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a b s t r a c t

Water hammer diagnostics is an important fracturing diagnosis technique to evaluate fracture locations
and other downhole events in fracturing. The evaluation results are obtained by analyzing shut-in water
hammer pressure signal. The field-sampled water hammer signal is often disturbed by noise interfer-
ence. Noise interference exists in various pumping stages during water hammer diagnostics, with
significantly different frequency range and energy distribution. Clarifying the differences in frequency
range and energy distribution between effective water hammer signals and noise is the basis of setting
specific filtering parameters, including filtering frequency range and energy thresholds. Filtering spe-
cifically could separate the effective signal and noise, which is the key to ensuring the accuracy of water
hammer diagnosis. As an emerging technique, there is a lack of research on the frequency range and
energy distribution of effective signals in water hammer diagnostics. In this paper, the frequency range
and energy distribution characteristics of field-sampled water hammer signals were clarified quantita-
tively and qualitatively for the first time by a newly proposed comprehensive water hammer
segmentation-energy analysis method. The water hammer signals were preprocessed and divided into
three segments, including pre-shut-in, water hammer oscillation, and leak-off segment. Then, the three
segments were analyzed by energy analysis and correlation analysis. The results indicated that, one
aspect, the frequency range of water hammer oscillation spans from 0 to 0.65 Hz, considered as effective
water hammer signal. The pre-shut-in and leak-off segment ranges from 0 to 0.35 Hz and 0e0.2 Hz
respectively. Meanwhile, odd harmonics were manifested in water hammer oscillation segment, with the
harmonic frequencies ranging approximately from 0.07 to 0.75 Hz. Whereas integer harmonics were
observed in pre-shut-in segment, ranging from 6 to 40 Hz. The other aspect, the energy distribution of
water hammer signals was analyzed in different frequency ranges. In 0e1 Hz, an exponential decay was
observed in all three segments. In 1e100 Hz, a periodical energy distribution was observed in pre-shut-in
segment, an exponential decay was observed in water hammer oscillation, and an even energy distri-
bution was observed in leak-off segment. In 100e500 Hz, an even energy distribution was observed in
those three segments, yet the highest magnitude was noted in leak-off segment. In this study, the
effective frequency range and energy distribution characteristics of the field-sampled water hammer
signals in different segments were sufficiently elucidated quantitatively and qualitatively for the first
time, laying the groundwork for optimizing the filtering parameters of the field filtering models and
advancing the accuracy of identifying downhole event locations.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

With the wide application of hydraulic fracturing, fracture di-
agnostics has become a pivotal and well-concerned research topic
in contemporary unconventional reservoir development (Cipolla
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andWright, 2000; Parkhonyuk et al., 2018a; Mahmoud et al., 2021).
Water hammer fracture diagnosis is an easy-operation, economic,
and real-time method for fracturing diagnosis, which relies on
water hammer. Water hammer is a sudden pressure pulsation that
occurs after the pump shutdown at the wellhead (Urbanowicz
et al., 2021, 2023). Propagating along the wellbore, water hammer
pressure wave will interact with the fractures and other downhole
events (Parkhonyuk et al., 2018a, 2018b). These events, altering the
water hammer characteristics, can be identified by water hammer
diagnostics (Holzhausen and Gooch, 1985; Bogdan et al., 2016;
Korkin et al., 2020). Currently, it has been successfully applied to
identify fracture size and location (Hwang et al., 2017; Kabannik
et al., 2018; Ma et al., 2019; Hu et al., 2022), evaluate the effec-
tiveness of diversion (Bogdan et al., 2016; Parkhonyuk et al., 2018a,
2018b; Alobaid et al., 2022a, 2022b), and assess bridge plug failure
and casing leakage (Panjaitan et al., 2018; Abdrazakov et al., 2019;
Borisenko et al., 2020; Zeng et al., 2023).

In the application of water hammer diagnostics, the field-
sampled water hammer signals are often disturbed by noise
interference. To ensure the accuracy of water hammer diagnostics,
the filtering algorithm is necessary to improve the quality of field-
sampled water hammer signals. Clarifying the characteristics of
complex field-sampled signal is the essential for establishing
filtering algorithm and optimizing parameters, ensuring the high
quality of water hammer signals. In the research on water hammer
signal characteristics, the period, amplitude, attenuation rate, and
duration are essential time-domain characteristics that are related
to the drilling and completion parameters, the complexity of frac-
tures network, oil and gas production, etc. (Carey et al., 2015;
Ciezobka et al., 2016; Hwang et al., 2017; Iriarte et al., 2017;
Rodionov et al., 2017; Dung et al., 2021; Luo et al., 2023). Usually, it
is difficult to fully understand the characteristics to obtain the
explicit filter parameters only by time-domain analysis, which is
just one dimension of time and frequency domain analysis.
Therefore, it is necessary to analyze frequency-domain character-
istics of water hammer signals, which provides a basis for filtering
specifically.

