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ABSTRACT: The quality and acceptability of a waveform data collected during Spectral Analysis of Surface Waves 
(SASW) testing is judged based on the coherence function over the measured range of frequencies. However, many trials 
and repetitions are required during SASW testing to obtain data with acceptable coherence value (>0.95). This makes the 
test time consuming and in most cases, only small portion of the collected data that satisfies the acceptable coherence 
criteria can be used for analysis. In this research study, an attempt was made to study the effect of using an impact source 
of constant energy on the coherence function as compared to the use of traditional hand held hammers. Laboratory 
experimental studies were performed on sandy clay soil bed filled in a metal box of dimensions 1.5m x 0.61m x 0.45m. 
Also, a series of field tests were performed to validate the applicability of the laboratory findings. In both laboratory and 
field testing, a 2.5 kilogram hammer was used with height of fall as variable parameter. Two sets of tests were performed. 
One with random height of fall that is similar to current practice and the other with fixed height of fall of 0.13m to 
simulate impacts with same energy conditions. Test results depicted that unlike the conventional procedure of testing, the 
use of constant energy of impact lead to coherence close to 1 over a significantly large frequency bandwidth. This 
research highlights the effect of using constant and varying impact energy on coherence value over a wide range of 
frequencies obtained during SASW testing. 
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1 INTRODUCTION 

Small strain shear modulus (Gmax) with strain values 
less than 0.001% (Nazarian 1984; Nazarian and Stokoe 
1985; Rix 1988; Joh 1996) is an important parameter 
used in design and analysis of geotechnical engineering 
projects. Some of the common uses of Gmax include 
quality control after construction, slope stability and 
landslide investigation, characterization of a 
geotechnical site based on stiffness properties and 
ground response analysis to earthquake loading (Joh 
1996; Puppala et al. 2006; Bheemasetti et al. 2015). 
Over the years, several geophysical tests such as cross 
hole test, down hole test, seismic cone penetration 
testing and spectral analysis of surface waves (SASW) 
test were developed to determine the shear modulus of 
a given site. This research study focuses on using 

SASW testing and hence a brief detail of it is discussed 
below. 

SASW technique is a non-destructive and non-intrusive 
technique developed in early 1980’s based on 
dispersive characteristics of surface waves (Heisey et 
al. 1981; Nazarian 1984; Nazarian and Stokoe 1985; 
Stokoe et al. 1989). SASW testing comprises three 
major tasks such as: field test set up, generation of 
experimental dispersion curves and performing 
inversion analysis to determine the shear wave velocity 
profile of a particular site (Nazarian 1984; Nazarian et 
al. 1988). The procedure involved in SASW testing is 
briefly discussed here; a detailed theory can be found 
elsewhere (Heisey et al. 1981). The testing process 
involves using hammers of different weights as sources 
of impact on the ground surface to produce Rayleigh 
waves of wide range of frequencies. These waves are 
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received by a pair of vertical geophones placed at a 
predetermined distance from the source. The spacing 
between geophones is increased for every test in order 
to get information about deeper layers. Usually the 
geophone spacing is doubled following common 
receiver mid-point geometry (Nazarian and Stokoe 
1985, Joh 1996). The process is continued until data for 
preferred depth of interest is obtained. The global 
dispersion curve is obtained by combining the 
dispersion curves obtained for different geophone 
spacing. The inversion analysis is then performed on 
the global dispersion curve for determining the 
subsurface properties.  

The quality of the experimental data is judged based on 
the value of coherence function. A coherence of 1 
implies a perfect signal received by both the 
geophones. For practical purposes, a coherence value 
of 0.9 to 0.95 is considered acceptable (Nazarian and 
Stokoe 1985; Nazarian et al. 1988; Joh 1996). The 
frequency range with coherence value lower than the 
acceptable range is therefore discarded (masked) 
during analysis. Hence during the field test, it is 
imperative to accept only those tests which show 
coherence greater than 0.95 for the frequency 
bandwidth of importance.  

