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INTRODUCTION
Numerous laboratory and in situ tests are 
used to characterise geomaterial behaviour. 
These include seismic tests which measure 
the velocity at which mechanical seismic 
waves are propagated in the material. 
Parameters determined from these tests 
can be utilised in dynamic problems such 
as site response evaluation, liquefaction 
potential evaluation, earthquake engineer-
ing and machine foundations (Strobbia 
2003). Another important application of 
seismic tests is the determination of soil 
stiffness which can be used in the design 
of geotechnical structures such as founda-
tions, excavations and tunnels to predict 
ground movements, both during and after 
construction (Matthews et al 1996).

Seismic testing can be done in the 
field, as well as in the laboratory. When 
conducted in the field, the tests can be 
intrusive or non-intrusive. Intrusive meth-
ods require a drilled borehole or insertion 
of a probe into the soil. However, seismic 
surface wave tests are non-intrusive, as the 
seismic source and receivers are all located 
on the surface of the ground. Methods 
that measure the propagation of Raleigh 
waves have gained significant popularity 
(Foti et al 2018; Stokoe et al 2004). Seismic 

surface wave methods can be divided into 
two broad categories – active and passive 
types – and they differ by means of the 
signal source. Active tests use a signal 
that is generated artificially by means of 
a sledgehammer, a weight drop or a fixed 
or variable frequency shaker. For passive 
tests, the signal source is environmental 
and is mainly due to different causes, such 
as wind, sea wave motion, vibrations from 
structures and vehicle traffic, and other 
cultural activities (Bignardi 2011).

Active seismic surface wave methods 
have gained popularity internationally and 
are widely used in geotechnical engineering. 
These tests have a number of advantages, 
including the fact that they do not require 
drilling, which results in significant time 
and cost savings. In addition, surface wave 
tests avoid any potential environmental 
hazards associated with drilling. Also, since 
they do not require sampling, no sample 
disturbance occurs, making it an attractive 
test for hard-to-sample geomaterials. Unlike 
some other geophysical methods, surface 
wave methods are capable of detecting soft 
layers beneath stiffer layers, as well as soft 
layers sandwiched between two stiff layers.

The three most widely used active seismic 
surface wave tests are: spectral analysis of 

Experimental comparison 
of active seismic surface 
wave tests on shallow 
and deep bedrock sites
M C Ntaote, G Heymann

Active seismic surface wave tests are tests during which signals are generated by artificial 
sources such as sledgehammers, drop weights and fixed or variable frequency shakers. 
A number of active seismic surface wave tests have become popular in the geotechnical 
industry. Interestingly, different surface wave tests are popular in different regions of the world, 
presumably because the tests require different equipment, expertise and numerical analysis 
techniques. Few studies have been done to compare seismic surface wave tests directly. This 
study investigated the performance of three active seismic surface wave tests, namely the 
spectral analysis of surface waves (SASW), multi-channel analysis of surface waves (MASW) and 
continuous surface wave (CSW) tests. This paper reports the performance of the three tests 
with regard to repeatability, susceptibility to near-field effects, and maximum and minimum 
measurement depths at both a shallow and a deep bedrock site.



Volume 65  Number 3  September 2023  Journal of the South African Institution of Civil Engineering28

surface waves (SASW), multi-channel analysis 
of surface waves (MASW), and the continu-
ous surface wave (CSW) method (Stokoe et al 
2004). The advantages and limitations of each 
of these tests have been well documented 
in the literature. However, few direct com-
parisons of these tests have been reported. 
In cases where such comparisons have been 
made, tests were not performed with the same 
equipment, time sampling parameters, array 
configurations (spatial sampling range) and 
sometimes not on sites of the same geological 
nature (Kim et al 2013; Omar et al 2011). This 
paper reports the findings of an investigation 
comparing the performance of these three 
tests as objectively as possible.

SITE DESCRIPTIONS

Shallow bedrock site
SASW, MASW and CSW tests were con-
ducted on the University of Pretoria experi-
mental farm near the Civil Engineering 
Laboratory (Engineering 4.0). The site 
topography is generally flat, with vegetation 
comprising mainly grass and shrubs, with 
some trees. This is a shallow bedrock site 
with residual lava soils that had formed from 
the weathering of andesite lava, with the 
bedrock at a depth of about 3.0 m. The site 
is relatively quiet, as the only source of noise 
is the traffic from the N1 and N4 highways 
on the northern boundary of the site. This 
background noise was minimal, as the test 
site was about 230 m away from the nearest 
highway. The coordinate of the test position 
is 25°44’36.57”S, 28°15’34.48”E.

Deep bedrock site
The deep bedrock site is located near 
Vredefort in the Free State Province of South 
Africa. This site is located in the vicinity of 
an inactive bentonite mine near positions 
where piles had been installed to study their 
behaviour in expansive clays. The topography 
of this site is flat with vegetation consisting 
of dense grass and some scattered small 
trees. The bedrock is at a depth of about 12.0 
m. The site was also quiet, as it is located 
far from any public roads or other activities 
that may cause background noise. The coor-
dinate of the test position is 27°15’15.95”S, 
27°16’00.90”E.