The frequency-domain analysis is a key step in characteristics
research of water hammer signals. It has been widely used in the
water hammer phenomenon in Reservoir-Pipe-Valve system
(Aliabadi et al., 2020). Serving as a foundation for the frequency-
domain analytical solution of water hammer, a time-domain
model of water hammer, considering friction, is proposed to
assess the effect of the frictionmodel on the simulation accuracy by
water hammer number (Wh) (Urbanowicz et al., 2023). The cor-
relation between Laplace-domain (complex frequency-domain)
and time-domain analytical solutions was elucidated. A Laplace-
domain solution considering fluid-solid interaction was proposed.
Meanwhile, the spectral characteristics and factors of the pressure
signal were analyzed (Bayle et al., 2023; Bayle and Plourabou�e,
2024). The frequency-domain analytical solutions of water
hammer signal in R-P-V systems serve as references for water
hammer diagnostics. However, the research cannot be directly
applied to analyze the frequency-domain characteristics in field-
sampled water hammer signals. This is due to the significant dif-
ferences of the water hammer propagation environments between
the R-P-V system and the wellbore-fracture-reservoir system in
field fracturing treatment.

In petroleum engineering, frequency-domain characteristics of
water hammer signals were studied primarily in resonance fre-
quency. The multi-peak resonance frequency was described to
predict the fracture size and conductivity, which are derived from
water hammer signals sampled below 10 Hz in fracturing field
(Dunham et al., 2017). On this basis, the resonance frequency and
wave reflection were studied to determine the fractures geometry
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and properties (Liang et al., 2017). Clark et al. (2018) explored the
correlation between the resonance frequency of water hammer
signal and downhole boundary conditions. Meanwhile, hydraulic
pulse events exhibited consistent non-random frequencies (reso-
nance frequency), with peaks from 0 to 5 Hz. The amplitude peak of
the resonance frequency is related to fractures introduced, which
was used to determine hydraulic length (Qiu et al., 2022). Periodic
harmonic frequency noise was observed in field-sampled water
hammer signal, and a predictive deconvolution and comb filter was
proposed (Alobaid et al., 2022). Therefore, previous research can be
summarized as primarily focusing on resonance frequency to
determine fracture properties (see Table 1). There is a lack of
research on the effective frequency range and energy distribution
of field-sampled water hammer signals, resulting in a lack of basis
for designing field filtering models, which significantly affects the
accuracy of water hammer diagnostics.

Based on the field-sampled water hammer signals collected
during an on-site test in Junggar Basin, the frequency range and
energy distribution characteristics were clarified both quantita-
tively and qualitatively for the first time. Firstly, the signal was
preprocessed by mean normalization and Hampel filter to remove
spike noise and eliminate DC frequency components. Secondly, the
signal was segmented according to treating pressure under
different conditions, resulting in pre-shut-in, water hammer
oscillation, and leak-off segment. Thirdly, the frequency range and
energy distribution of each segment were elucidated by energy
analysis, including Parseval's theorem, Energy Spectral Density
(ESD), and Power Spectral Density (PSD), etc. Finally, we discussed
and compared the differences and similarities in frequency range
and energy distribution characteristics of the field-sampled water
hammer signals across the different segments, including frequency
range, energy magnitude, energy attenuation, harmonic frequency,
and correlation. This study revealed different frequency range and
energy distribution characteristics in different segments for the
first time, which provides a basis for optimizing filtering parame-
ters to establish the filtering models of field-sampled water
hammer signals, ultimately enhancing the identification accuracy
of downhole events.

2. Methodology

A comprehensive water hammer segmentation-energy analysis
method was proposed to analyze the frequency-domain charac-
teristics of water hammer signals. The method mainly includes 4
steps: first, the signal is preprocessed by Hampel filter and mean
normalization; second, the signal is divided into three segments by
various pumping stages; third, the energy spectral density is used
to determine frequency range and energy distribution; fourth, if
there is a standard waveform, the correlation analysis is performed
(Fig. 1).

