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Foreword 

In transportation, instrumentation and data acquisition systems play a vital role in laboratory testing 
as well as field monitoring. The papers presented in this volume cover topics that could be grouped 
into laboratory test control, field monitoring, development of sensors, training, and centrifuge testing. 

Wijewickreme et al. describe an automatic control system for hollow cylinder torsional tests on 
soils. They used a closed-loop feedback control system to impose stress or displacement control in 
a hollow cylinder shear apparatus. Sheahan et al. review the advantages and disadvantages of cen
tralized, laboratory-wide systems and a device-specific data acquisition system. They conclude that 
only the latter is appropriate for use in computer-automated, feedback-based servo control of testing 
devices. Gabr and Borden report on a closed-loop computer-controlled data acquisition system that 
they used to conduct a series of calibration chamber tests on sand. Brandon and Sehn demonstrate 
a convenient open-loop method for controlling air pressure used in laboratory soil testing. 

Rada et al. report on instrument selection for monitoring changes in internal pavement moisture 
and thermal regimes and external climate at test sections of the Strategic Highway Research Pro
gram's Long-Term Pavement Performance (LTPP) project. They describe installation procedures 
and limited observations from the LTPP seasonal monitoring study. Zimmie et al. describe their 
experience with the instrumentation used to measure frost penetration in an impermeable paper 
sludge layer over a landfill. Abdullah and Ali present information on the instrumentation used at a 
cut slope to monitor soil suction, soil moisture and temperature, antecedent rainfall, and water table 
fluctuations. Alampalli and Fu present information on field monitoring experience with a remote 
bridge-monitoring system along with a brief summary of the laboratory experience. 

Gan et al. describe the development of a suction sensor that is based on thermal conductivity, 
and Grossman et al. report on the development of a fiber optic pressure sensor. Filz and Brandon 
describe their experience with the selection and installation of total earth pressure cells. 

Mastascusa and Aburdene describe an effective approach to instrumentation training that uses 
concurrent tutorials and applications, and the development of miniature equipment and techniques 
for geotechnical testing with a small centrifuge are described by Allersma. 

v 
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Automatic Stress Path Control System for 
Hollow Cylinder Torsional Testing of 
Soils · 

D. WIJEWICKREME, M. UTHAYAKUMAR, ANDY. P. VAID 

The deformation response of sands, which are often anisotropic be
cause of their alluvial mode of deposition, under generalized field 
stress paths that involve principal stress rotation can be assessed sys
tematically in a hollow cylinder torsional test. In this test, the speci
men is subjected to four independently controlled surface tractions 
that allow loading under a prescribed stress or strain path. Pursuit of 
such stress or strain paths requires the use of simultaneous increments 
to more than one stress or strain component. A computer feedback 
control system for carrying out complex stress path tests in a hollow 
cylinder torsional device is described. As opposed to the generally 
adopted sequential loading and transducer signal readout methods, 
simultaneous control of all four external surface tractions and the syn
chronous digital readout of all transducers is carried out. This is ac
complished by using four stepper motor-driven pneumatic regulators 
and a system of parallel analog-to-digital converters in which the 
number of converters equals the number of transducer signals moni
tored. The system allows the performance of totally stress-controlled 
or strain-controlled tests. In strain-controlled tests, more than one 
strain component can be positively controlled. The strain-controlling 
option permits the accurate capture of the postpeak strain softening 
characteristics of loose saturated sands by overcoming undesirable 
runaway strains inevitable in stress-controlled tests. Thus the behavior 
of soil can be assessed not only under controlled stress paths but also 
under controlled strain paths. The details of the control system are 
described, and its capabilities are illustrated by using experimental 
data from complex stress path tests. 

In soil modeling, anisotropy has generally been disregarded. Al
luvial soils, however, are typically anisotropic in their mechanical 
behavior. Consequently, their deformation response depends not 
only on the magnitudes of stress increments but also on their 
directions in relation to the orientation of bedding planes. The 
ability to model the behaviors of real soils is essential for any 
meaningful prediction of the deformations that would be found 
under complex loading conditions (1 ). 

Important problems in which the anisotropic response manifests 
itself and should require considerations in design are earthquakes 
and the wave loadings of soils. This was clearly recognized during 
characterization of the Erksak sand of the Molikpaq caisson
retained island in the Canadian Arctic, which suffered damage 
during an ice-loading event (2,3). In these and several other field 
problems involving water-deposited soils, principal stress direc
tions rotate during loading, thereby invoking deformations even 
if the stress magnitudes remain constant. 

D. Wijewickreme, Golder Associates, Ltd., #500-4260, Still Creek Drive, 
Burnaby, British Columbia V5C 6C6, Canada. M! Uthayakumar and Y. P. 
Vaid, Department of Civil Engineering, 2324 Main Mall, University of 
British Columbia, Vancouver, British Columbia V6T 1 W5, Canada. 

The hollow cylinder torsional (HCI) device has been employed 
by several researchers, for example, Hight et al. (4), Vaid et al. (5), 
Saada and Baab (6), Lade (7), and Miura (8), to study the direction
dependent (anisotropic) behaviors of soils together with the effects 
of principal stress rotation. In this test, a hollow cylindrical soil 
specimen is subjected to four surface tractions: vertical load (W), 
torque about the vertical axis (T), and internal (P;) and external 
(Pe) cell pressures. These tractions give rise to average vertical, 
radial, circumferential, and shear stresses (a~, a;, a~, and Tz(h re
spectively) in the specimen, which depend, in addition, on the ge
ometry of the specimen. In this manner, the HCT device permits 
an independent control of the magnitudes of the three principal 
stresses, the major, intermediate, and minor effective principal 
stresses (a~, a~, and a~, respectively), and the direction of a~ 
with respect to the vertical deposition direction of the soil speci
men ex,,. 