EQUIPMENT
For the continuous surface wave (CSW) 
tests two mechanical shakers were used, 
namely a low- and a high-frequency shaker. 

The low-frequency shaker had a total 
mass of 80 kg and a peak force of 6.3 kN 
at a frequency of 22 Hz and was operated 
between 10 Hz and 22 Hz. The high-
frequency shaker had a total mass of 70 kg 
and a peak force of 8.0 kN at a frequency of 
90 Hz and was operated in the frequency 
range of 22.5 Hz to 90 Hz. A variable 
frequency drive (VFD) was used to adjust 
the frequency of the shakers as required. 
For the SASW and MASW tests, the 
seismic energy was produced by impact-
ing a steel plate 185 mm in diameter and 
30 mm thick, placed on the ground, with 
2.2 kg, 6.3 kg and 9.2 kg sledgehammers. 
Seismic signals were acquired using 4.5 Hz 
resonant frequency geophones with spikes 
to hold them firmly into the ground. The 
signals detected by the geophones were 
recorded with a PASI GEA 24 seismograph.

EXECUTION OF FIELD TESTS

SASW test execution
Common midpoint two-receiver SASW 
tests were conducted for this study. The 
tests were done for six sets of receiver spac-
ings which were 1 m, 2 m, 4 m, 8 m, 16 m 
and 32 m. For each receiver spacing the 
ground was impacted three times on both 
sides of the centreline of the receivers using 
each of the 2.2 kg, 6.3 kg and 9.2 kg sledge-
hammers. The reason for the three shots 
was not for stacking of the data to improve 
the signal-to-noise ratio, but rather for 
assessment of the repeatability of the SASW 
test. Data was recorded for a period of 2 
seconds with a logging frequency of 500 Hz.

MASW test execution
Two sets of MASW tests were conducted 
using a linear array of 24 geophones. Some 
researchers have suggested using a geophone 
spacing of 1 m, while others suggested a 
spacing of 2 m. For this reason, two sets of 
MASW tests were conducted using both 

1 m and 2 m geophone spacings. Multiple 
source offsets for both sets of tests were 
used. These were 1 m, 2 m, 4 m, 8 m and 
16 m for the 1 m geophone spacing, and 
2 m, 4 m, 8 m, 16 m and 32 m for the 2 m 
geophone spacing. The variation of source 
offset was for investigation of near-field 
effects. Also, each one of the 2.2 kg, 6.3 kg 
and 9.2 kg sledgehammers was used at each 
source offset, impacting the steel plate three 
times for the assessment of the repeatability 
of the MASW test. As with the SASW test, 
the data was recorded for a period of 2 sec-
onds with a logging frequency of 500 Hz.

CSW test execution
Monotonic and sweep CSW tests were done 
using an array of five geophones spaced at 
1 m. For a monotonic test the frequency at 
which the shaker vibrates is held constant, 
and for a sweep test the frequency is varied 
from the lowest frequency of interest to the 
highest. The low- and high-frequency shak-
ers were used to provide ground vibration 
in the frequency ranges of 10 to 22 Hz, and 
22.5 to 90 Hz, respectively. Table 1 shows 
time sampling parameters for the different 
frequency ranges in which the shakers were 
operated. The tests were done at three dif-
ferent source offsets, which were 1 m, 2 m 
and 4 m for the investigation of near-field 
effects.

RESULTS AND DISCUSSION

Repeatability comparison
In this study, SASW data and CSW 
data were analysed using Python codes 
developed in-house using procedures 
that have been well documented in the 
literature (McCaskill 2014; Groenewold 
2016; Strobbia 2003; Hebeler & Rix 2001; 
Heisey et al 1982; Bouazza & Kavazanjian 
2000; Heymann 2007). The Python codes 
are available in Ntaote (2022). The MASW 
data was analysed using Geopsy software 

Table 1 CSW time sampling parameters

Frequency 
range (Hz)

Frequency 
increments (Hz)

Logging 
frequency (Hz)

Acquisition time (s)

10 – 20 0.5 500 10

20 – 22 1.5 500 10

22 – 45 1.5 1 000 5

45 – 50 2 1 000 5

50 – 70 2 2 000 3

70 – 90 3 2 000 3
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(www.geopsy.org) to produce dispersion 
overtone images. The dispersion data was 
extracted from the overtone images using 
the Geopsy extraction algorithm. A typical 
Geopsy’s overtone image and the extracted 
dispersion data are shown in Figure 1.

The following nomenclature is used for 
CSW and MASW throughout the article:

QQ CSW1m – CSW performed with the 
source at 1 m offset

QQ CSW2m – CSW performed with the 
source at 2 m offset

QQ CSW4m – CSW performed with the 
source at 4 m offset

QQ MASW1m – MASW performed with 
1 m geophone spacing

QQ MASW2m – MASW performed with 
2 m geophone spacing

QQ MASW(geophone spacing)(source 
offset)(sledgehammer size) – MASW 
test performed at a particular geo-
phone spacing and source offset using 
a specific sledgehammer size, e.g. 
MASW1m2m2.2kg for MASW per-
formed at 1 m geophone spacing, 2 m 
source offset and 2.2 kg sledgehammer.