2.1. Preprocessing

To effectively and robustly suppress outliners in field-sampled
water hammer signal, the Hampel filter was used to preprocess
(Hampel, 1974). Assuming a discrete time series, where n denotes
the discrete time point and xn represents the signal value at that
point. For each point, choose a window centered on that point,
typically with a size of 2kþ 1, where k is the window radius. First,
the median of the window is calculated:

medi ¼medianðxi�k; xi�kþ1;…; xi;…; xiþkÞ (1)

wheremedi is the median of the window centered at xi. Second, the
median absolute deviation (MAD) within the window is computed:



Table 1
Progress in characteristic analysis of water hammer.

Group Subgroup Progress in characteristic analysis of water hammer Reference

Time-domain
characteristics

Period, amplitude,
attenuation rate, duration

How the period, amplitude, and duration are affected by fracture friction. Carey et al. (2015); Hwang et al. (2017)
How the period, amplitude, attenuation rate and duration are affected by
completion parameters.

Iriarte et al. (2017)

The relationship between fracture network complexity and water
hammer attenuation rate.

Ciezobka et al. (2016); Rodionov et al. (2017);
Dung et al. (2021); Luo et al. (2023)

Other waveform
characteristics

The relationship between the magnitude of the first pressure pulse and
the pumping injection parameters.

Wang et al. (2008); Iriarte et al. (2017); Dung
et al. (2021)

The relationship between the inclining pressure trend and leak-off
duration.

Dung et al. (2021)

How the water hammer waveform is affected by under sampling. Wang et al. (2008)
Frequency-

domain
characteristics

Reservoir-pipe-valve system A time-domain model of water hammer is proposed, serving as a basis
for the frequency-domain analytical solution.

Urbanowicz et al. (2023)

A Laplace-domain solution considering fluid-solid interaction. Bayle et al. (2023); Bayle and Plourabou�e
(2024)

Wellbore-fracture-reservoir
system (fracturing field)

The multi-peak resonance frequency is described to predict the fracture
size and conductivity.

Dunham et al. (2017)

The resonance frequency and wave reflection were studied to determine
the fracture geometry and properties

Liang et al. (2017)

The correlation between downhole boundary conditions and resonance
frequency, with resonance frequency between 0 and 5 Hz.

Clark et al. (2018)

The amplitude peak of harmonic frequency is used to determine
hydraulic length.

Qiu et al. (2022)

Periodic harmonic frequency noise is observed. Alobaid et al. (2022)

Fig. 1. The comprehensive water hammer segmentation-energy analysis method.
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MADi ¼median
���xj �medi

���; j2fi� k; i� kþ1;…; i;…; iþ kg
(2)

Determine if the center data point xi is an outlier, typically using
a threshold factor t. If jxi � medij> t,MADi, then xi is considered an
outlier and is replaced with the medianmedi; otherwise, it remains
unchanged.

xi ¼
�

xi; if jxi �medij � t,MADi
medi; if jxi �medij> t,MADi

(3)

To eliminate the DC frequency and remove irrelevant offsets of
water hammer signals, mean normalization is used to standardize
data by centering it around the mean (Ng and Jordan, 2002). First,
the mean of the signal (meann) is calculated:
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meann ¼ 1
n

Xn
i¼1

xi (4)

where n is the length of the signal. Then center the data by sub-
tracting the mean from each value to center the data around zero.

xn0 ¼ xn �meann (5)

where xn and xn 0 are the original data and preprocessed data,
respectively.
2.2. Segmentation

The water hammer pressure signal is divided into three
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segments as objects: pre-shut-in segment, water hammer oscilla-
tion segment and leak-off segment, according to various pumping
stages (Fig. 2). The pre-shut-in segment occurs before the pump
shutdown, with pressure generated by the pump's constant-speed
liquid injection. The water hammer oscillation segment occurs at
the moment of pump shutdown. The water hammer wave gener-
ated by the sudden shutdown or pressure reduction, propagating
along the wellbore and containing the information of downhole
events. The leak-off segment occurs when water hammer oscilla-
tion attenuates to zero.

2.3. Energy spectral density analysis

The calculation method for the energy spectral density of
discrete-time signals was systematically presented by Oppenheim
et al. (1983). It was employed to analyze the frequency range and
energy distribution of field water hammer signals in various
pumping stages. Assuming a discrete time series, where n denotes
the discrete time point and x½n� represents the signal value at that
point. The discrete-time Fourier transform (DFT) is utilized to
transform x½n� into the frequency domain.

