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Crosshole testing (CHT) is a geophysical test that in-
volves direct measurements of shear wave velocity 
(Vs) at depths of interest. The test provides an effi-
cient means of evaluating in-situ geotechnical condi-
tions such as layering, and engineering properties of 
a soil profile in-situ (Ballard et al. 1983, Campanella 
1994). This paper presents details of the design and 
construction of a low-cost, in-house developed CHT 
system. The transmitter and receiver housing system 
used for the CHT was economically fabricated 
through the use of 3D printing. In addition to the sen-
sor housing, the paper describes the sensors used in 
the system for generating and receiving the shear 
waves. This CHT system developed in-house is vali-
dated by comparing Vs measurements at a geotech-
nical test pit with Vs measurements using MASW and 
seismic CPTu soundings. This cost effective CHT 
system was found to provide reliable Vs measure-
ments which can be especially useful for projects 
which have limited budgets. 

2 DESCRIPTION OF CROSSHOLE SYSTEM 

The major components of the low-cost CHT system 

are shown in Figure 1.  

Figure 1. Main components of CHT system. 

The CHT system included a microprocessor com-
puter running the test software, a data acquisition sys-
tem (DAQ) to send and receive analog signals from 
the sensors, a power amplifier to drive sufficient cur-
rent through the transmitting geophone, and the trans-
mitting and receiving geophones. The system in-
volved placing low-cost R.T. Clark 10 Hz vertical and 
horizontal geophones (less than US$25 per geo-
phone). The geophone specifications included a nat-
ural frequency of 10 Hz, a coil resistance of 395 
Ohms, and a moving mass of 11 g. The CHT trans-
mitter and receiver used plastic sensor casings that 
were designed and 3D printed in-house at a minimum 
cost. The CHT transmitter contained a vertically ori-
ented geophone and the CHT receiver contained one 
vertical and two horizontal geophones. The design of 
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ABSTRACT: This paper presents the design and construction of an inexpensive crosshole testing (CHT) 
system constructed for shear wave velocity (Vs) determination. The paper also presents a validation carried 
out at the geotechnical test pit at the University of North Carolina at Charlotte (UNCC). The test pit is 
backfilled with a compacted silty, clayey sand (SC-SM) underlain by dense in-situ soil. Details are 
provided concerning the design of the crosshole system and the validation of the CHT Vs data which is based 
on a comparison with Vs measurements from two separate conventional methods.
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the plastic housing is shown in Figure 2. The plastic 
housing for each sensor type was secured against the 
PVC pipes using pneumatic actuators that were 
placed in the geophones and were used to extend and 
retract a 3D printed foot that was used to provide 
clamping pressure. These actuators were connected to 
a source of pressurized air. The pressurized foot 
shown in Figure 2 was effectively used to lock the 
sensors in place against the wall of the PVC pipe at 
the target depth. 

Figure 2. Drawing of 3D printed sensor casing. 

The transmitter sensor used the vertical geophone as 
a source of excitation. An impulsive seismic source 
was generated by driving the coil of the transmitting 
geophone with a pulse wave output from a digital out-
put of the DAQ that was passed through a Bruel & 
Kjaer Type 2706 power amplifier. The power ampli-
fier increased the current of the signal which was then 

sent to the vertical geophone encased in the transmit-
ting sensor casing. The current applied to the coiled 
wire within the geophone excited the magnetic inter-
nal moving mass, and in turn the movement of the 
moving mass generated the seismic source wave upon 
striking the geophone casing. The generated shear 
wave is a horizontally propagating shear wave with 
particle motion in the vertical direction. An accel-
erometer, Model 353B31 manufactured by PCB Pie-
zotronics, was attached to the transmitting geophone 
to help determine the timing of the generated source 
wave. The time of transmission of the shear wave is 
given by the peak velocity derived from the accel-
erometer data. The analog signals from the three sen-
sors in the receiving geophone as well as the accel-
erometer on the transmitting geophone were sampled 
by a 16-bit analog-to-digital converter in a National 
Instruments USB-6341 at a sampling rate of 100,000 
Hz. Figure 3 presents a schematic demonstrating the 
signal transmission used to generate the plane shear 
wave. Photos of the CHT test setup are shown in Fig-
ure 4. 
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Figure 3. Schematic of generation of shear wave and transmission time.
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Figure 4. Photos of CHT system.  