A general stress path loading in the HCT test necessitates si
multaneous variations in more than one surface traction. Clearly, 
some form of automatic control is required if the desired stress 
path is to be followed faithfully. This involves measuring the cur
rent stress state and commanding the control system to alter the 
surface tractions so as to march to the final stress state in several 
small increments along the prescribed stress path. The targeted 
stress state at the end of each increment can be ensured by per
forming one or more iterations. 

Manual control of four surface tractions simultaneously in a hol
low cylindrical specimen is extremely cumbersome. To overcome 
such difficulties, several automatic stress path control systems have 
been developed. The earliest of such devices is the pneumatic an
alog stress path control system of Saada and Baah (6). Further 
advances in automatic stress path testing have also been made by 
using direct current servo-controlled systems in hollow cylinder tor
sional and cuboidal shear testing devices (4,9). 

The most advanced stress path control system used in HCT 
testing appears to be that used by Shibuya (10). Shibuya's system 
uses a computer-controlled stepper motor system instead of servo 
controls. It, however, is a purely stress-controlled system and, 
therefore, does not permit prescribed displacements to be imposed 
on the specimen. The displacement control feature is of utmost 
importance in the assessment of the liquefaction potential of loose 
contractive sands that undergo strain softening on undrained load
ing. A stress control system is not suitable for measuring postpeak 
behavior (such as residual strength) because of the specimen
apparatus interaction (11) together with the inability to adhere to 
the prescribed stress path. Furthermore, concurrent, and not se
quential, measurement of all tractions is essential to circumvent 
phase delay among measured tractions at a given time. This is 



2 

necessary if the tractions change rapidly or the specimen is de-
forming fast, requiring an update of the geometry that intimately 
links the tractions to the stresses. Shibuya's (10) system takes 
only sequential measurements of signals and is thus prone to 
phase delays. This may cause the actual stress path imposed to 
deviate significantly from that desired. 

Microcomputer-based data acquisition systems allow faster data 
acquisition and feedback control. They allow the virtually simul
taneous execution of the control step once the data have been 
scanned. This paper describes an automatic microcomputer [per
sonal computer (PC)]--controlled loading system for HCT tests on 
soils. The system is designed to read all transducers concurrently 
to avoid any phase delay in computing the incremental traction 
changes to be applied. It has also been designed with capabilities 
of displacement control on two components of displacement (ver
tical and rotational). This enables both drained and undrained be
haviors to be investigated under either stress or strain path control. 
The features and capabilities of the control system are described, 
and typical results are presented to illustrate its stress or stress or 
displacement control capabilities along prescribed stress or strain 
paths. 

PORE PRESSURE TRANSDUCER 

DIFFERENTIAL PRESSURE TRANSDUCER Hiil:::J='i==l=====:f)'" I 
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UBC HOLLOW CYLINDER TORSIONAL 
APPARATUS 

A detailed description of the University of British Columbia (UBC) 
HCT shear device has been presented by Vaid et al. (5). The cylin
drical soil specimen has an external diameter of 15.2 cm, an internal 
diameter of 10.2 cm, and a height of 30.0 cm. This geometry was 
selected after careful consideration to minimize stress nonuniformities 
within the wall of the specimen (2,12). A schematic illustration of 
the apparatus is shown in Figure 1. 

Four deformation components are measured by using suitable 
transducers: vertical displacement (specimen height change), ro
tational displacement about the vertical axis, volume change of 
the specimen, and volume change of the inner chamber. These 
measurements enable computation of the vertical, radial, circum
ferential, and shear strain components (Ez, E,, E0 , and 'Yzo• respec
tively) associated with the stress components u;, u;, u~, and Tza• 

respectively, and, in turn, the major, intermediate, and minor prin
cipal strains (E 1, E2, and E3, respectively). The stress components 
at a given instant are calculated from the values of four surface 
tractions, W, T, P;, and Pe. These, together with pore water pres-

LEGEND 

Ci) STEPPER MOTOR REGULATOR 

[E DVPC 

Q9 VALVE 

EXTERNAL PRESSURE TRANSDUCER -....-----------===1-..J~;;;;:oJ...__,__.._ __ n 

LOAD SHAFT 

TORQUE TRANSDUCER 

AXIALLOADTRANSDUCER -~----l'f==i-+-~~~~ 

TORQUE PISTON 

AXIAL LOAD PISTON 

FIGURE 1 HCT apparatus and control system. 
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sure, are measured by using appropriate transducers. Stresses can 
be measured with a resolution of 0.25 kPa, and strains can be 
measured with a resolution of 5 x 10-4

• 

NEW AUTOMATIC CONTROL SYSTEM 

A schematic layout of the control system is shown in Figure 1, 
together with its association with the apparatus. The system ba
sically consists of a microcomputer and a monitoring (data ac
quisition) and control interface unit. Transducer signals are 
conditioned and scaled to ±2 V for full-scale output before mon
itoring by the data acquisition system. 

Stress-Controlled Loading 

Stress-controlled loading is achieved by four motor-set precision 
regulators. The regulators have a range of 0 to 700 kPa. In re
sponse to a logic sequence from the computer, a control chip 
outputs a series of square pulses to the stepper motors. These 
pulses turn the motors and increase or decrease the pressure. The 
logic sequence from the computer contains information pertaining 
to the direction of rotation and the number of pulses needed to 
achieve each pressure change. A single pulse advances the motor
set regulator by one step, and approximately 12 to 13 pulses are 
needed to alter the pressure by 1 kPa. Because the motors are 
operated by a computer-controlled feedback action, the system 
does not suffer from limitations such as slack in gears. These 
regulator motors can be set to alter pressures at a rate of approx
imately 3.0 to 14 kPa/sec. Slower rates are clearly needed to en
sure full drainage in drained tests. 