For this study, only the fundamental mode 
dispersion data was used for analysis. 
Figures 2, 3 and 4 show the dispersion data 
for the three surface wave tests for the 
shallow bedrock site, while Figures 5, 6 and 
7 show the data for the deep bedrock site. 
The figures show that the frequency ranges 
for the three tests were different. The 
SASW test achieved the highest frequen-
cies of up to 150 Hz. The CSW test meas-
ured frequencies up to 90 Hz; however, at 

frequencies above approximately 70 Hz, 
higher modes were excited at the shallow 
bedrock site, whereas higher modes were 
excited above frequencies of about 60 Hz at 
the deep bedrock site. Higher modes con-
tain valuable information, but the inversion 
of higher mode data requires more sophis-
ticated inversion algorithms than when 
using only fundamental mode dispersion 
data. As stated earlier, for this investiga-
tion, only fundamental mode dispersion 
data was used. The two MASW tests meas-
ured maximum frequencies of between 
35 Hz and 74 Hz at both sites. When con-
ducting seismic surface wave tests at low 
frequencies, dispersion data points become 
scattered as a result of low energy gener-
ated at these low frequencies. The SASW 
dispersion data became scattered below 
about 8 Hz and the dispersion data for the 
MASW tests became scattered below about 
10 Hz. As stated earlier, for this investiga-
tion, for the CSW test, the frequency range 
used for the two shakers was 10 Hz to 
90 Hz. Measurements at lower frequen-
cies would be possible with larger shakers 
designed to be used at such low frequen-
cies. For the SASW test, the dispersion data 
had very good repeatability between 8 Hz 
and 80 Hz. Above about 80 Hz, differences 
in the measured phase velocity can be 
observed. It is worth mentioning that, for 
the investigation of the repeatability of the 
SASW test, the data in the frequency range 
over which the hammers could produce a 
good signal was considered, because the 
objective of the repeatability assessment 

was to investigate if the test is capable 
of yielding the same results when done 
repeatedly, irrespective of the frequency 
range of the data. However, the data that 
was considered admissible to build com-
posite dispersion data for determination of 
measurement depths is the data that had a 
coherence larger than 0.9 and whose plot 
of wrapped-phase angle against frequency 
showed a saw-tooth pattern. Observation 
of a clear saw-tooth pattern, as the phase 
angle changes from –π to π radians, is one 
of the quality control measures used for the 
SASW test (Stokoe et al 2004).

The MASW1m and MASW2 dispersion 
data showed good repeatability for most 
of the frequencies for which the overtone 
image displayed clear fundamental mode 
data, except near the upper end of the 
frequency range and below about 10 Hz. 
The CSW dispersion data showed predomi-
nantly fundamental mode Rayleigh wave 
propagation with some higher modes at 
frequencies above 60 Hz to 70 Hz. Although 
some of the data points are scattered, good 
repeatability is observed throughout the 
entire frequency range over which the 
shakers operated. This can be seen for both 
the fundamental mode as well as on higher 
modes. The good repeatability of CSW can 
be attributed to the fact that the source 
(shaker) generates a near sinusoidal wave at 
a single frequency, unlike for the SASW and 
MASW tests where the frequency content 
generated by the sledgehammer could vary 
from test to test. It should also be noted 
that, due to the high level of repeatability 

Ph
as

e 
ve

lo
ci

ty
 (m

/s
)

500

400

300

200

100

Frequency (Hz)
35302520151050

Ph
as

e 
ve

lo
ci

ty
 (m

/s
)

600

400

300

200

100

0

500

Frequency (Hz)
40302520151050 35

Figure 1 �Geopsy dispersion overtone image (left); extracted dispersion curve (right)
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of the CSW test, the dispersion data for the 
three times that the test was repeated plot 
on top of each other, hence this makes it 
appear as if only one data set has been plot-
ted (Figures 3 and 5).

All three seismic surface wave tests 
showed good repeatability of the measured 
dispersion data at both sites, and the depth 
of the bedrock appeared not to influence 
the repeatability of the data. When ranking 
the three tests in order of repeatability 
performance for the measured frequency 
range for each test, the CSW test per-
formed the best, followed by the MASW 
test and then the SASW test. However, it 
should be noted that the SASW dispersion 
data had a larger frequency range, which 
may cause a negative bias of the test when 

compared with the other two tests which 
had smaller frequency ranges.