One of the major challenges faced during the field test 
is to obtain the waveforms with coherence value close 
to 1 over the required frequency range. Several trials 
may be needed to obtain acceptable test results. In such 
cases, accepting the test data with a poor coherence 
may lead to erroneous dispersion curves and hence the 
actual shear wave velocity profile will be 
misinterpreted during analysis. In this research study, 
an attempt was made to study the effect of using a 
constant energy impact source instead of using the 
conventional test procedure using hand held hammers 
(which doesn’t guarantee constant impact energy) on 
the coherence. The following sections provide details 
of the test procedure and analysis performed in this 
study. 

2 EXPERIMENTAL PROCEDURE 

The main objective of the testing procedure adopted in 
this study is to investigate the effect of using an impact 
source with constant energy in lieu of a random energy 
source like a hand held hammer. In order to study this, 
tests were conducted on a control test section created in 
the laboratory using an iron box of 1.5m length, 0.61m 
wide and 0.5m deep filled with soil (Figure 1).  

 
 Figure 1: Experimental setup for control section 

Sandy clay soil was compacted in layers with 
approximately 16% moisture content. Due to the 
dimension constraint of the test box, the source to 
geophone spacing and distance between vertical 
geophones was restricted to 0.61 m (2 feet).  

Two sets of experiments were performed such as (a) 
Tests with varying height of fall (varying impact 
energy); (b) Tests with constant height of fall (constant 
impact energy). Since the energy imparted by the 
impact is proportional to the height of fall, Case (a) 
represents the conventional case of using hand held 
hammers which doesn’t have any control on the 
imparted energy. A random height of fall of a 2.5 kg 
drop hammer was used for this purpose. Whereas, Case 
(b) ensures constant impact energy every time the test 
is performed with a constant height of drop of 0.13 m. 
In order to verify the findings of the tests, a series of 
experiments were performed with both varying and 
constant energy of impact in a nearby field with 
receiver spacing of 0.61m (2ft), 1.22 m (4ft) and 2.44 
m (8 ft). For all the tests, 4 trials were conducted per 
test. The data obtained from the control section and 
field tests were analyzed to generate the experimentally 
obtained dispersion curve. 

3 TEST RESULTS AND ANALYSIS 

This section presents the test results obtained from the 
two sets of experiments and the analysis performed for 
studying the effects of varying and constant energies. 
Figure 2 presents the waveform generated for the sets 
of experiments performed with varying impact energy. 
Figure 2a represents the coherence function, whereas; 
Figure 2b represents the wrapped phase data.  
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(b) 

Figure 2 (a) Coherence function and (b) Wrapped phase 
for Case (a) tests on control section 

Figure 3 presents the waveforms generated for case (b) 
studies i.e., with constant impact energy. Figure 3(a) 
represents the coherence function, whereas; Figure 3(b) 
represents the wrapped phase. A high value of 
coherence data (close to 1) is required in order to 
perform further analysis. The data presented in Figures 
2(b) & 3(b) represents the wrapped phase data, which 
was used to generate the dispersion curve after 
masking the unacceptable sections. 

 
(a) 

 
(b) 

Figure 3 (a) Coherence function and (b) Wrapped phase 
for Case (b) tests on control section 

A significant improvement in the coherence data can 
be observed from Figure 2(a) to Figure 3(a) when 
constant height of fall of hammer was used in all four 
trials in test. After masking the unwanted zones, 
effectively 12 cycles (as shown in Figure 3(b)) can be 
used to produce the dispersion curve. Whereas, when 
random height of fall of hammer was used, an 
acceptable coherence value was obtained only for two 
cycles for a test as shown in Figure 2(a) and 2(b). The 
transfer function and wrapped phase is generated from 
the data obtained from average of four trials since 
averaging strengthens the signal after reducing the 
effect of background noise (Heisey et al. 1981). 
Therefore, non-uniformity in trials affects the averaged 
data obtained, especially for higher frequency since 
high frequency waves attenuates faster. This leads to 
the reduction of coherence after a few cycles when the 
impact energy is not kept constant. Using the same 
impact energy for all the four trials leads to generation 
of almost identical set of waves. Hence the final 

coherence data is found to be very close to one after 
averaging four identical trials. The wrapped phase data 
from both the tests (after masking) was used for 
generating the dispersion curves.   