Displacement Controlled Loading 

Displacement controlled loading is achieved by two digital vol
ume pressure controllers (DVPCs) connected to vertical and tor-

ANALOG 

SIGNALS 

IN 

~ 

---------------------------~ 
I 
I 

I -,--

I 4 

: 5 

: 6 
~ 

I 

: 7 
~ 

I 

_J_.!_ 
I 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

,_ - - - ------ - ------- - - - - - ----· 

3 

sional loading pistons. A DVPC consists essentially of a water 
cylinder and a piston. The piston is attached to a ball screw that 
is advanced by a stepper motor (13). Depending on the amount 
of motor rotation, diameter of the cylinder, and pitch of the ball 
screw, predetermined volume increments of water can be delivered 
or extracted from the loading pistons, which translates directly 
into the desired strain increment. For displacement control the 
loading pistons must be saturated with water. 

Data Acquisition 

All transducer channels are read concurrently, as opposed to being 
read by the generally adopted sequential readout methods (Figure 
2). The analog voltage signal from each transducer is integrated 
over a 50-msec period by an analog circuit, and its average value 
is obtained. This is then digitized by its own analog-to-digital 
(AID) converter, and the results are temporarily stored in a mem
ory chip for later retrieval by the microcomputer. The digital out
put after AID conversion yields a number from 0 to ±40,000 
(approximately 16 bits in binary) corresponding to an analog volt
age range of 0 to ±2.0. This amounts to a resolution of the mea
suring system on the order of 0.1 mV. 

CAPABILITIES OF UBC HCT WITH CONTROL 
SYSTEM 

Average stresses and strains in the HCT specimen in terms of 
surface tractions and measured deformation are given by the fol
lowing expressions (2): 

W + 7r(Per; - P;r7) 
(J"z = 

7r(r; - r7) 

(Per; - P;r7) 2(Pe - P;)r;r7 ln(ref r;) 
a r = r; - r 7 (r; - r 7)2 

START CHANNEL SCAN 

PULSE FROM PC 

t = t 
0 

SEQUENTIAL 

RETRIEVAL OF CONVERTED 

INFORMATION BY PC 

t>t + 50ms 
0 

END OF ND CONVERSION 

PULSE TO PC 

t = t + 50 ms 
0 

ND = ND CONVERTER 

M = MEMORY CHIP 

INT= ANALOG INTEGRATOR 

(1) 

(2) 

FIGURE 2 Data acquisition process (t0 is time zero). 
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4T(r~ - r~) 
Tzo = ( 4 4) ( 2 2) 31T re - r; re - r i 

Ez = -M//H 

Eo = 

2M(r~ - r~) 
'Yzo = 3H(r; - r~) 

where 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 
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of the specimen; and 
d0 =the angular displacement of the base rela-

tive to the top of the specimen. 

The results from HCT tests are generally examined in terms of 
the effective mean normal stress (a:n), maximum shear stress (or 
the eff~ctive principal stress ratio R = a;!a~), intermediate stress 
magnitude a~ (specified by the intermediate principal stress pa
rameter b, where b = [(a~ - a~)l(a; - a~)]), and inclination a" 
of a; to the vertical. This set of stress parameters is equivalent to 
the set defined by Equations 1 to 4, in that one set uniquely de
termines the other. 

Inverse relationships that relate a:,,, R or (a; - a~), b, and a" 
to surface tractions can be easily established. This permits any 
stress path in a:,,, (a; - aD or R, b, and a" space to be followed 

- by simultaneous incremental changes ·in surface traction by the 
control system. 

Stress-Controlled Loading 
re and r; =the external and internal specimen radii, 

respectively; The algorithm used fot closed-loop controlled-stress path testing 
is presented in Figure 3. The software consists of the following 
major components: 

MI, dre, and dr; =the change (current - initial) in height and 
in external and internal radii, respectively, 

SCAN FOR ZERO 
TRANSDUCER READINGS 

CHECK SKEMPTON' 
'B'VALUE 

STRESS & 
STRAIN 

CONTROL 

INPUT STRESS 

INPUT STRESS PATH PATH & STRAIN 
CONTROL 

COMPUTE NEXT TARGET STRESSES 

I STRAINS 

SCAN ALL TRANSDUCERS 

UPDATE SPECIMEN GEOMETRY 

COMPUTE ACTUAL STRESSES 

AND STRAINS 

COMPUTE REQUIRED PULSES 
FROM IACTUAL-TARGETI 

STRESSES I STRAINS 

AND APPLY TO 
RELEVANT STEPPER MOTORS 

NO 

NO 

FIGURE 3 Flow chart for stress or strain path control. 

~ 
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• Input of initial information, that is, specimen dimensions, ref
erence readings for transducers, and so on; 

• Skempton's B-value check for saturation; 
• Input of the stress path to be followed (including the consol-

idation phase); 
• Control of surface tractions; 
• Check for deformation equilibrium; 
• Data storage; and 
• Application of next loading increment. 

Once the initial information is fed into the computer, the spec
imen is loaded hydrostatically (undrained) in an incremental man
ner for a saturation check. After the saturation check, the computer 
reads a file containing information on the desired stress path to 
be followed. (No distinction is made between the consolidation 
and shear loading phases for this purpose; both are treated as 
specific stress paths.) This information contains the cr~, R 
or ( cr~ - crD, b, and a" coordinates of the key turning points in 
the stress path or along a straight-line path if desired. The number 
of increments needed to reach the target stress state is prescribed 
so that the computer can linearly interpolate and determine the 
intermediate stress states. 

