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At engineering practice, the theoretical basis for the cross-over method, used to obtain shear wave arrival time in the downhole
method of the wave velocity test by surface forward and backward strike, is that the polarity of P-wave keeps the same, while the
polarity of S-wave transforms when the direction of strike inverted. However, the characteristics of signals recorded in tests are
often found to conflict with this theoretical basis for the cross-over method, namely, the polarity of the P-wave also transforms
under the action of surface forward and backward strike. *erefore, 3D finite element numerical simulations were conducted to
study the validity of the theoretical basis for the cross-over method. *e results show that both shear and compression waves are
observed to be in 180° phase difference between horizontal signal traces, consistent with the direction of excitation generated by
reversed impulse. Furthermore, numerical simulation results prove to be reliable by the analytic solution; it shows that the
theoretical basis for the cross-over method applied to the downhole wave velocity test is improper. In meanwhile, numerical
simulations reveal the factors (inclining excitation, geophone deflection, inclination, and background noise) that may cause the
polarity of the P-wave not to reverse under surface forward and backward strike. *en, as to reduce the influence factors, we
propose a method for the downhole wave velocity test under surface strike, the time difference of arrival is based between source
peak and response peak, and numerical simulation results show that the S-wave velocity by this method is close to the theoretical
S-wave velocity of soil.

1. Introduction

S-wave velocity (VS) of site soil is a key dynamic pa-
rameter in seismic engineering, mainly reflecting site
dynamic property determination, site seismic response
analysis, and site classification [1–5]. Many in situ seismic
tests such as noninvasive methods (single or multichannel
spectral analysis of surface waves) and invasive methods
(crosshole or downhole method and PS logging) are now
generally used for obtaining VS of soil layers under a small
strain level [3, 6–10]. Generally, it is deemed that, by
simple arithmetic, invasive methods can obtain more
reliable VS in a thick overlayer site compared to the
noninvasive methods which calculate VS using an in-
version process and are of multiple solutions. Among
invasive methods, the downhole method under surface
forward and backward strike is widely used for its several

advantages such as fewer boreholes than that of crosshole
method and convenient operation.

In the downhole method, after the surface excitation,
body waves propagate in the soil layers and are recorded by
receivers inside the borehole. Based on the signals, the travel
time of the propagation of body waves in soil layers can be
calculated, which will be finally used for the VS profile of the
site. *erefore, it precisely determines the travel time of S-
wave. Generally, estimating the travel time of the S-wave
from a single waveform is difficult since the arrival time of
the S-wave is not always clear. To overcome the drawback of
the single waveform, the cross-over method is frequently
used in practice for the identification of S-wave arrival time
through a forward and backward surface excitation [11, 12].
*e theoretical basis of the cross-over method is that the
polarity of the P-wave keeps the same, while the polarity of
the S-wave changes when the direction of striking is

Hindawi
Shock and Vibration
Volume 2021, Article ID 4133402, 9 pages
https://doi.org/10.1155/2021/4133402

mailto:bjsmoc@163.com
https://orcid.org/0000-0002-4291-9141
https://orcid.org/0000-0001-6906-8335
https://orcid.org/0000-0002-9011-6992
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/4133402


inverted. However, in in situ tests, VS obtained directly
according to the cross-over method is of significant error.
On one hand, the arrival time of the S-wave in two sets of
signals recorded by the forward and backward strike at the
same depth is inconspicuous owing to the environmental
noise or the weak energy of strike [13, 14]. On the other
hand, the onset P-wave component with reversed polarity
and small amplitude appears in some signals with a clear
S-wave component [6, 15], thus giving rise to the mis-
judgment of the real cross-over point of S-waveform. All
these issues would cause significant errors between evalu-
ation S-wave velocity and the actual one. For the environ-
mental noise, it can be eliminated by the enhancement of the
signal-to-noise ratio or the selection of less interfered testing
moment. However, the reversed part of the signal before the
arrival of the S-wave is often ignored due to its small am-
plitude, and its characteristics were rarely investigated.
*erefore, it is of great engineering significance for reliable
determination of onshore or offshore engineering site
property that the characteristics of signals recorded in the
downhole method are deeply studied. In the meantime, this
study provides a theoretical basis for the judgment of S-wave
onset and better applies the cross-over method to the S-wave
velocity test of onshore or offshore engineering sites.