Figure 4 presents the dispersion curve profiles for the 
wrapped phase data obtained from constant and 
varying impact energies. Blue line in Figure 4 
represents the dispersion curve obtained from varying 
impact energy, whereas the red line represents the 
dispersion curve obtained for constant energy. It can be 
observed that the dispersion curve for the test with 
varying impact energy was found to match partially 
with that obtained for the constant energy. However for 
another test conducted with random height of fall of 
hammer, the coherence value for none of the cycles 
was found to reach the acceptable threshold value of 
0.9 to 0.95. Nevertheless, when two cycles with 
maximum coherence was used to generate the 
dispersion curve, a significant amount of error was 
observed. This can be seen from the dispersion curve 
(shown in black) being significantly different from that 
shown in red and blue.  

 
Figure 4: Dispersion curve for tests conducted with 

different impact energy conditions on control section 

Hence, it can be inferred from the laboratory studies 
that the tests performed with the constant energy 
produced the waveform with coherence value close to 
1 and more data can be used for the analysis for a 
larger frequency bandwidth. In order to validate the 
tests results from the laboratory, field tests were 
performed on a hydraulic dam located in Texas, USA. 
Tests were performed with receiver spacing of 0.61m 
(2ft), 1.22m (4ft) and 2.44m (8ft). The wave forms 
obtained from constant and varying impact energies 
showed similar observations as in laboratory testing. 
Figure 5 presents the test results obtained from the field 
investigations for 0.61m (2 ft.) receiver spacing. 
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(b) 

 
(c) 

 Figure 5 (a) Coherence function for varying impact 
energy, (b) Coherence function for constant impact energy 

(c) Wrapped phase for constant impact energy 

Figure 5(a) represents the coherence function obtained 
with varying impact energy, whereas Figures 5(b) and 
(c) represents the test results from constant impact 
energies. It was observed that, while conducting tests 
without maintaining constant impact energy, more 
trials were needed to obtain a good coherence. Even if 
coherence close to one was observed in a few cases, the 
high coherence value was observed to attenuate 
drastically after one cycle (Figure 5(a)). 

For higher receiver spacing of 1.22m (4ft) and 2.44m 
(8ft) a good coherence data was obtained when 
constant impact energy was used. But with increase in 
spacing, the coherence function was found to decrease 
beyond a few cycles (i.e. at high frequencies). This can 
be attributed to the fast attenuation of high frequency 
shallow waves (Heisey et al. 1981). It was also 
observed that there is no significant impact of 
neglecting the low coherence data (high frequency 
range) for higher geophone spacing (for e.g. 8ft), since 
information about shallow layers are obtained from the 
data obtained from lower receiver spacing (for e.g. 2ft 
or 4ft). 

4 Conclusion 

The main objective of this research is to study the 
effect of using constant impact energy on the 
coherence function obtained in SASW testing. Based 
on the tests performed, a few significant conclusions 
are deduced: 

 High coherence data (value close to one) was 
obtained in all the cases by using constant impact 
energy. Whereas, with varying impact energy, 
several trails were needed to perform for obtaining 
the data for a minimum threshold coherence value 
of 0.9. For performing SASW testing with 
constant impact energy, a drop hammer with a 
constant height of fall can be used.  

 Laboratory and field test results depicted similar 
observations with respect to constant and varying 
impact energies. With constant impact energy, it 
was observed that the data with more frequency 
band width can be used for dispersion curve 
analysis. Whereas, the frequency bandwidth was 
limited to only 2 cycles with varying impact 
energy. Also, the time and number of repetitions 
required during the test can be significantly 
reduced by using a constant impact energy source. 

 High repeatability in the test results was observed 
by using the constant impact energy as the 
uncertainties associated with the height of fall was 
less. Whereas, with varying impact energies, less 
reliable wave forms were observed as the 
uncertainties associated with height of fall is 
different for each testing. 
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