A pressure control routine governs the incremental changes in 
surface tractions for moving the stress state of the specimen along 
the prescribed stress path. To apply a small load increment, the 
target values of the four surface tractions (i.e., external and inter
nal pressures, torque, and vertical load) are calculated. The dif
ferences between the current and the target surface tractions are 
then computed, and the numbers of pulses to each motor set reg
ulator required to bridge the difference are calculated. The pulses 
are sent to the stepper motors simultaneously so that all regulators 
are activated together. Each surface traction is adjusted until the 
tractions achieved are within a given tolerance from the target 
values. The tolerance for the surface tractions is stipulated so that 
no stress component deviates more than 0.5 kPa from its target 
value. 

After the increment of loading, the deformation equilibrium of 
the specimen is checked by monitoring the deformations of the 
specimen with time. The specimen is considered to be in equilib
rium if the change in any strain component in 1 min does not 
exceed 5 percent of the change in the same strain component in 
the previous 1 min. If the specimen has not reached deformation 
equilibrium, monitoring is continued. Because the specimen di
mensions are updated each time that the transducers are read, the 
control decisions could be based on the most recent configuration 
of the specimen. When deformation equilibrium is reached, data 
pertaining to the current stress state are stored in a data file and 
the next loading increment is applied in a similar manner until the 
final target stress state of the prescribed stress path is achieved. 

Displacement-Controlled Loading 

As illustrated in Figure 1, the strain components Ez and 'Yze can be 
directly controlled. An additional DVPC that enables direct con
trol of the volumetric strain (Ev) of the specimen can be added. 
The addition of a fourth DVPC connected to the inner chamber 
could, in principle, permit control of all strain components. 

Direct control of any of the strain components Ez, 'Yze• or Ev is 
accomplished by the control program in a manner similar to that 
for stress control. To impose a given strain increment, the desired 
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numbers of pulses are computed and transmitted to the stepper 
motors of the relevant DVPC. The DVPC then injects or with
draws water from the loading pistons, pore space, or inner cham
ber, depending on the strain component to be controlled. The tar
geted strain increments are then ensured by using the feedback 
loop similar to that used for the targeted stresses. 

It is possible to carry out stress path tests under a mixed stress 
and strain control. For example, undrained static loading at con
stant a", total mean normal stress ( cr m), and b can be carried out 
by imposing a constant rate of 'Yzo and controlling W, Pe, and P;. 
Alternatively, Ez may be increased at a constant rate and tractions 
f e, P;, and T can be controlled. 

SYSTEM PERFORMANCE AND TYPICAL 
RESULTS 

Drained Stress-Controlled Loading 

Figure 4 shows results for a loose specimen of sand [relative den
sity (Dr) = 30 percent and hydrostatically consolidated to cr~c = 
300 kPa] shear loaded under constant cr~ = 300 kPa and b = 0.5 
along a linear stress path with simultaneous variation of R and 
a"(R-a" path) until a" = 45 degrees and R = 2. Thereafter the 
loading is continued at constant cr~,, b, and R and only a" is in
creased (a" path). 

(a) 

305 
Dr = 30 % : o'm= 300 kPa ~ e 300 ~'/IVl'"""'-ril..r......Ata •. f'YVl""""'o/'-'\"'. r-1 
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FIGURE 4 Response of a loose sand under static stress
controlled drained stress path: (a) comparison between the 
desired and actually imposed stress path; (b) sand deformation 
under principal stress rotation only. 
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Excellent simulation of the desired stress path by the control 
system may be noted in Figure 4(a). In Figure 4(b) the develop
ment of volumetric strain and maximum shear are illustrated as 
functions of CX17 • In the range of cxa from 45 to 90 degrees, even 
though the stress state (]'~, R, and b (or (]';, a~, and rrD remain 
constant, considerable deformation develops because of principal 
stress rotation only. This clearly shows that the deformation re
sponse of loose sand is anisotropic. 

Undrained Static Loading at Constant CX17 

Results for the undrained loading of a loose sand initially hydro
statically consolidated to CT~c = 200 kPa but sheared with a; in
clined at 60 degrees to the bedding planes are shown in Figure 
5(a) and (b). During the shearing process, CTm, CX

17
, and b were held 

210 

205 

ca 
D.. 200 
e. 
t:> E195 a 

m 

190 
0 50 
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constant. It may be noted that the desired stress path CT m = 200 
kPa and b = 0 is very closely simulated. 

Figure 5(c) shows effective stress paths in a series of tests on 
identical specimens of a loose sand. These consisted of tests with 
a; inclined at constant values of 0, 30, 45, 60, and 90 degrees to 
the bedding planes. Soil behavior may be noted to undergo pro
gressive softening as cxa values increase from 0 to 90 degrees. The 
sand is not strain softening for CX

17 
= 0 degrees, but manifests this 

behavior to a greater degree as CX
17 

increases. It may be noted that 
the strain softening features, together with the turnaround at the 
phase transformation at which the pore pressure changes from 
positive to negative, are properly captured by exercising displace
ment control on 'Yzo only. In a purely stress-controlled loaded sys
tem it is not possible to capture sand behavior after the occurrence 
of a maximum in (a; - an, and the true postpeak behavior can
not be measured because of specimen-apparatus interaction (11 ). 

(a) 

(a + a + a ) / 3 
1 2 3 

100 150 200 

a' = 200 kPa, b = 0, D = 20% (b) 

0.5 me re 

a 
0 

= 60 
a 

.c 0 

-0.5 ~ b= (a - a ) I (a - a ) 
2 3 1 3 

-1 
0 50 100 150 

100 

a = O, 90 deg. from 
80 a 

triaxial test 
ca eo D.. e. 
N 

40 - Ct) 

t:> 
I 20 

.2. ...... 