X½k� ¼
XN�1

n¼0

x½n�e�j2pkn=N (6)

where X½k� is the DFT coefficient, N is the length of ½n� , j represents
the imaginary unit, and k is frequency index. According to Parsev-
al's theorem:

E¼
XN�1

n¼0

jx½n�j2 ¼ 1
N

XN�1

k¼0

jX½k�j2 (7)

where E is the total energy of x½n�, it can be calculated in time
domain and frequency (Eq. (7)). The energy spectral density (ESD) is
the signal energy in the unit frequency, representing the energy
distribution in the frequency domain. The ESD can be calculated by
taking the square of the modulus of DFT.

ESD½k� ¼ jX½k�j2 (8)

where ESD½k� represents the ESD at frequency index k (dB). When
Fig. 2. Field sampled water hammer signal and its segmentation (e.g. Stage2).
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the frequency index k denotes the interval ½kmin; kmax�,where
kmin � 0, it can be written as:

ESDband ¼
Xkmax

kmin

jX½k�j2 (9)

where ESDband represents the ESD at frequency interval kmax � kmin
(dB). Other calculation methods remain unchanged and will not be
elaborated upon. The normalized energy spectral density (NESD)
normalizes ESD to a percentage of energy within a unit. It can be
calculated as:

NESD½k� ¼ ESD½k�
PN�1

k¼0
ESD½k�

(10)

where NESD½k� denotes the normalized energy spectral density at k
(%). The power spectral density (PSD) represents the power distri-
bution of the signal in frequency domain. PSD is computed as the
average value of ESD.

PSD½k� ¼ 1
N

�����
XN�1

n¼0

xðnÞe�j2pnk=N

�����
2

¼ 1
N
ESD½k� (11)

where PSD½k� denotes the PSD at k (dB). Typically, PSD is represented
as a logarithmic scale. In the derivation of the above formula, k is
the frequency index, it can be converted to the actual frequency:

f ¼ k
N
; k ¼ 0;1;…;N � 1 (12)

factual ¼ f � Fs (13)

where f is the normalized frequency, Fs is the sampling frequency,
and factual is the actual frequency. In this paper Fs ¼ 1000 Hz. The
frequency range of water hammer signal can be calculated by ESD,
NESD, and PSD.

2.4. Correlation analysis

Introduced by Karl Pearson in 1896, the Pearson correlation
coefficient is utilized to measure the linear relationship between
two variables (Pearson, 1896). Ott et al. further introduced the
application of this method (Ott and Longnecker, 2016). In this pa-
per, it was used to measure the correlation of pressure-dropping
segments within water hammer oscillation, if there is a standard
waveform contained rapid and slow pressure-dropping segments.
Assuming two discrete time series, where n denotes the discrete
time point, x½n� and y½n� represents the signal value at that point in
two series. The Pearson correlation coefficient is calculated by:

rxy¼
covðx; yÞ
sxsy

(14)

where covðx; yÞ is the covariance of x½n� and y½n�, sx and sy denote
the standard deviation of x½n� and y½n�, and rxy is the Pearson cor-
relation coefficient of x½n� and y½n�. rxy ranges frome1 to 1. If rxy＞0,
it indicates positive correlation; if rxy＜0, it signifies negative cor-
relation; if rxy ¼ 0, no linear correlation is implied; if rxy ¼ 1,
complete linear correlation is implied.

3. Analysis and discussion

An on-site test was carried out in a horizontal well in the



Fig. 3. The equipment layout. The high-frequency pressure sensor and the low-frequency pressure sensor are linked to the data acquisition and analysis system. At the other end,
they are respectively connected to the three-way valve. The other end of three-way valve is connected to the downhole fractures through the high-pressure manifold.

Fig. 4. Field sampled water hammer signals.

Fig. 5. ESD of pre-shut-in, water hammer oscillation
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Junggar Basin by staged fracturing technique. Staged fracturing
techniquewas adopted byWell A, with 14 stages being divided. The
maximum deviation depth of Well A is 5132 m, with a horizontal
stage length of 1066 m. A high-frequency pressure sensor was
placed at the wellhead to sample water hammer data during the
fracturing treatment. Monitoring was performed throughout the
hydraulic treatment. To capture the entire water hammer wave-
form, the water hammer data was sampled at 1000 Hz. The general
location configuration, including high frequency pressure sensor,
data acquisition and analysis system is shown in Fig. 3.