 

The CHT test results presented in this paper were 
carried out in general accordance with the methodol-
ogy proposed by the ASTM Standard D4428 
(ASTM 2014). The arrival times were chosen in the 
time domain based on visual inspection of the seis-
mic measurements versus time (Hoar & Stokoe II 
1978; ASTM 2014). A set of representative images 
of the recorded data, after processing, are presented 
in Figure 5. In this figure the transmitted wave was 
recorded by the accelerometer in the transmitting 
sensor. The second wave shown was recorded by the 
receiving geophone and the black ‘X’ represents the 
selected arrival time for this wave. The final selec-
tion of the peak was made after considering different 
peaks representing arrival of the S wave. Different 
peaks were considered in order to obtain consistent 
results with measurements made above and below a 
given depth. The next section presents details of the 
validation carried out at the geotechnical test pit at 
UNC Charlotte. 

 

Figure 5. Example of transmitted and received signals and pre-
liminary selection of arrival time. 

a.) Test pit and 

PVC pipes. 
b.) Sensor housing. c.) Test setup. 

UNC Charlotte. The geotechnical test pit has a 3.66 
m × 3.66 m square footprint formed by concrete 
walls. The pit is approximately 3.05 m deep and its 
base is open to in-situ soil which consists of a very 
dense, residual, gravelly sand. The residual soil at 
the base of the pit was dry and had a total unit 
weight of about 21 kN/m3. A photo of the UNCC 
geotechnical test pit is shown in Figure 6. Figure 
6(a) shows the pit empty prior to backfilling and 
Figure 6(b) shows the pit completely backfilled. 
Prior to fill placement, two rows of PVC pipe were 
placed vertically inside the pit along the north and 
south edges of the pit. A total of ten, 3.05 m long 
sections of PVC pipe were placed in two rows ap-
proximately 0.61 m away from the north and south 
edges of the pit. These PVC casings were later used 
for crosshole testing. The PVC pipes had an inside 
diameter of approximately 7.62 cm and were held 
vertically in place with wooden frames. Verticality 
of the pipes was carefully checked during the back-
filling process. 

 

Figure 6. Geotechnical test pit at UNC Charlotte. 

 

3 VALIDATION OF CROSSHOLE SYSTEM 

3.1 Geotechnical testing of test pit 

The crosshole system described in the previous sec-
tion was validated at the geotechnical test pit at 
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For this study, the test pit was backfilled with a 
silty, clayey sand soil with a unified soil classifica-
tion ranging from SC to SC-SM. The main index 
properties and the results of Standard Proctor com-
paction tests are presented in Table 1. The backfill 
was placed in lifts with a thickness of approximately 
10 cm when in a loose state. Compaction was 
achieved through the use of a vibratory plate com-
pactor, model MVC-88VGH by Multiquip, as well 
as with large hand tamping plates that were used for 
compacting soil in areas of the pit difficult to com-
pact with the plate compactor. The vibratory plate 
compactor was able to apply a centrifugal force of 
1,564.9 kg and could apply 5,800 vibrations per mi-
nute. Soil was compacted to achieve a minimum tar-
get relative compaction of 90% with respect to the 
Standard Proctor dry unit weight (γdry= 18.66 to 
18.86 kN/m3) as defined in ASTM D698 (ASTM 
2012). 

During compaction the backfill water content was 
kept at ±2% of the Standard Proctor optimum water 
content (wopt = 12.2 to 12.3%). The level of compac-
tion achieved and water content were assessed using 
the nuclear density, drive cylinder, and sand cone 
test methods. In general this testing revealed that the 
target compaction was achieved for the majority of 
depths tested.  
 

Table 1. Index properties and compaction test results for back-
fill soil.  