0 
0 50 100 150 

a' (kPa) 
m 

FIGURES Response of a loose sand under static stress- or strain-controlled 
undrained stress path: (a and b) comparison between desired and actually 
imposed stress paths; (c) anisotropic response of loose sand. 
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Undrained Cyclic Loading at Constant (a1 - a 3) 

Amplitude 

Figure 6 shows the results for cyclic undrained loading of a loose 
sand with several cycles of constant (a; - aD amplitude. Cyclic 
loading was carried out with a; suffering j~mp rotations of 90 
degrees between directions inclined at 45 degrees to the bedding 
planes and with values of am and b held constant. 

Once again the control system may be observed to impose the 
desired stress path very faithfully. Such a loading is different from 
conventional undrained cyclic triaxial tests in which a; suffers 90 
degrees of jump rotation between O'.a = 0 and 90 degrees with am 
not constant and b = 0 during one-half of the cycle and b = 1 
during the other half of the cycle. The knowledge of the direc
tional behavior is of great importance in assessing the full spec
trum of the cyclic loading response of sand under identical am
plitudes of (a; - aD. 
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SUMMARY AND CONCLUSIONS 

A computer feedback-controlled system was developed to carry 
out stress path- or strain path-controlled tests in an HCT shear 
device. In contrast to the generally available sequential channel 
readout methods involving phase delays, the new system acquires 
data by scanning all load and displacement transducers in a syn
chronous manner. This system, therefore, eliminates the potential 
errors in the calculated load or displacement increment require
ments owing to the transducer readout phase lag inherent in pre
viously used automatic test control systems. 

In addition, the system is designed to have the ability to impose 
either stress- or strain-controlled loading or a combination thereof. 
This feature enables capture of the true postpeak stress-strain 
undrained response of sand, including strain softening lead
ing to liquefaction or limited liquefaction under principal stress 
rotation. 

3 4 5 

3 4 5 

= 20% 

0.5 b, a held constant during shear 
~ m 
Ci) 
E 0 ~ 
as a. 
.c a jump rotated between +45 and -45 deg. 
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-1 
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Number of cycles 

FIGURE 6 Undrained cyclic loading of sand at constant (a1 - 0"3) 
amplitude with am and b held constant and jump rotated between ::!::45 
degrees. 
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The system's capabilities are demonstrated by the results of 
drained and undrained tests carried out under prescribed stress- or 
strain-controlled loading conditions. Although the applicability of 
the system has been demonstrated for conducting tests in an HCT 
shear device, the system and its concepts can be conveniently 
adapted to carry out tests in any device that requires feedback 
control of multiple stress or strain components. 
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Using Device-Specific Data Acquisition 
for Automated Laboratory Testing 

THOMAS C. SHEAHAN, DON J. DEGROOT, AND JOHN T. GERMAINE 

Computer-based data acquisition systems are becoming common equip
ment in the geotechnical laboratory. Although centralized, laboratory
wide systems offer increased data accountability, flexibility, and access 
control, their high costs can be justified only in large laboratories and 
they are not suited for use in feedback control of computer-automated 
equipment. A device-specific data acquisition system is dedicated to a 
single testing apparatus and thus allows smaller laboratories to incor
porate a data acquisition capability one device at a time. From a com
parison of the two system types, it is concluded that only the device
specific approach is appropriate for use in computer-automated, 
feedback-based servo control of testing devices. Additional require
ments for device servo control are described, including servo control 
algorithms (proportional and proportional plus integral plus deriva
tive) and other software requirements for control based on device
specific data acquisition systems. Experiences in applying these basic 
principles to the computer automation of a number of different geo
technical laboratory devices are described. Data from various tests are 
provided to illustrate the automated test control quality. Improved 
technology and lower costs for data acquisition hardware and com
puters have made device-specific systems an economical solution for 
obtaining high-quality test data. 

Although computer-automated geotechnical laboratory testing was 
a research topic 10 years ago, today the equipment for such testing 
is common in many research laboratories and in some commercial 
laboratories. Significant advances in and the reduced costs of per
sonal computer (PC)-based technologies are in part responsible 
for this rapid development and practical implementation. The 
other driving force behind computer-automated testing equipment 
is the desire to improve laboratory productivity and data quality. 
Although the technology is widely available, there is an ongoing 
need for information about the many hardware and software 
choices. 

This paper describes the use of data acquisition systems for 
computer-automated geotechnical testing. Two general approaches 
to data acquisition, centralized and device specific, are described, 
and the advantages and disadvantages of each approach are given, 
including their suitabilities for computer-automated test control. 
Other requirements for device servo (or feedback) control are de
scribed, particularly software features that the authors have suc
cessfully incorporated in developing automated equipment. The 
paper also describes the authors' experiences with automating var-

T. C. Sheahan, Department of Civil Engineering, 425 Snell Engineering 
Center, Northeastern University, Boston, Mass. 02115. D. J. DeGroot, De
partment of Civil and Environmental Engineering, 38 Marston Hall, Uni
versity of Massachusetts, Amherst, Mass. 01003. J. T. Germaine, Depart
ment of Civil and Environmental Engineering, Room 1-343, Massachusetts 
Institute of Technology, Cambridge, Mass. 02139. 

ious testing equipment, and data that illustrate the quality of test 
control are presented. 

APPROACHES TO DATA ACQUISIDON 

There are two basic approaches to computer-based data acquisi
tion systems: centralized and device specific. Sheahan et al. (1) 
have presented a detailed guide for selecting and implementing a 
system, including the two predominant methods for analog-to
digital (ND) conversion, successive approximation and integra
tion. They concluded that although successive approximation is 
the more common and cheaper of the two methods, integration is 
the preferred method since successive approximation is more 
likely to sample a signal aberration. In either case, higher con
version resolution allows a larger range of output signals to be 
converted without hardware reconfiguration. 