Near-field effects comparison
Close to the seismic source, cylindri-
cally propagating Rayleigh waves occur, 
and further from the source the waves 
become near-plane Rayleigh waves. The 
region where the assumption of plane 
Rayleigh waves is not valid is called the 
near-field, and any adverse effects resulting 
from the invalid assumption are called 
near-field effects. Numerous authors have 
suggested near-field effects criteria. The 
maximum wavelength to avoid near-field 
effects range from 0.5d to 3d, where d 
is the distance between the source and 
the nearest receiver (Heisey et al 1982; 

Sanchez-Salinero et al 1987; Roesset et al 
1990; Hiltunen & Woods 1990; Gucunski & 
Woods 1992; Hunter & Crow 2015). Most 
of these authors developed their criteria 
using numerical methods with only limited 
results from experimental work. Hiltunen 
and Woods (1990) used experimental data 
to suggest a maximum wavelength of 2d to 
avoid near-field effects. In this study, tests 
were performed with the source placed at 
multiple distances (offsets) from the near-
est receiver, in order to investigate the sus-
ceptibility of the SASW, MASW and CSW 
tests to near-field effects. As explained in 
the test execution sections above, SASW 
was performed using source offsets of 1 m, 
2 m, 4 m, 8 m, 16 m and 32 m. MASW1m 
tests were performed at source offsets 
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Figure 2 �Typical repeatability dispersion curves for SASW, MASW performed with a 2.2 kg sledgehammer and CSW at the shallow bedrock site

400
350
300
250
200
150
100

50
0

Ph
as

e 
ve

lo
ci

ty
 (m

/s
) 1 000

900
800
700
600
500
400
300
200
100

0
160

Frequency (Hz)
12080400

SASW

Ph
as

e 
ve

lo
ci

ty
 (m

/s
) 400

350
300
250
200
150
100

50
0

50
Frequency (Hz)

3020100

MASW1m

Ph
as

e 
ve

lo
ci

ty
 (m

/s
)

60
Frequency (Hz)

40200

MASW2m

Ph
as

e 
ve

lo
ci

ty
 (m

/s
) 500

400

300

200

100

0
100

Frequency (Hz)
8060400

CSW

20

Test 3Test 2Test 1

Figure 3 �Typical repeatability dispersion curves for SASW, MASW performed with a 6.3 kg sledgehammer and CSW at the shallow bedrock site
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Figure 4 �Typical repeatability dispersion curves for SASW, MASW performed with a 9.2 kg sledgehammer and CSW at the shallow bedrock site
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of 1 m, 2 m, 4 m, 8 m and 16 m, whereas 
MASW2m tests were performed at source 
offsets of 2 m, 4 m, 8 m, 16 m and 32 m. 
The CSW tests were performed using off-
sets of 1 m, 2 m and 4 m.

Table 2 shows maximum wavelengths (λ), 
in terms of minimum source offsets, at 
which near-field effects will start to occur, 
according to the criteria suggested by differ-
ent authors. It is apparent that the shortest 
wavelength at which near-field effects are 
suggested to occur is 0.5 m for a 1 m source 
offset, as suggested by Sanchez-Salinero et 
al (1987), and may be as much as 96 m for 
a test performed at a source offset of 32 m, 
as suggested by Heisey et al (1982). When 
surface waves propagate in the near field, the 
measured Rayleigh wave phase velocity is 
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Figure 5 �Typical repeatability dispersion curves for SASW, MASW performed with a 2.2 kg sledgehammer and CSW at the deep bedrock site
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Figure 7 �Typical repeatability dispersion curves for SASW, MASW performed with a 9.2 kg sledgehammer and CSW at the deep bedrock site
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Figure 6 �Typical repeatability dispersion curves for SASW, MASW performed with a 6.3 kg sledgehammer and CSW at the deep bedrock site
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Table 2 Near-field effects criteria

Source 
offset [d] (m)

Maximum wavelength (λ) to avoid near-field effects (m)

Sanchez-
Salinero

et al (1987)
λ < 0.5d

Gucunski 
& Woods 

(1992)
λ < d

Roeset et al
(1990)
λ < 2d

Hiltunen 
& Woods 

(1990)
λ < 2d

Heisey 
et al 1982

λ < 3d

1 0.5 1 2 2 3

2 1 2 4 4 6

4 2 4 8 8 12

8 4 8 16 16 24

16 8 16 32 32 48

32 16 32 64 64 96
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slower than in the far field. Near-field effect 
can therefore be identified when the phase 
velocity is slower than the phase velocity for 
the same geophone positions, but the source 
placed at a larger offset. For the analysis of 
the dispersion data from this study, the data 
is displayed in Figures 8 to 10 for the shallow 
bedrock site, and in Figures 11 to 13 for the 
deep bedrock site. Lines of constant wave-
length (i.e. λ = 0.5, λ = 1, etc) are shown to 
assist with the identification of wavelengths 
at which near-field effects start to occur.

The λ values for diagonal lines range 
from 0.5 m to the maximum λ correspond-
ing to the maximum source offset used for 
that test, as shown in Table 2 (e.g. λ ranges 
from 0.5 m to 24 m for SASW performed 
up to a source offset of 8 m, and λ ranges 
from 0.5 m to 48 m for MASW performed 
up to a source offset of 16 m).