Herein, a three-dimensional (3D) lumped-mass finite
element model is established to simulate the downhole
method of the VS test. By the time-domain dynamic analysis
method with explicit step-by-step integration, the vibration
responses under surface excitation are obtained and used for
the analysis of the characteristics of signals recorded at
different observation depths and the rationality of the cross-
over method. In addition, the reliability of numerical sim-
ulation results and the validity of the theoretical basis of the
cross-over method applied to the downhole method are
verified by the analytic solution. Finally, based on the nu-
merical simulation results, a method for calculating S-wave
travel time is proposed and can obtain more accurate VS

with less influence by in situ test conditions. *is effort is
conducive to understand the theoretical basis of the cross-
over method well and to determinate the travel time of the
S-wave precisely.

2. Discussionon theTheoretical Basis forCross-
Over Method

In the downhole method, a probe constructed with three
geophone elements in an X-Y-Z orthogonal configuration
sealed in a cylindrical package is placed inside the borehole.
By horizontally striking the end of both sides of the plank
(see Figure 1(a)), a set of excitations of opposite directions
are generated. *en, the cross-over method, with the the-
oretical basis that only the polarity of the S-wave is reversed,
is used for the interpretation of the signals received by the
horizontal geophone to obtain the S-wave travel time.

VS obtained in site tests by the cross-over method is not
always satisfactory and is easily influenced by “picking time.”
Figure 1(b) gives partial testing results of the downhole
method in a shallow overburden site in Miyun District,
Beijing. By the cross-over method, the green dot in

Figure 1(b) could be suggested as the first arrival of the S-wave
under the consideration of the initial polarized part. However,
the blue dot would be selected as the arrival of the S-wave
eventually, combined with the characteristic of S-wave and
P-wave amplitude. In two cases, the shear wave velocity
calculated by the blue dot is about 489.1m/s, which is closer to
the empirical VS value of cobble than that calculated by the
green dot. It shows a situation that if the blue dot was picked
as the arrival of the S-wave, the reversed signal before the blue
dot should be P-wave, which conflicts with the theoretical
basis of the cross-over method. From this, what are the
characteristics of signals received in the downhole method
and whether is the theoretical basis of the cross-over method
rational? To a better explanation of the abovementioned
questions, a 3D lumped-mass finite element model was
established to simulate the downhole method of the shear
wave velocity test and resolved by the time-domain dynamic
analysis method with explicit step-by-step integration.

3. Finite Element Numerical Simulation of the
Downhole Method

To simulate the signals generated by the surface forward and
backward excitation in a downhole method, a 3D analysis
model was established. A computational region with a size of
16m× 16m× 25m was cut out from a uniform isotropic
semi-infinite space Earth medium by introducing an arti-
ficial boundary condition. *e upper boundary is free; the
bottom boundary and the lateral boundaries are artificial
boundaries. According to Campanella and Stewart [16] and
Ishihara [17], soil shear strains during the downhole method
of the wave velocity test are at a small strain level, thus the
soil medium is linear elasticity, and the medium has pa-
rameters of VS � 200m/s, density ρ� 1900 kg/m3, and
Poisson’s ratio μ� 0.45.*e hammer strike was simulated by
a horizontal X-direction impulse excitation on the center of
the model surface, and the cut-off frequency of the excitation
is about 80Hz (see Figure 1(c)). According to the dynamic
finite element computational precision, the analysis model
was discretized by a 3D eight-node hexahedral solid finite
element of size 0.2m× 0.2m× 0.2m. *e time step was
determined as 0.0002 s based on the stability condition of the
time-domain explicit dynamic finite element method [18].
*e Multitransmitting Formula (MTF) [18–20] was utilized
in the artificial boundaries of the model to simulate the effect
of radiation damping in elastic half-space, for ensuring the
nonreflection of the scattered waves when passing through
the artificial boundaries from the computational region.
Parameters such as unit size and time step set in the nu-
merical calculation of themodel are selected according to the
stability criterion of numerical integration [18], in which the
unit size meets the following equation:

Δx≤
1
6
∼

1
10

 
VS

f
, (1)

where ΔX is the size of the unit, Vs is the S-wave velocity of
the model, and f is the maximum frequency of input ex-
citation with engineering significance.

2 Shock and Vibration



*e time step ∆t should also meet the following stability
conditions:

Δt≤min
Δx
V

 , (2)

where V is the velocity of the P-wave in the 3D model.
Figure 2 gives the signal traces at observation points with

different depths in horizontal X direction under the forward
and backward excitation. *e polarities of all signals are
reversed when the opposite excitations are applied, as shown
in Figures 2(a)–2(c)). *e time of the first cross-over point
judged by the cross-over method in the signal traces, marked

as TA, is regarded as the arrival time of the S-wave, but this is
not the case.

It is known from the theoretical analysis that, in a
uniform isotropic infinite medium, there is no pure
S-wave because of the inherent coupling between the
P-wave and S-wave generated by the point source [21, 22].
According to the wave velocity of the medium in the
model, the accurate arrival times of the P-wave and
S-wave at observation points with different depths can be
calculated and were marked as TP and TS in signal traces,
respectively (as shown in Figure 2). Compared with TP
and TS, it is found that TA is between TP and TS, and VS
would be overestimated by TA. Besides, it is seen from the

Signal recorder

Borehole

Geophone

Hammer strike

(a)

Time (s)

6m

9m

12m

15m

18m

Te
sti

ng
 d

ea
th

 (m
)

0.020 0.04 0.06 0.08 0.10 0.12

Soil property

Dense
cobble

Coarse
sand

With

Forward stike
Backward stike

(b)

Observation points

Excitaiton

Ex
ci

ta
ito

n
(1

05  N
)

z

y

x

0.00 0.05 0.10
Time (s)

1.0

0.0

(c)

Figure 1: Downhole method. (a) Schematic of the downhole velocity test method with the surface plank source. (b) Signal traces recorded at
different testing depth by the downhole method at a site in Beijing. (c) 3D numerical analysis model of size 16m× 16m× 25m.
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front part of signal traces amplified at 8m, 16m, and 24m
observation points, as shown in Figures 2(d)–2(f ), that the
initial P-wave also shows the reversed polarity under the
forward and backward excitation. *erefore, the judg-
ment of the arrival time of the S-wave using the cross-over
method is inaccurate.

As observed in Figure 2, when the observation points
are at shallow depths, S-wave onset is disturbed by the
P-wave which arrived earlier and is hard to be identified.
Amplifying the waveform also does not help much (as
shown in Figure 2(d)); the identification of TP can be still
mistaken as TS easily. With the observation point’s depth
increasing, the P-wave gradually separates with the
S-wave since P-wave velocity is larger than VS (see
Figure 2(f )). Although the P-wave decays sharply with the
increase of depth, its energy still affects S-wave onset, thus the
judgment of TS is still difficult. Under this situation, only the
approximate S-wave onset would be identified even enlarging
the signals, and it is of different value with different scales. In
addition, it is difficult to identify P-wave onset because of the
relatively small amplitude of the P-wave compared with the

S-wave, which gives rise to wrong engineering cognitions that
the P-wave has no polarized characteristics.

*e theoretical results illustrate that the polarity of the
P-wave cannot keep the same when the S-wave reversed the
polarity under the backward excitation. However, it can be
observed in in situ tests that the P-wave has the same polarity
under the forward and backward excitation, which probably
is because of the influence of testing status and environ-
mental interference.