A brief overview of the two data acquisition approaches is pre
sented here as background. Table 1 summarizes the advantages 
and disadvantages of both centralized and device-specific systems. 

Centralized System 

A centralized data acquisition system consists of a single computer 
controlling a data acquisition control unit that receives analog sig
nals (from measurement instrumentation and excitation voltage) 
from a number of laboratory stations. The system will have mul
tiple users and will simultaneously monitor a number of laboratory 
test devices, and it may have multiple user interface stations. A 
fixed terminal box at each laboratory station is connected to the 
central system through shielded cable. The box provides a point 
for connecting instrumentation and power supplies into the system 
while also serving as a power distribution and shielding panel. 
The computer controls system operation and user interactions and 
may have a number of peripheral devices connected to it. The 
system software can be highly complex and costly since it per
forms multiple tasks, includes a number of reliability and data 
integrity safeguards, and may have other special features. At pres
ent, the addition of software and hardware for centralized feed
back control of multiple automated testing devices would be ex
traordinarily burdensome and expensive. However, the feasibility 
of such a scheme can be envisioned, and some laboratories. may 
have a small-scale version of centralized feedback control. 

The principal advantage of a centralized system is that it max
--- imizes flexibility, data accountability, and quality control in the 
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TABLE 1 Advantages and Disadvantages of Centralized and Device-Specific Data 
Acquisition Systems (1 ) 

SYSTEM ADVANTAGES DISADVANTAGES 

Centralized • Increased accountability • System is critical since so many users, 

• Better quality control of test results single system 

• More flexibility to add features and • Laboratory personnel must share 
equipment expand capabilities 

• Improved lab productivity • Need large lab to be economical 

• More advanced features • Software needs to be more general 

• Only one ND conversion unit to • Software can't be written by an 

calibrate "amateur" 

• High speed logging may crash system 

• Higher costs 

Device 
• Smaller scale, good for small labs • Data accountability is reduced 

Specific • Lower costs to bring on line • Not as many special features in 

• Can have system redundancy within software or hardware 

lab • Becomes less economical as lab size 

• Only alternative for device automation increases 

• Can easily customize software 

laboratory. In addition, only one device needs to be calibrated and 
tracking of system error is easier. Such systems are economical 
only for relatively large laboratories, however, and at present can
not easily be adapted for centralized automated test control. 

Device-Specific Systems 

A device-specific data acquisition system monitors and logs data 
for a single laboratory device with a limited number of measure
ment devices. There is only one system user and one task running 
at a time. The same terminal boxes and shielding scheme used 
for the centralized system can be used for the device-specific sys
tem. The system's data acquisition module (purchased separately) 
may be inside the system's platform computer or it may be an 
external unit. 

The device-specific system provides an affordable means for 
the small-scale laboratory to bring computer-based data acquisi
tion on-line. In most cases, computer speed is not an issue, and 
good use can be made of older computers that might otherwise 
be obsolete. A major advantage of the device-specific approach is 

· the simplicity of the required software. It can usually be written 
in-house and can easily be adapted to different applications. When 
the system is to be part of computer-automated equipment, control 
based on measurement instrumentation feedback is straightfor
ward since the system is controlling only a single test process. In 
fact, the device-specific approach is the only one of the two ap
proaches (centralized and device specific) that is easily adaptable 
for automated testing equipment. 

Despite these advantages, the device-specific approach has two 
notable drawbacks: data accountability is reduced and each data 
acquisition unit must be calibrated. The effects of these drawbacks 
must be evaluated as part of the automated system's error analysis, 
as discussed in the following section. 

• Each unit must be calibrated 

EVALUATION OF THE DEVICE-SPECIFIC 
SYSTEM 

Table 2 lists the sources of error, in order of relative magnitude, 
that should be evaluated before using a device-specific data ac
quisition system. Also listed are corresponding reasons for the 
error and check tests that can be performed to identify and quan
tify it. If the system is to be used for commercial testing, it should 
periodically be calibrated by a certified technician. The following 
paragraphs provide additional details on the items in Table 2. 

Noise 

Electronic noise is one reason for a loss of precision in the con
verted measurement signal, that is, the digital version of the true 
analog signal (the other reason is robustness, which is discussed 
in the next paragraph). Connection wires in the system act as 
antennas that pick up external electromagnetic interference, which 
can add high-frequency voltage to the analog signal being con
verted. This effect can be minimized by employing proper system 
shielding and grounding techniques [described by Sheahan et al. 
(1 )] and by using an integrating ND converter. 

Robustness 

The data acquisition system can be sensitive to the type of trans
ducer being monitored and the circuit being used. The sensitivity 
of the ·system's precision to these influences is known as the ro
bustness; the more robust the system, the less sensitive it is to 
these effects. For example, the system's precision may drop when 
a linear voltage displacement transducer (LVDT) is connected to 
it; the system may not be sufficiently robust to fully resist the 
effects of alternating current in the LVDT. 
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TABLE 2 Error Evaluation Summary for Device-Specific Data Acquisition Systems 

ERROR SOURCE CAUSES CHECK TEST 

Noise • Electromagnetic interference • Shunt circuit and monitor output 

• Improper grounding 

Robustness • Sensitivity of system to type of • Verify system performance with each 

transducer and wiring transducer type 

Voltage • Variations in analog circuits for • Adjust device while monitoring stable 

Offset different transducers signal 

• Variations in semiconductors • Check for increasing difference 
Imprecise 

• Circuit losses between measured and input signal as 
Amplification 

• Improperly set devices input increases 

Drift • Ambient temperature changes • Converted signal vs. temperature 

• Circuit temperature changes curve. 