SASW dispersion data obtained with a 
2.2 kg sledgehammer, as shown in Figure 8, 
shows no clear signs of near-field effects. 
However, for SASW tests performed with 

the 6.3 and 9.2 kg sledgehammers it can be 
seen that the phase velocity was underesti-
mated when the tests were performed at a 
1 m source offset, and this effect appears to 
be significant starting from wavelengths of 
at least 3 m, as can be seen in Figures 9 and 
10, respectively. Therefore, near-field effects 
started to occur when the wavelength was 
longer than 3d, where d is the source offset.

MASW1m dispersion data for the 
source placed at 1 m, 2 m and 4 m is scat-
tered and does not show clear fundamental 
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Figure 8 �SASW, MASW and CSW dispersion curves (obtained with a 2.2 kg sledgehammer for SASW and MASW) and their near-field guidelines at the 
shallow bedrock site
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Figure 9 �SASW, MASW and CSW dispersion curves (obtained with a 6.3 kg sledgehammer for SASW and MASW) and their near-field guidelines at the 
shallow bedrock site
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Figure 10 �SASW, MASW and CSW dispersion curves (obtained with a 9.2 kg sledgehammer for SASW and MASW) and their near-field guidelines at 
the shallow bedrock site
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mode trends. For the 6.3 kg and 9.2 kg 
sledgehammers there is a clear underesti-
mation of the phase velocity at wavelengths 
(λ) of 8 m and 12 m, respectively, when 
data from the 8 m and 16 m source offsets 
is compared. Near-field effect therefore 
occurred for wavelengths longer than the 
source offset. For the MASW2m disper-
sion data, near-field effects were less clear, 
but when again comparing the results 
for the 6.3 kg and 9.2 kg sledgehammers, 
an underestimation of the Rayleigh wave 

phase appears to occur for a wavelength 
(λ) of 16 m when comparing the results for 
source offsets of 8 m and 16 m, indicating 
that near-field effects occurred if the wave-
length was longer than the source offset.

For the CSW test, phase velocities 
measured at frequencies below 20 Hz were 
lower for source offsets of 1 m and 2 m 
than for a source offset of 4 m. At 20 Hz 
a wavelength of 8 m was generated at the 
shallow bedrock site. The results therefore 
indicate that near-field effects started to 

occur at wavelengths longer than 2d, where 
d is the source offset.

Figures 11 to 13 compare the dispersion 
data for the tests at the deep bedrock site. 
Near-field effects appeared to be more 
pronounced at this site than at the shallow 
bedrock site. For the SASW tests per-
formed with the three hammer sizes, some 
higher mode excitation clearly occurred, so 
it is not possible to compare fundamental 
mode data at all frequencies. However, it 
appears that the data for the 1 m source 
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Figure 11 �SASW, MASW and CSW dispersion curves (obtained with a 2.2 kg sledgehammer for SASW and MASW) and their near-field guidelines at 
the deep bedrock site
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Figure 12 �SASW, MASW and CSW dispersion curves (obtained with a 6.3 kg sledgehammer for SASW and MASW) and their near-field guidelines at 
the deep bedrock site
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Figure 13 �SASW, MASW and CSW dispersion curves (obtained with a 9.2 kg sledgehammer for SASW and MASW) and their near-field guidelines at 
the deep bedrock site
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offset underestimated the measured phase 
velocities compared with the other source 
offsets at wavelengths longer than 1 m, 
indicating that near-field effects start to 
occur when the source is less than one 
wavelength from the first receiver. For the 
MASW1m tests, underestimation of phase 
velocities measured at a source offset of 
4 m, occurred at wavelength of between 
3 m and 4 m, when compared to the larger 
offsets, suggesting that a minimum source 
offset of one wavelength is required to 
avoid near-field effects. For the MASW2m, 
underestimation of the phase velocities 
started to occur at wavelengths larger 
than 8 m for offsets less than 8 m, also 
indicating that near-field effects occur for a 
source offset less than one wavelength. For 
the CSW test, when comparing the data 
measured at a source offset of 4 m with the 
data for the 1 m and 2 m offsets, underes-
timation of the phase velocity started to 
occur at a wavelength of between 3 m and 
4 m. This again suggests that the near-field 
effect becomes important when the source 
offset is less than about one wavelength.

Measurement depth comparison
This section focuses on the maximum 
and minimum measurement depths of the 
three tests at the two sites.

When comparing different seismic 
surface wave tests with regard to the 
maximum and minimum depth measured, 
the key parameters are the frequencies 
and wavelengths of the generated Rayleigh 
waves. High frequencies generate short 
wavelengths which are required to mea-
sure the shallow material with adequate 
resolution. In contrast, to determine the 
behaviour of deep geomaterials, long 
wavelengths are required which occur at 
low frequencies. When designing an active 
seismic surface wave test, some control is 
possible over the desired source frequency 
content. For instance, for a CSW test, high 
frequencies or low frequencies can be tar-
geted by appropriate design of the shaker. 
However, there are some complexities that 
have to be considered. The CSW test is 
prone to generating higher modes at high 
frequencies. This can clearly be seen in the 
last graphs of Figures 2 to 13.