In this paper, 8 stages with better water hammer quality (as
shown in Fig. 4) were selected for research based on the integral
water hammer waveform. The selected fracturing stages were stage
, and leak-off segment (a) Stage 2; (b) Stage 4.



Fig. 6. NESD of pre-shut-in, water hammer oscillation, and leak-off segment (all
stages): (a) Pre-shut-in segment; (b) Water hammer oscillation segment; (c) Leak-off
segment.
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2, stage 3, stage 4, stage 6, stage 7, stage 9, stage 11, and stage 12.
The corresponding bridge plug seals were located at depths of
4973, 4917, 4857, 4717, 4637, 4459, 4287, and 4197 m, respectively.
Firstly, the water hammer signals were preprocessed by data
cleaning and averaging. Data from 80 s after the pump shutdown,
along with the previous 20 s, were intercepted for analysis. The
Hampel filter and mean normalizationwere used to preprocess the
intercepted signal (Eqs. (1e5)). Finally, the energy spectral density
method was used to clarify the frequency range and energy dis-
tribution in high frequency (1e500 Hz) and low frequency (less
than 1 Hz), as well as pressure-dropping segment within water
hammer signals.

3.1. Characteristics of pre-shut-in, water hammer oscillation, and
leak-off in low frequency

The frequency range of pre-shut-in, water hammer oscillation,
and leak-off segment was analyzed by ESD (Fig. 5) (Eq. (8)). When
the energy within per unit (0.01 Hz) is less than 0.1% of the total
energy of the signal, the signal energy is deemed to be zero (Not
NESD). The frequency range of water hammer oscillation spans
from 0 to 0.65 Hz, considered as effective water hammer signal.
Whereas pre-shut-in ranges from 0 to 0.35 Hz, and leak-off extends
from 0 to 0.2 Hz. Therefore, varying frequency ranges were
observed in different segments of pumping stages inwater hammer
signals. This is because the different segments, defined by treating
pressure under varying conditions, originate from distinct signal
sources. In the pre-shut-in segment, the frequency and energy
contributions primarily come from the pump. During water
hammer oscillation, the frequency and energy are mainly driven by
the water hammer phenomenon occurring between the wellbore
and fracture at pump shutdown. In the leak-off segment, the fre-
quency and energy contributions primarily stem from environ-
mental noise and inherent system noise.

The NESD of pre-shut-in, water hammer oscillation, and leak-off
segment was calculated with a 0.01 Hz interval (Fig. 6) (Eq. (10)).
Initially, consistency in the NESD of pre-shut-in, water hammer
oscillation, and leak-off is observed across 8 stages, respectively.
When the NESD is less than 0.02%, the energy proportion is deemed
to be zero. In pre-shut-in, the energy within the range of 0e0.4 Hz
accounts for more than 98% of the segment. The energy proportions
of 0e0.1, 0.1e0.2 0.2e0.3, and 0.3e0.4 Hz are 60%, 30%, 8%, and
0.75%, respectively. In water hammer oscillation, the energy within
the range of 0e0.6 Hz accounts for more than 97% of the segment.
The energy proportions of 0e0.1, 0.1e0.2, 0.2e0.3, 0.3e0.4, 0.4e0.5,
and 0.5e0.6 Hz are 51%e55%, 30%, 11%, 3%, 1%, and 0.5%, approxi-
mately. In leak-off, the energy within the range of 0e0.4 Hz ac-
counts for more than 96% of the segment. The energy proportions
of 0e0.1, 0.1e0.2, 0.2e 0.3, and 0.3e0.4 Hz are 59%, 30%, 7.5%, and
0.7%, approximately. The research indicated that the water hammer
signal is primarily distributed in the range of less than 0.7 Hz, with
more than 96% of the total energy attributed to this range. There-
fore, the main frequency range of water hammer signal is 0e0.7 Hz.