4. Analytical Validation of Theoretical Basis for
Cross-Over Method

Based on exact and closed-form solutions of a homogeneous
isotropic elastic half-space due to the application of a
concentrated force tangential to the plane boundary and
varying with time as the Heaviside unit function by Chao
[23] and with the aid of Laplace and Hankel transforms, the
displacements in the direction consistent with load direction
directly below the applied tangential point force acted on the
surface, corresponding Poisson’s ratio� 1/4, could be rep-
resented as equation (3) by the semi-inverse method:

u � 0, τ < 1
�
3

√
,

u �
F

4πμZ
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(3)

where

τ �
Vst

Z
, (4)

and F is the Heaviside unit function, Z is the distance from
the load point, μ is the shear moduli, andVS is the shear wave
velocity.

To obtain the numerical solution of equation (3), an
approximate Heaviside unit function corresponding to the
Heaviside unit function in equation (3) is introduced, as
shown in the following equation:

F(t) �

16t
3
, 0.0≤ t< 0.25,

1 − 48t(t − 0.5)
2
, 0.25≤ t< 0.5,

1, t≥ 0.5,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(5)

where t is dimensionless time, t � 0.5t/t0, t is the time factor,
and t0 is the rise time of the approximate unit Heaviside
function. When t0 � 0.05 s, the approximate Heaviside unit
function is shown in Figure 3(a). It is not difficult to prove

from (5) that F(t) is continuous and differentiable, and its
first-order derivatives are continuous in the region of t≥ 0.

By changing the polarity of F(t), two sets of displace-
ments corresponding to different Z of 2m and 8m distances
directly below the load point were calculated by the equation
in which μ� 68MPa and VS � 200m/s, as shown in
Figure 3(b). *e arrival time t is nondimensionalized by
VSt/Z. In this way, the value 1.0 of the abscissa corresponds
to the arrival of the S-wave, while the value of 0.577 cor-
responds to the arrival of the P-wave, as shown in
Figure 3(b). It can be observed that the first cross-over point
of two traces is the arrival of the P-wave, and the P-wave is
exclusively reversed when the polarity of F(t) is opposite.

*ough the analytical solution cannot simulate the com-
plex geometry of the downhole method, it is helpful to un-
derstand the characteristics of P-wave initial motion, which is
consistent with the simulated result above.*erefore, when the
direction of the impulse is reversed, both P- and S-waves
should reverse the polarity. *us, it can be reached that the
theoretical basis for the cross-over method applied to the
downhole method is improper.
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5. Calculation Methods of Shear Wave
Velocity in Downhole Method

*e above findings show that the polarity of the P-wave is
reversed when the direction of excitation is inverted; therefore,
the arrival time of the S-wave cannot be accurately and effi-
ciently identified according to the cross-over method. Besides
the cross-over method, two other methods can be used for
S-wave travel time calculation in the downhole method, i.e.,
peak-to-peak method (PPM) and cross-correlation method
(CCM) [16, 24–26]. Both methods can obtain reliable VS when
the waveform of the signal is of obvious S-wave peak. However,
the correlation between the signals of adjacent observation
points is poor when only one receiver receives the signal at each
strike. In addition, due to the influence of inclination of ex-
citation, deflection, inclination of the geophone on the peak

position, and amplitude of the signal, the accuracy of the travel
time calculated by PPM is affected.