Inversion analysis with dispersion data 
that contains higher modes is done rou-
tinely, but requires an appropriate inversion 
algorithm and also judgement from the 
analyst to correctly identify the modes. For 
low-frequency deep measurements, a shak-
er capable of generating low frequencies is 

required. However, low frequency measure-
ments require a powerful shaker, as a large 
volume of ground has to be excited. Hence, 
often the limitation of the shaker is not its 
lowest frequency, but the energy that can 
be generated at low frequency.

For the SASW and MASW test, when 
using a sledgehammer, the operator has 
little control over the frequency content and 
energy level of the source other than the 
type and size of hammer and anvil used. 
Common practice is to use steel-headed 
hammers of various sizes striking a steel 
plate. These factors make it difficult to com-
pare the maximum and minimum depths 
that can be achieved by each of the three 
tests in a completely unbiased way. However, 
for this investigation the aim was to com-
pare the maximum and minimum depth 
measurements that can be achieved using 
equipment that is often used in industry.

The maximum and minimum depths 
measured are shown in Figures 14 and 
15 for the shallow bedrock site, and in 
Figures 16 and 17 for the deep bedrock 
site. Measurement depths were determined 
using Equation 1 which has been used by 
many researchers (Olafsdottir et al 2018; 
Hunter & Crow 2015; Park et al 2000; Yuan 
2011).

z = 
λ
2

� (1)

Where: z is the measured depth and λ is 
the measured wavelength.

As explained earlier, only fundamental 
mode dispersion data was used to determine 
the measurement depths. The points in the 
low frequency range where the dispersion 
curves started to exhibit scatter were used 

Table 3 �Minimum and maximum frequencies, wavelengths and measurement depths at the 
shallow bedrock site

Test fmin (Hz) fmax (Hz) λmin (m) λmax (m) dmin (m) dmax (m)

SASW 9.0 150.0 1.1 57.6 0.6 28.8

MASW1m8m2.2kg 10.0 40.0 4.8 19.2 2.4 9.6

MASW1m16m2.2kg 10.0 44.9 4.8 25.0 2.4 12.5

MASW1m1m6.3kg 12.0 20.0 11.2 18.2 5.6 9.1

MASW1m2m6.3kg 7.5 24.7 11.0 30.6 5.5 15.3

MASW1m4m6.3kg 7.9 27.0 7.4 27.4 3.7 13.7

MASW1m8m6.3kg 7.9 43.0 5.4 22.2 2.7 11.1

MASW1m16m6.3kg 11.0 45.0 4.0 21.4 2.0 10.7

MASW1m2m9.2kg 7.5 24.0 11.0 26.4 5.5 13.2

MASW1m4m9.2kg 6.7 20.0 11.6 28.0 5.8 14.0

MASW1m8m9.2kg 8.9 42.8 5.4 19.8 2.7 9.9

MASW1m16m9.2kg 10.0 45.0 4.0 25.0 2.0 12.5

MASW2m4m2.2kg 9.1 33.3 4.4 27.2 2.2 13.6

MASW2m8m2.2kg 10.0 54.9 3.6 26.4 1.8 13.2

MASW2m16m2.2kg 10.0 40.0 3.4 28.4 1.7 14.2

MASW2m2m6.3kg 10.6 21.9 9.4 21.8 4.7 10.9

MASW2m4m6.3kg 8.6 30.0 5.0 27.8 2.5 13.9

MASW2m8m6.3kg 8.5 47.2 3.8 31.4 1.9 15.7

MASW2m16m6.3kg 9.1 40.0 4.8 39.8 2.4 19.9

MASW2m2m9.2kg 11.3 21.2 9.4 22.0 4.7 11.0

MASW2m4m9.2kg 8.1 30.3 5.2 30.4 2.6 15.2

MASW2m8m9.2kg 8.0 45.0 3.7 33.4 1.9 16.7

MASW2m16m9.2kg 7.9 40.0 4.8 50.0 2.4 25.0

CSW1m 10.0 68.0 2.4 26.0 1.2 13.0

CSW2m 10.0 74.0 2.2 27.0 1.1 13.5

CSW4m 10.0 89.0 2.4 28.2 1.2 14.1
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to evaluate the maximum measurement 
depths, whereas the points at the high 
frequency end of the fundamental mode 
data were used to determine the minimum 
measurement depths. The maximum and 
minimum frequencies, wavelengths and 
measurement depths for the three tests 
at the shallow and deep bedrock site are 
shown in Tables 3 and 4 respectively. Depth 
comparisons are shown in Figures 14 and 15 
for the shallow bedrock site, and in Figures 
16 and 17 for the deep bedrock site. As 

explained in the SASW test execution sec-
tion, common midpoint two receiver SASW 
tests were conducted for this study. The 
composite dispersion data was determined 
for six sets of receiver spacings and three 
impacts of each hammer. The source and 
receiver positions did not change for each 
common midpoint stage of the test, and 
hence the composite test is regarded as one 
test and not multiple tests. Therefore, in 
Figures 14 to 17 and in Tables 3 and 4, only 
one SASW test result is shown.