• Poor quality circuit •·Usually random occurrence 

Computer Clock • Poor quality computer clock • Verify with lab timer 
Inaccuracy • Circuit delays 

Voltage Offset (Bias) 

Voltage offset is the difference between the input signal and the 
converted, digital representation of that signal. This offset remains 
constant over the opeq1ting range of the· transducer and is due to 
variations in the analog circuit that carries the transducer signal 
to the ND module. Most systems do not have the advanced fea
tures necessary to automatically eliminate the bias. Thus, each 
time that a new transducer is connected to a channel, it may be 
necessary to eliminate the offset manually. Sheahan and Germaine 
(2) describe an integrating ND conversion board in which zero 
offsets are corrected manually by using onboard trimming 
potentiometers. 

Imprecise Amplification 

Variations in circuits, voltage losses in the analog path, and im-: 
properly set amplification devices can cause signal. amplification 
errors. The result is increasing differences between analog input 
and converted signal values over the transducer's operating range. 
Proper system calibration and diagnostic checks can prevent these 
types of errors. · -

Drift 

Drift is the difference between analog input and converted signal 
values because of temperature changes, heating of the circuit, and 
poor-quality circuit components or circuit design. The first two 
causes are grouped under the category of. thermal drift. Thermal 
drift is somewhat systematic in nature, but it is transient and can
not be corrected for; it is better avoided through the use of lab
oratory temperature control and good circuit design and hardware. 
Other types of drift are random and also cannot be corrected for. 

Timer Inaccuracy 

Most systems must rely on the host computer clock for determin
ing when readings are taken and for computing the elapsed time 
that should be marked in the data file. These computer clocks can 
be inaccurate, and their accuracies should be verified against a 
reliable reference. 

SERVO CONTROL ALGORITHMS 

As previously noted, in many computer-automated equipment ap
plications, the control software needs to be written in-house. Cre,.. 
ating the structure and shell for this software is tedious, but it is 
not difficult. However, the control software's real essence, the 
feedback or servo control algorithm, requires an understanding of 
the system dynamics and knowledge of available options. As Fig
ure 1 shows, the steps in the control algorithm are collection of 

Digital signals 
read by PC 

Analog -to-Digital 
Conversion 

• Compute error in test 
time history 

• Convert error to 
electro/mechanical 
device commands 

Commands sent to 
electro/mechanical 

devices via 
interface 
~ardware 

Electro/mechanical 
devices actuated to adjust 

forces, stresses & 
deformations 

Analog signals sent 
to converter 

Transducers 
sense true 

specimen state 

New forces, 
stresses & 
deformations 
applied to 
specimen 

FIGURE 1 Control feedback loop used in computer-automated 
testing. 



12 

a set of measurements, comparison of the existing state of the test 
specimen with a preprogrammed state-versus-time schedule, de
termination of what actions are necessary to close the gap between 
actual and scheduled states, and sending out the commands to 
impl~ment the action. Like any well-organized computer program, 
a successful servo control algorithm has many subroutines driven 
from a main program sequence. 

Instrumentation Scan and Calculation of Current 
State 

The system must quickly scan all instrumentation channels needed 
for servo control to capture the state of the specimen at a point 
in time. There should not be a large time gap between measure
ments that will be used in the same control cycle or stored to
gether as simultaneous readings (e.g., specimen deformation and 
applied load). To convert a particular analog input signal, most 
device-specific data acquisition systems require either-a prewritten 
subprogram to be called from within the main control program or 
some set of command lines to be executed in the main program. 
To prevent a false reading (i.e~, one due to system error) from 
being used as the basis for feedback control, two sets of readings 
can be taken and compared. If the two sets of readings have a 
difference exceeding some tolerance level, another set of readings 
is taken until the tolerance criterion is met. Further error trapping 
may be necessary when corrective action is implemented. 

To expedite the measurement instrumentation scan, the excita
tion voltage needs to be read only every 20 to 50 scans, provided 
that a high-quality power supply is being used. Scanning fre
quency can be reduced for other measurements that are not ex
pected to vary at a high rate. 

A check needs to be made at the end of every scan to see if 
the current set of readings is to be stored. If so, the current voltage 
readings should be written to disk immediately as raw data, with
out manipulation. This will ease error tracking. 

At this point in the measurement scan section, transducer volt
age readings should be converted into the engineering units re
quired for feedback. Current readings can be displayed on-screen; 
however, such displays should be minimized because of the 
relatively long time needed to access output devices. 

Determining Corrective Actions 

The control algorithm is intended to quickly and smoothly close 
the gap between the present state of the test· process and that 
scheduled in the programmed time history. Like numerical anal
ysis, control algorithms rely on disequilibrium to function, with 
the goal being to minimize that disequilibrium. The error between 
the actual and target states is used to determine the mechanical 
process necessary at the test device to close the gap and achieve 
equilibrium. The mechanical process is actuated by output signals 
from the computer to an electromechanical interface. 

There are three components of control: proportional control re
lies on the current difference between the actual and the target 
states, integration uses the sum of differences between the two 
states during previous control cycles, and derivative depends on 
the rate of change of the difference during previous cycles. The 
choice of which components to use in the control algorithm de
pends on the system's response to adjustments in pressure- and 
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load-controlling devices like flow pumps, regulating valves, and 
mechanical load frames and on the soil's response to stress and 
deformation changes. 1\vo common types of control algorithms, 
proportional and proportional plus integral plus derivative (PID), 
will be discussed. Either type of control algorithm usually requires 
trial-and-error selection of algorithm parameters, although some 
manufacturers of controlling devices include built-in control al
gorithms or automatic parameter determinations. 