USCS Classification SC to SC-SM 

Cu 103.2 to 118.1 

D50 (mm) 0.17 to 0.42 

Gs 2.68 to 2.72 

 Standard  

Proctor 

(γdry)max 18.66-18.86 kN/m3  

wopt 12.2-12.3% 

Note: Ranges provided based on multiple tests 

3.2 Geotechnical testing of test pit 

Several conventional geotechnical tests were per-
formed on the compacted backfill material. These 
tests included standard penetration tests (SPT), seis-
mic cone penetration tests (SCPTu), and flat dila-
tometer tests (DMT), as well as several tests carried 
out to control the placement moisture and dry unit 
weight of the compacted fill material. The location 
of the geotechnical tests are summarized in Figure 7.  

A summary of the main results of the geotech-
nical tests is presented in Figure 8. As shown in Fig-
ure 8, results of SPT testing indicated an average 
corrected SPT blow count, (N1)60, of 12 blows per 
0.3 m. At depths where the test encountered the in-
situ residual soil at the bottom of the pit, blow 
counts were in excess of 50 blows per 0.3 m. The re-
sults of SCPTu testing indicated average cone tip 
and sleeve resistance values of 4.1 MPa and 0.038 

MPa, respectively. Results of density testing indicate 
the compacted backfill has an average dry unit 
weight of approximately 17 kN/m3, which corre-
sponds to an average relative compaction of 90 to 
91% with respect to the Standard Proctor maximum 
dry unit weight presented in Table 1. The DMT, ID 
indices values obtained are also shown in Figure 8. 
The ID values indicate a soil that can be classified as 
silt (0.6<ID<1.8) and sand (1.8< ID<(10)) (Marchetti 
1980). 

 

Figure 7. Layout of geotechnical tests. 

3.3 Comparison of CHT with other geophysical 

tests 

To validate the CHT system, the Vs measurements 
obtained with this system were compared with re-
sults obtained from two other geophysical tests per-
formed at the geotechnical test pit. The two other ge-
ophysical tests were the Multichannel Analysis of 
Surface Waves (MASW) and downhole tests carried 
out as part of the Seismic CPTu soundings. The 
MASW methodology is described by Park et al. 
(1999) and Lee et al. (2002). The MASW test results 
were obtained from three different geophone arrays 
oriented in the N-S direction as well as in a diagonal 
direction. 

The CHT tests used direct paths in the N-S direc-
tion using different pairs of PVC casings. A sum-
mary of the CHT results for a single path is pre-
sented in Figure 9. In this figure, the chosen arrival 
times for the shear waves are marked with black 
‘X’s.  
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The location of the seismic CPTu soundings were 
shown in Figure 7. For these tests, the shear wave 
excitation was generating by striking a steel beam at 
the ground surface of the pit located at a horizontal 
distance of approximately 1 meter from the CPT 
sounding.  

A comparison of the shear wave velocity values 
measured using the in-house, cost effective CHT 
system with the values obtained from the MASW 
and seismic CPTu soundings is presented in Figure 
10. The figure presents results from the three differ-
ent methods considered with data obtained from the 
center path in the test pit. The CHT Vs values com-
pare reasonably well with the values obtained from 
the MASW and SCPTu tests. Measurements taken 
from the CHT were on average higher than values 
measured using MASW. This is in part because the 
MASW values represent average values based on an 
inversion process of a soil model volume centered 
along the different sensor arrays. The comparison 

with the SCPTu based values is reasonably close but 
again represents a different path (downhole versus 
the horizontal path used for the CHT).  

Overall the values are considered to compare rea-
sonably well and thus the developed CHT system 
was considered adequate for Vs measurements for 
geotechnical applications, such as the one used in 
the validation. However, the adequacy of the pulse, 
in terms of energy and frequency, may need to be 
evaluated and modified for different soil conditions 
and for increased path lengths.  

4 ACKNOWELDGEMENTS 

The authors wish to thank the assistance and support 
received from S&ME for the geotechnical and geo-
physical testing. Additionally, the support by Dr. C. 
Park in the processing of the MASW data is greatly 
appreciated.  

 

Figure 8. Stratigraphy of geotechnical test pit and summary of geotechnical test results. 
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Figure 9. Waterfall plot of typical crosshole data obtained 
with depth. 

 

Figure 10. Comparison of the CHT shear wave velocities 
with values obtained from MASW and SCPTu tests  
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