From Figure 14 it is clear that SASW 
was able to measure shallower than both 
the MASW and CSW, and the CSW test 
measured shallower than the MASW test. 
From Figure 15 it is also clear that SASW 
measured deeper than both MASW and 
CSW. The MASW and CSW tests mea-
sured to similar depth, except for very large 
MASW source offsets, where the MASW 
test measured deeper.

Table 4 shows the maximum and 
minimum frequencies, wavelengths and 

Figure 14 �Minimum measurement depths at the shallow bedrock site
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Figure 15 �Maximum measurement depths at the shallow bedrock site
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measurement depths at the deep bedrock 
site. The results of maximum and minimum 
measurement depth are plotted as bar 
charts in Figures 16 and 17 respectively. For 
MASW2m, performed at source offsets of 
2 m and 4 m, the minimum depths were 
less than those obtained with the SASW 
and CSW tests. However, for offsets beyond 
these, the minimum depths measured by 
MASW2m were deeper than those of SASW 
and CSW. Clearly, for the MASW test the 

test geometry has to be chosen carefully 
when targeting shallow measurements. It is 
noteworthy that SASW measured slightly 
shallower than CSW regardless of the 
source offset used for CSW. With regard 
to maximum measured depth, SASW was 
able to measure deeper than MASW and 
CSW. The CSW measured deeper than the 
MASW with small offsets of 1 m and 2 m, 
but at larger offsets the MASW test mea-
sured deeper than the CSW test.

Summary
Table 5 gives a summary of the rank-
ing of SASW, MASW (MASW1m and 
MASW2m) and CSW in terms of repeat-
ability, resistance to near-field effects, 
as well as the minimum and maximum 
measurement depths. Near-field effects 
were less pronounced at the shallow bed-
rock site than at the deep bedrock site. All 
three tests performed similarly with regard 
to near-field effects at the deep bedrock site 
and are given an equal ranking.

CONCLUSIONS
This investigation compared the perfor-
mance of three popular seismic surface 
wave tests in terms of repeatability of the 
test data, susceptibility to near-field effects, 
as well as the maximum and minimum 
depths that were measured.

All three surface wave tests performed 
well with regard to repeatability of the 
data. The CSW test data was the most 
repeatable. This may be attributed to the 
well-defined characteristics of the source, 
which was a mechanical shaker generating 
a monotonic Rayleigh wave. For the SASW 
and MASW tests, sledgehammers were 
used which do not generate an impact with 
exactly the same frequency content each 
time. Nonetheless, both tests exhibited 
good repeatability, with the MASW test 
slightly outperforming the SASW test. 
However, this has to be seen in the context 
of the frequency range measured by each 
test. The frequency range measured by the 
SASW test was significantly larger than 
that measured by the MASW test for the 
two chosen MASW test geometries. This 
may cause a bias against the SASW test 
when evaluating the repeatability of the 
data, because at frequencies below about 
80 Hz the SASW test results were more 
repeatable than at frequencies above 80Hz.

With regard to near-field effects 
observed at the shallow bedrock site, the 
SASW test performed best with near-field 
effects being observed at wavelengths 
longer than 3d, where d is the source offset 
(distance between the source and the 
first receiver). For the CSW test near-field 
effects were observed for wavelengths 
longer than 2d and for the MASW tests 
at wavelengths longer than 1d. At the 
deep bedrock site near-field effects were 
observed for all three tests at wavelengths 
longer than 1d.

As noted in the discussion, the maxi-
mum and minimum depths that can be 

Table 4 M�aximum and minimum frequencies, wavelengths and measurement depths at the deep 
bedrock site

Test fmin (Hz) fmax (Hz) λmin (m) λmax (m) dmin (m) dmax (m)

