: VFB: Valve feedback.

Figure 10. Estimated (A) vibrator oil flow and (B) comparison of flow similarity using Equations (III) and (IV)
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of the vibrator oil flow. The two approaches cross-validate 
each other, demonstrating that each is capable of producing 
a valid flow estimation.

Based on Figure 10A, the estimated flow approaches the 
pump maximum capacity of 167 gallons/min between 2 s 
and 4 s, corresponding to the frequency range from 5 Hz 
to 9  Hz. Outside this frequency range, the flow demand 
decreases as the vibrator operates.

For vibrator QC, during the reference or pilot sweep, 
the reaction mass and baseplate accelerations were 
measured and recorded for each vibrator sweep. Therefore, 
the oil-flow estimation method using Equation (III) is 
practical for field QC, and its estimated result, as shown in 
Figure 10, is considered reliable.

3.2. Additional tests for flow estimation verification

To further test the validity of the flow estimation using 
Equation (III), a field test was performed on a vibrator 
in the Middle East desert. In this test, two flow sensors 
were successfully installed on the accumulator manifold, 
enabling direct measurement of the vibrator oil flow.

Figure 11 illustrates the flow sensor model (Figure 11A) 
used in the experimental test and its installation on 
the vibrator (Figure  11B). This type of flow sensor can 
measure flows of up to 160 gallons/min with minimal flow 
resistance. One side of the flow sensors was installed on the 
accumulator manifold, and the other side was connected 
to the loop hoses leading directly to the main-stage servo-
valve.

The vibrator performed a linear sweep from 1  Hz to 
11 Hz in 20 s at 70% force level, with the sweep frequency 
increasing linearly at a slow sweep rate of 0.5  Hz/s. This 
slow sweep rate allowed the vibrator to operate in a steady 
state, enabling accurate measurement of the vibrator oil 
flow at low frequencies.

Figure 12 displays a set of measured accelerations of the 
reaction mass and baseplate. From this set of accelerations, 
the relative velocity was obtained through an integration 
operation. Then, the estimated flow was calculated using 
Equation (III). The estimated flow forms a sinusoidal 
waveform, which is very similar to what is shown in 
Figure 10A.

For better comparison, a processing algorithm was 
applied to extract the maximal envelope of the estimated 
flow. This maximal envelope of the estimated vibrator 
oil flow is illustrated in Figure  13. For comparison, the 
measured vibrator oil flow, as shown in Figure  13, was 
obtained from the raw measured data and smoothed 
to remove high-frequency spiky noise. In general, the 
estimated vibrator flow using Equation (III) agrees 
well with the measured vibrator flow, although some 
discrepancies remain.

The estimated flow curve reaches its peak value of 
152 gallons/min at 7.9 s, corresponding to a frequency of 
5  Hz, while the measured flow reaches its peak value of 

Figure 11. Flow sensor used in the experimental test: (A) sensor model and (B) installation of the flow sensors on the vibrator

Figure  12. Measured reaction-mass (AccRM) and baseplate (AccBP) 
accelerations of the vibrator
Abbreviations: AccBP: Accelerations of baseplate; AccRM: Accelerations 
of reaction mass.
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155 gallons/min at 8.5 s, corresponding to a frequency of 
5.25 Hz. Figure 13 demonstrates that Equation (III) can be 
used to estimate the actual vibrator oil flow.

To demonstrate the generalizability of these findings, 
the estimated flow method based on Equation (III) was 
applied in production, where the vibrator operated on the 
sandy ground surface. This ground surface is a mixture 
of loose sand and gravel, and it is poorly consolidated. 
Figure 14 shows an example illustrating the production use 
of the estimated method based on Equation (III). In this 
case, a low-dwell sweep from 1.5 Hz to 96 Hz in 12 s was 
applied to shake the AHV-IV 364 vibrator.

Figure  14A illustrates the vibrator ground force, 
Figure 14B shows the accelerations of the reaction mass 
and baseplate, and Figure 14C shows the vibrator oil flow 
estimated using Equation (III). It can be observed that 
the estimated vibrator oil flow is severely asymmetrical. 

Between 4 s and 5 s, corresponding to a frequency range 
from 5 Hz to 7 Hz, the vibrator flow reaches its maximum 
with a peak-to-peak value of 250 gallons/min. This indicates 
that the average flow usage is 125 gallons/min, lower than 
the maximal pump flow limit of 164 gallons/min.

The estimated vibrator flow curve in Figure  14 
provides a QC indication that this low-dwell sweep is 
compatible with the vibrator hydraulic system, and the 
vibrator hydraulic system components remain within a 
safe range. This gentle usage of vibrator oil flow results 
in no spiky noise in the vibrator ground force, especially 
at approximately 5 s, when the sweep amplitude changes 
from the non-linear portion (<5 s) to the linear portion 
(>5 s), as shown in Figure  14A. With such smooth low-
frequency force, less noisy seismic records (Figure 15) are 
obtained. In addition, the estimated vibrator oil flow can 
help evaluate the low-frequency sweep design, allowing an 
optimal low-frequency sweep to be achieved.

4. Discussion
The theoretical framework of this study addresses 
an unmet need in low-frequency seismic vibrator 
performance monitoring by proposing methods to 
estimate vibrator oil flow, which is crucial for QC in 
seismic data acquisition. The validation of these methods 
through experimental tests on an AHV-IV 362 vibrator 
demonstrates good agreement with measurements. 
The consistency between the estimated and measured 
oil flows confirms the validity of the theoretical model, 
highlighting its potential for practical application. This Figure 13. Comparison of estimated and measured vibrator oil flow

Figure 14. Estimated vibrator oil flow on an AHV-IV 364 vibrator. (A) Vibrator ground force. (B) The accelerations of the reaction mass (AccRM) and 
baseplate (AccBP). (C) Estimated vibrator oil flow.
Abbreviations: AccBP: Accelerations of baseplate; AccRM: Accelerations of reaction mass.
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validation is further supported by tests on an AHV-IV 
364 vibrator, reinforcing the methods’ robustness across 
different vibrator models.

Although some discrepancies remain between the 
two sets of results, they exhibit high consistency, and 
the level of precision is sufficient to meet production 
requirements. This demonstrates that the proposed 
method is theoretically sound and practically feasible. 
However, it is important to acknowledge certain 
limitations, such as reliance on sensor accuracy and 
assumptions embedded in the model. Further refinement 
and validation under more diverse conditions should be 
conducted to enhance the robustness and generalizability 
of the method.

5. Conclusion
Low-frequency vibroseis acquisition has become a routine 
practice in land seismic operations. At low frequencies, the 
limitations of vibrator mechanical and hydraulic systems 
on ground force output are well recognized. During a 
vibrator low-dwell sweeping, the travel distance of the 
reaction mass is recorded and monitored. The reaction mass 
displacement is incorporated into vibrator QC. However, 
the vibrator oil flow is not measured and, therefore, is 
not included in vibrator QC. The methods presented in 
this paper provide an estimation of the vibrator oil flow, 
enabling real-time QC of the vibrator oil flow. Major 
failures in vibrator hydraulic system components, such as 
pilot servo-valves, can be avoided, thereby maintaining 
high acquisition productivity. Furthermore, the estimated 
vibrator oil flow can help derive a more practical vibrator 
force profile at low frequencies, thereby optimizing the low 
dwell sweep design.
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