Treating pressure, also known as wellhead pressure or frac-
turing pressure, is the pressure observed when liquid is pumped
through pipelines and fracturing equipment during hydraulic
fracturing. The relationship between the total energy of water
hammer signals (Eq. (7)) and treating pressure was analyzed,
indicating a positive correction (Fig. 7(a)). Treating displacement
refers to the volume of liquid pumped downhole during hydraulic
fracturing. The relationship between the energy of water hammer
oscillation segment (Ew) (Eq. (7)) and treating displacement was
analyzed, demonstrating a positive correction overall (Fig. 7(b)).
The range of treating displacement is 3.5e4.5 m3/min, and the
range of the energy of water hammer oscillation is 5 � 104 to



Fig. 7. The relationship between signal energy and pump parameters: (a) The relationship between the total energy of water hammer signals and treating pressure; (b) The
relationship between the energy of water hammer oscillation segment (Ew) and treating pressure.
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35 � 104 dB. Therefore, the energy of water hammer signal is
influenced by the pumping parameters. The higher treating
displacement and treating pressure, the greater amplitude of water
hammer oscillation, resulting the stronger energy.

The relative energy magnitude of different segments was
analyzed (Fig. 8). The energy of pre-shut-in is denoted as Ep, the
energy of water hammer oscillation is denoted as Ew, and the en-
ergy of leak-off is denoted as El (Eq. (7)). The relative energy
magnitude between Ep, Ew, and El was analyzed by comparing the
average pressure of pre-shut-in (Pp) and the maximum reflection
Fig. 8. The total energy of different segments (all stages).

8>>>><
>>>>:

EpðsÞ＞EwðsÞ＞ElðsÞ; PpðsÞ＞PwðsÞ

EwðsÞ＞EpðsÞ＞ElðsÞ; PpðsÞ＜PwðsÞ

EpðsÞzEwðsÞ＞ElðsÞ， PpðsÞzPwðsÞ

; where s ¼ 2;3;4;6;7;9
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pressure of water hammer oscillation (Pw) (Fig. 9). The result
indicated that El is the smallest among Ep, Ew, and El. Additionally,
the relative magnitude of Ep and Ew is determined by the relative
magnitude of Pp and Pw. When Pp > Pw, Ep > Ew > El; when Pw > Pp,
Ew > Ep > El; when PpzPw, EpzEw > El.

Therefore, the relative energy magnitude of different segments
is associated with the relative magnitude of Pp and Pw.

The harmonic frequencies of different segments were analyzed
;11;12 (15)
by PSD (Fig. 10) (Eq. (11)). It was shown that a periodic frequency
exists in the pre-shut-in, originating from the pump noise. The
harmonic frequencies of the pre-shut-in of all stages were counted
(Table 2) (Fig. 11). An integer harmonic relationship, along with the
harmonic relationship of two fundamental frequencies were
observed in the pre-shut-in of all stages. Group 1 includes stage 2,
stage 3, stage 4, stage 9 and stage 12, with a fundamental frequency
of 6.65 Hz and its integer harmonic frequencies. Stage 9 is consid-
ered to belong to Group 1, but there is a little error. Group 2 consists
of stage 6, with a fundamental frequency of 9.3 Hz and its integer
harmonic frequency. Additionally, stage 7 and stage 11 exhibit both
the fundamental frequency of 6.65 Hz and 9.3 Hz.

The harmonic frequency of water hammer oscillation was
analyzed by DFT (Fig. 12) (Eq. (6)). It was shown that odd harmonics
were manifested in water hammer oscillation segments. The har-
monic frequencies of the water hammer oscillation of all stages
were counted (Fig. 13). It was shown that the harmonic frequency
ranges from 0.07 to 0.75 Hz, which is similar to the frequency range
of the water hammer oscillation depicted in Fig. 5.



Fig. 9. The relative magnitude of Pp and Pw: (a) Stage 2; (b) Stage 6; (c) Stage 12. Fig. 10. PSD of pre-shut-in, water hammer oscillation, and leak-off: (a) Stage 2; (b)
Stage 6; (c) Stage 11.
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Table 2
Harmonic frequencies of pre-shut-in segment.

Stage number Harmonic frequencies

Stage 2 6.65 13.35 20.05 26.7 33.35
Stage 3 6.65 20 26.65 33.35
Stage 4 6.65 13.3 19.95 26.7
Stage 6 9.3 18.6 27.95 37.2
Stage 7 6.65 9.3 18.6 20 26.7 27.9 37.2
Stage 9 6.3 13.35 18.95 25.25 31.6
Stage 11 6.65 9.3 13.35 18.6 26.7 27.9
Stage 12 6.7 13.35 20.05 26.75 33.35

Fig. 12. The spectrum of water hammer oscillation segments.
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3.2. Characteristics of pre-shut-in, water hammer oscillation, and
leak-off in high frequency

The energy of the relatively high-frequency (more than 1 Hz)
constitutes less than 5% of the total energy of water hammer signal.
Therefore, it is defined as the secondary frequency range of the
water hammer signal. The signal of the 1e500 Hz frequency of the
water hammer signal was displayed (Fig. 14). The high-frequency
signal was divided by the segmentation method outlined in
Section 3.1.