SASW 8.0 76.0 1.6 49.4 0.8 24.7

MASW1m2m2.2kg 10.9 46.6 6.6 33.0 3.3 16.5

MASW1m4m2.2kg 8.1 75.0 1.8 30.6 0.9 15.3

MASW1m8m2.2kg 8.1 70.7 2.2 30.2 1.1 15.1

MASW1m16m2.2kg 8.5 43.1 3.2 27.0 1.6 13.5

MASW1m1m6.3kg 18.0 68.7 2.1 7.8 1.1 3.9

MASW1m2m6.3kg 8.0 60.1 2.3 37.0 1.1 18.5

MASW1m4m6.3kg 8.0 70.3 1.9 31.1 1.0 15.5

MASW1m8m6.3kg 7.5 65.1 2.2 32.5 1.1 16.3

MASW1m16m6.3kg 8.5 43.3 3.3 40.1 1.6 20.1

MASW1m1m9.2kg 10.0 65.5 2.0 11.4 1.0 5.7

MASW1m2m9.2kg 8.1 60.6 2.0 35.8 1.0 17.9

MASW1m4m9.2kg 7.3 68.7 1.9 34.6 1.0 17.3

MASW1m8m9.2kg 7.1 64.3 2.2 35.2 1.1 17.6

MASW1m16m9.2kg 7.8 43.8 3.4 39.0 1.7 19.5

MASW2m2m2.2kg 13.7 60.6 1.5 10.6 0.7 5.3

MASW2m4m2.2kg 8.5 85.0 1.4 25.2 0.7 12.6

MASW2m8m2.2kg 8.0 70.3 1.8 29.4 0.9 14.7

MASW2m16m2.2kg 7.9 34.4 4.4 36.8 2.2 18.4

MASW2m32m2.2kg 9.5 35.1 4.2 23.6 2.1 11.8

MASW2m2m6.3kg 12.0 74.0 1.6 11.0 0.8 5.5

MASW2m4m6.3kg 8.1 80.0 1.4 30.8 0.7 15.4

MASW2m8m6.3kg 7.3 70.0 1.8 36.4 0.9 18.2

MASW2m16m6.3kg 7.3 45.5 3.0 42.4 1.5 21.2

MASW2m32m6.3kg 8.1 35.2 4.2 24.4 2.1 12.2

MASW2m2m9.2kg 12.0 75.0 1.5 12.4 0.8 6.2

MASW2m4m9.2kg 7.3 80.0 1.4 35.8 0.7 17.9

MASW2m8m9.2kg 7.3 70.3 1.8 37.6 0.9 18.8

MASW2m16m9.2kg 6.7 45.5 3.0 47.2 1.5 23.6

MASW2m32m9.2kg 8.1 35.2 4.2 23.8 2.1 11.9

CSW1m 8.0 58.0 2.2 20.4 1.1 10.2

CSW2m 8.0 53.0 2.4 21.6 1.2 10.8

CSW4m 8.0 57.0 2.4 24.6 1.2 12.3



Journal of the South African Institution of Civil Engineering  Volume 65  Number 3  September 2023 37

Figure 17 �Maximum measured depths at the deep bedrock site
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Table 5 Performance ranking of SASW, MASW and CSW

Performance measuring 
parameter

Shallow bedrock site Deep bedrock site

SASW MASW1m MASW2m CSW SASW MASW1m MASW2m CSW

Repeatability 3 2 2 1 3 2 2 1

Resistance to near-field effects 1 3 3 2 1 1 1 1

Minimum measurement depth (m) 1 3 3 2 1 2 1 2

Maximum measurement depth (m) 1 2 2 2 1 – – –

Note:
1: Performed best
2: Performed second best, etc
Same number: Indicates similar performance
– : Inconclusive

Figure 16� Minimum measured depths at the deep bedrock site
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measured by each test are dependent on 
the choice of equipment, making it difficult 
to compare the tests in a completely unbi-
ased way. However, for this investigation 
the aim was to compare the maximum 
and minimum measurement depths that 
can be achieved using equipment that is 
often used in industry. The SASW test was 
able to measure shallower and deeper than 
both the MASW and CSW tests at both 
sites. The reason for this is the fact that 
the SASW test is conducted with multiple 
test geometries. Measurements are taken at 
small geophone spacings and source offset 
to capture the short Rayleigh waves, and 
the spacings are progressively increased 
to also capture long Rayleigh waves. This 
benefit comes at the time cost of having 
to change the setup several times during 
the test. At the shallow bedrock site, the 
CSW test was able to measure to shallower 
depths than the MASW test; however, at 
the deep bedrock site the MASW mea-
sured to shallower depths than the CSW 
test when using short source offsets of less 
than 4 m. When using source offsets of 
more than 4 m, the CSW test measured to 
shallower depths than the MASW test.

At both the shallow and deep bedrock 
sites, the MASW test measured to greater 
depths than the CSW test when long 
source offsets were used for the MASW 
test. When short MASW source offsets 
were used, the CSW test was able to mea-
sure to greater depths than the MASW 
test. This indicates the importance of 
selecting the appropriate test geometry, 
according to the measurement depth of 
interest, when conducting the MASW test.

This investigation attempted to com-
pare the performance of the three popular 
seismic surface wave tests (SASW, MASW 
and CSW) when using equipment that is 
often used in practice. The tests were only 
compared with regard to repeatability of 
the test results, susceptibility to near-field 
effects and depth of measurement. An 
aspect that was not considered was produc-
tion rate of the tests, because this is depen-
dent on the number of personnel on site, 
their experience, and ease of site access. 
The SASW and MASW test require sig-
nificant space to conduct the tests, whereas 
the CSW test uses only a small number of 
geophones that do not have to be moved 

during the test and therefore require much 
less space. This is clearly an advantage on 
congested sites. Also, the CSW test allows 
for easy automation of the test, by stepping 
or sweeping through the frequencies of 
interest, significantly reducing the time 
required to conduct the CSW test.
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