Influenced by the inclination of excitation, deflection, and
inclination of the geophone, the S-wave will be detected in
three geophone elements which are in an X-Y-Z orthogonal
configuration. *erefore, a new S-wave travel time calculation
method is proposed. Firstly, a root mean square signal of two
horizontal components and a vertical component in the time-
domain is acquired by equation (6). *en, referring to the
common peak-peak method, the peak of the waveform of the
composite signals is selected which is quite representative of
S-wave motion. By calculation of the time shift between the
peak of trigger signals and the peak of the composite signals or
the peaks of the composite signals of adjacent observation
points, the S-wave travel time can be acquired, which is shown
in Figure 4:
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Figure 2: Signal traces at different depth observation points in the horizontal X direction under the forward and backward excitation;
(a)–(c) the original signal traces at different selected depth; (d)–(f) amplified waveform of partially signals at 8m, 16m, and 24m ob-
servation points.
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*e travel times of S-wave propagating between the
source and observation point and between adjacent 1m
interval observation points were calculated through PPM,
CCM, and NPPM, respectively. According to the velocity
equation, S-wave velocity was calculated. Figure 5 displays
relative errors between VS of the medium in the model and
calculated VS under the conditions of inclined excitation,
geophone deflection, and inclination. For the VS error
calculation of PPM and CCM, signals in two horizontal
directions (signed as NH1 and NH2) were used.

As observed, under the combination of a variety of
conditions, the relative error of VS by NPPM is less than 5%

when the depth is more than 3m, which is even less than
2.5% by using the trigger signal. As for the result through the
PPM and CCRM, the relative error of the S-wave within 9m
in Figure 5 gradually increases with the depth decreasing and
up to 10% in the depth of 5m. Moreover, it can be seen from
Figures 5(a) and 5(c) that the calculation accuracies of PPM
and CCRM are significantly affected by the deflection of the
geophone and the selection of horizontal signals. When the
inclination angle of the excitation change from 20° to 45°
(shown in Figures 5(a)–5(f)), the travel time calculated by
PPM and CCRM is significantly affected and the corre-
sponding relative error of VS increases. *e results indicate
that the proposed new peak-to-peak method (NPPM) can
reduce the effects of inclined excitation, geophone deflec-
tion, and inclination on the calculation of shear wave travel
time, and the determined VS is closed to the real one.
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Figure 5: Relative error of VS of PPM, CCM, and NPPM at different testing depths: (a) excitation inclination 20°, geophone deflection
20°, and geophone inclination 10°, using the trigger signals; (b) excitation inclination 20°, geophone deflection 20°, and geophone
inclination 10°, based on the adjacent received signals; (c) excitation inclination 20°, geophone deflection 50°, and geophone in-
clination 10°, using the trigger signals; (d) excitation inclination 20°, geophone deflection 50°, and geophone inclination 10°, based on
the adjacent received signals; (e) excitation inclination 45°, geophone deflection 20°, and geophone inclination 10°, using the trigger
signals; (f ) excitation inclination 45°, geophone deflection 20°, and geophone inclination 10°, based on the adjacent received signals.
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6. Conclusions

To study the reliability of the cross-over method which is
applied to the downhole method of off-shore and on-shore
site wave velocity test, we adopted a 3D time-domain explicit
dynamic finite element model combined with MTF to in-
vestigate the P-/S- wave velocity of the site based on the
cross-over method presented in this paper. *e conclusions
and findings are as follows:

(1) *e results in this paper show that the theoretical
basis, the polarity of P-wave keeps the same, while
the S-wave polarity inverses with surface forward
and backward strike, is invalid

(2) *e numerical simulation of this paper shows that
the conditions for the theoretical foundation of the
cross-over method are caused by the factors of the
inclining excitation, geophone deflection, inclina-
tion, and background noise

(3) Based on our numerical simulation and analytical
solution, the time difference of arrival based between
source peak and response peak and the calculation
method of S-wave velocity are proposed in this paper
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Géotechnique, vol. 54, no. 5, pp. 323–326, 2004.

[25] X. M. Hou, J. S. Bo, X. S. Yang, and D. Liu, “Applications of
correlation function in shear-velocity measurement of single-
hole method,” Earthquake Engineering and Engineering Dy-
namics, vol. 24, pp. 60–65, 2004, in Chinese.

[26] L. Jin and J. Liang, “Dynamic soil-structure interaction with a
flexible foundation embedded in a half-space: closed-form
analytical solution for incident plane SH waves,” Journal of
Earthquake Engineering, vol. 25, no. 8, pp. 1565–1589, 2021.

Shock and Vibration 9