The energy of water hammer signals within the frequency
ranges of 1e100, 100e200, 200e 300, 300e400, and 400e500 Hz
was calculated respectively (Fig. 15) (Eq. (7)). It was shown that the
energy within 1�100 Hz is the strongest, exceeding 1� 103 dB. The
energy distribution within 100e200, 200e300, 300e400, and
400e500 Hz of all stages is relatively uniform. However, abnor-
malities were observed in stage 7. The energy within each fre-
quency band is less than 1� 103 dB, which is lower than that of
1e100 Hz. The object in the high-frequency was divided into two
frequency range: 1e100 Hz and 100e500 Hz.

The NESD of pre-shut-in, water hammer oscillation, and leak-off
within 1e100 Hz was analyzed (Fig. 16) (Eq. (10)). The NESD of stage
4 was shown as Fig. 16(a), and the NESD of all stages was shown as
Fig. 16(b). A statistical law was shown, with similar patterns
observed in 8 stages. The results indicated that the maximum en-
ergy of pre-shut-in is primarily attributed to the periodic harmonic
noise, which aligns with the findings depicted in Fig. 10. Besides,
the NESD of water hammer oscillation is exponentially decaying.
When the frequency surpasses 5 Hz, the energy of water hammer
oscillation is nearly attenuated to zero. Additionally, the energy
Fig. 11. Statistics of harmonic frequencies of pre-shut-in segments: (a) S2, S3, S4, S6, S9, S12; (b) S7, S11.

Fig. 13. Statistics of harmonic frequencies of water hammer oscillation segments.
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Fig. 14. High-frequency signal of water hammer signal (e.g. stage 2).

Fig. 15. The energy of water hammer signals within the frequency ranges of 1e100,
100e200, 200e300, 300e 400, and 400e500 Hz.
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distribution of leak-off within 1e100 Hz is relatively uniform.
The NESD of pre-shut-in, water hammer oscillation, and leak-off

within 100e500 Hz was analyzed (Fig. 17) (Eq. (10)). A statistical
law is shown, with similar patterns observed in 8 stages. It was
shown that the energy proportion of pre-shut-in, water hammer
oscillation, and leak-off exhibited relative uniformity within
100e500 Hz. The energy proportion of leak-off is the highest, while
that of pre-shut-in and water hammer oscillation is similar. This is
because the total energy is constant, the relative energy is stronger
at high frequency, whereas weaker at low frequency.
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3.3. Characteristics of pressure-dropping segment within water
hammer oscillation

The water hammer oscillation is considered more complex than
the pre-shut-in and leak-off. Water hammer oscillation is empha-
sized in diagnostics because it contains important fracture re-
sponses. According to the pressure drop rate in each period, the
water hammer oscillation (Fig. 18(a)) can be divided into two seg-
ments: rapid pressure-dropping segment and slow pressure-
dropping segment (Fig. 18(b)). Firstly, the slow pressure-dropping
segment was studied, which is denoted as P1; P2…Pn (Fig. 18(c)).
Secondly, the pressure-dropping segment combined with slow
pressure-dropping and fast pressure-dropping segment was stud-
ied, which is denoted as P1

0; P2 0…Pn0 (Fig. 18(d)).
The ESD and NESD of slow pressure-dropping segment of all

stages were calculated (Eq. (8) and Eq. (10)). The ESD of stage 2 was
shown as Fig. 19, and the NESD of P1 within all stages was shown as
Fig. 20. The energy of P1; P2…Pn are denoted as EP1 ;EP2…EPn . It was
shown that the frequency range of slow pressure-dropping
segment ranges from 0 to 1.2 Hz. Meanwhile, EP1 ; EP2…EPn ex-
hibits an overall attenuation pattern. In addition, the NESD of slow
pressure-dropping segment within all stages is similar.

The correlation between P1; P2…Pn was analyzed by Pearson
correlation coefficient (Eq. (14)), resulting in the correlation coef-
ficient heatmap of P1; P2…Pn (Fig. 21). The correlation coefficient
between P1 and Pið0 < i <nÞ of all stages were calculated (Fig. 22).
Overall, high correlation was observed among slow pressure-
dropping segments, with correlation coefficient exceeding 0.7.
Simultaneously, as time goes on (the duration of water hammer
signal), the correlation among each pressure-dropping segment
shows a decreased trend. This phenomenon may be attributed to
the increasing complexity and differences of waveform oscillations
as the signal decays.

The correlation between P1
0; P20…Pn 0 was analyzed by Pearson

correlation coefficient (Eq. (14)), resulting in the correlation coef-
ficient heatmap of P1

0; P2 0…Pn0 (Fig. 23). Compared with Fig. 21, the
correlation with Pi

0 and Piþ1
0 is enhanced, with correlation

exceeding 0.9. Therefore, it is considered that the rapid pressure-
dropping segment contains valid information.
4. Conclusions

This paper analyzed the field-sampled water hammer signals
from 8 stages in a horizontal well, comparing high frequency
(1e500 Hz), low frequency (�1 Hz), and pressure dropping
segment. Key characteristics such as frequency range, energy dis-
tribution, harmonic frequency, and correlationwere examined. The
conclusions are as follows.

(1) The effective frequency range of field-sampled water
hammer signal was determined by segmentation-energy
analysis. The water hammer oscillation spans from 0 to
0.65 Hz, considered as effective signal. The pre-shut-in
segment ranges from 0 to 0.35 Hz, while leak-off segment
extends from 0 to 0.2 Hz. Meanwhile, water hammer oscil-
lation exhibits odd harmonics ranging from 0.07 to 0.75 Hz.
Whereas pre-shut-in segment exhibits integer harmonics
ranging from 6 to 40 Hz. Different frequency ranges are
associated with specific segments of pumping stages.

(2) The energy distributionwas revealed within 0e1, 1e100, and
100e500 Hz. In 0e1 Hz, exponential decay was exhibited in



Fig. 16. NESD of pre-shut-in, water hammer oscillation, and leak-off within 1e100 Hz: (a) Stage 4; (b) All stages.

Fig. 17. NESD of pre-shut-in, water hammer oscillation, and leak-off within 100e500 Hz: (a) Stage 4; (b) All stages.
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pre-shut-in, water hammer oscillation, and leak-off. In
1e100 Hz, the dominant energy in pre-shut-in segment is
attributed to harmonic frequencies, exponential decay was
presented in water hammer oscillation, and an even energy
distribution was noted in leak-off. In 100e500 Hz, all seg-
ments show even energy distribution. Different energy dis-
tributions are related to the information contained in
different segments of water hammer signals.

(3) The correlation among each pressure-dropping segment
within water hammer oscillation was elucidated by Pearson
correlation coefficient. As the duration goes on, the correla-
tion gradually decreases. Meanwhile, the frequency range of
each pressure-dropping segment consistently spans from
0 to 1.2 Hz. Moreover, the energy of water hammer signal
was positively correlated with treating pressure and
displacement.

(4) This study clarified the frequency-domain characteristics of
field-sampled water hammer signals, which provides a basis
for specifically filtering parameters setting, including fre-
quency range, energy threshold, filter type and order, laying
the groundwork for establishing the field filtering models
and advancing the accuracy of identifying downhole event
452
locations. The comprehensive water hammer segmentation-
energy analysis method can be utilized to identify the char-
acteristics of water hammer signals in various scenarios,
including pre- and post-diversion, casing leakage, etc.

(5) This study identifies a narrow frequency range and rapid
exponential energy decay in field-sampled water hammer
signals, which pose significant challenges for signal pro-
cessing, including limitations in filter attenuation speed and
bandwidth for fine filtering. This finding imposes stricter
requirements on designing filter, offering critical directions
for future research and improvements.
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Fig. 18. The schematic diagram of pressure-dropping segment within water hammer oscillation. (a) Water hammer oscillation; (b) Rapid pressure-dropping and slow pressure drop
segment; (c) The schematic diagram of slow pressure-dropping and its number; (d) The schematic diagram of pressure-dropping segment and its number.
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Fig. 19. The ESD of P1, P2, …, Pn within stage 2: (a) P1, P2, P3; (b) P4, P5, P6.

Fig. 20. The NESD of P1 within all stages.

Fig. 21. Heatmap of slow pressure-dropping segment P1, P2, …, Pn: (a) Stage 2; (b) Stage 3.

Fig. 22. The correlation coefficient between P1 and Pi.
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Fig. 23. Heatmap of pressure-dropping segment P1
0 ; P2

0
…Pn 0: (a) Stage 2; (b) Stage 3.
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