Proportional Control 

The proportional control algorithm assumes that the error at any 
time, e(t), between the present and targeted test process states is 
proportional to some "stiffness" of the control system. The output 
from the computer at time t, u(t), used to correct the error is 
directly related to e(t). This output may be a signal to control a 
direct current (de) servomotor or some number of motor steps of 
a stepper motor. The governing equation for linear proportional 
control is 

(1) 

where KP is the proportional control constant or gain. This implies 
that the ratio of the change in pressure or load to some amount 
of pump, valve, or load frame movement is a constant. The actual 
stiffness or gain· of the system must match that estimated in the 
control algorithm (the virtual stiffness). Sheahan and Germaine 
(2) illustrated the effects of mismatching the actual and virtual 
stiffness. When the virtual stiffness is too high (system is less stiff 
than estimated), the system behaves sluggishly; when the virtual 
stiffness is too low, the system responds more than estimated and 
can become unstable. The authors' experience with proportional 
control is with flow pumps and worm-gear mechanisms used in 
quasistatic tests that are driven by stepper motors or de servo
motors. Such tests permit sluggish control behavior without the 
loss of test control quality. 

PID Control 

The PID control algorithm is fundamentally different from a pro
portional control algorithm because it makes use of the system's 
recent performance history. For many applications, PID algo
rithms can achieve both a high degree of steady-state accuracy 
and a reasonable transient response (3). 1\vo terms are added to 
the proportional control equation (Equation 1) to incorporate sys
tem performance history (or memory): an integral term and a de
rivative term, leading to the following equation: 

J [de(t)] u(t) = KPe(t) + K; e(t) dt + Kd dt (2) 

where 

u(t) = process output (i.e., control signal or number of mo
tor steps sent to correct the error); 

e(t) = error term, which is the difference between the tar
get value of the control feedback measurement, r(t), 
and its current value, y(t); and 

KP, Ki, Kd = proportional, integral, and derivative gain factors, 
respectively. 



Sheahan et al. 

Equation 2 is a continuous analog controller that is converted 
to a digital controller (in which readings are taken at discrete 
times) by a difference equation. For digital control applications, 
this type of equation is solved by using a z-transformation, which 
is similar in principle to the solution of differential equations by 
using the Laplace transform. For a PID controller, each compu
tation of the digital form of Equation 2 typically incorporates the 
current and the two most recent values of r(t) and y(t) and the 
two most recent values of the process output, u(t). The PID al
gorithm gain factors are normally evaluated by a trial-and-error 
procedure that balances the controller's response time with its 
stability. A PID control algorithm should also include program 
statements specifying controller output limits. These limits, which 
account for spurious values computed by the controller because 
of noise, electrical surges, and so on, are used whenever the cor
responding algorithm outputs exceed the limits. DeGroot et al. ( 4) 
provide other details on PID controller implementation for geo
technical laboratory testing. 

Sending Commands To Implement Action 

Any number of methods are available for actuating pumps, valves, 
or mechanical load frames. Two popular types are stepper motors, 
which rotate in small, discrete increments, and de servomotors, 
which rotate smoothly at a velocity proportional to an input volt
age. Both types of motors are available with sophisticated control 
hardware and preprogrammed software routines; many motors are 
more rudimentary and require that relatively simple software be 
written for their use. 

Additional algorithms for error trapping can occur during this 
phase. Limits can be placed on the amount of corrective action to 
be carried out by the motors to reduce the impact of an erroneous 
measurement scan. 

OTHER SOFTWARE REQUIREMENTS 

In addition to the control algorithm and related software, the use 
of device-specific data acquisition for automated testing requires 
other software considerations. 

Systems can include a provision for restarting the test after the 
software has crashed or a power outage has occurred. At the least, 
the system should be designed so that motors will not be left 
running uncontrolled after a crash has occurred. If possible, phys
ical cutoff switches should be added to prevent damage to the 
system. 

With each instrumentation scan, the program should check 
whether that set of readings should be saved; if not, they are used 
for that control cycle and effectively discarded. The interval for 
data logging can be based on the elapsed time between readings 
or on tests of data significance. In the simplest time-based scheme, 
the user enters a data logging increment, At10g, and an initial set 
of readings is stored at time tsiore· After each instrumentation scan 
at time t, the program compares t - tsiore to At1og· If t - tsiore ~ 
At10g, then the current measurements are immediately written to 
disk and tsiore is reset to the current time t. Note that readings 
should not be saved in a volatile memory buffer and then written 
to disk later on; writing to disk at the time of the readings prevents 
inadvertent data loss. An interrupt needs to be incorporated in the 
program to change the logging increment, At10g. Data logging can 
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also be programmed to occur according to more specialized time 
sequences, for example, sch1·dules based on linear or logarithmic 
functions of time. 

Logging increments based on tests of data significance are more 
sophisticated and more specific to a particular test type. A check 
is made to see how much a particular measured parameter has 
changed since the last stored value. When the change meets some 
significance level, a new reading is stored. 

Another feature that can be. incorporated is selective logging. 
At any time during the test, the user can tell the computer to take 
a reading at that point. Pressing a function key on the compute 
triggers ·a flag in the control loop, which causes a set of readings 
to be taken and written to disk; the flag is then reset. 

EXAMPLES OF AUTOMATED LABORATORY 
TESTING 

Direct Simple Shear Testing 

The Geonor direct simple shear (DSS) devices (5) at the Massa
chusetts Institute of Technology (MIT) and the University of Mas
sachusetts at Amherst (UMass-Amherst) use a 35-cm2 circular 
specimen trimmed into a wire-reinforced rubber membrane to an 
approximate height of 2.3 cm. The membrane laterally confines 
the specimen, providing one-dimensional [coefficient of earth 
pressure at rest (~)] consolidation conditions with dead weights 
applied to a lever arm system. The device and the membrane lead 
to an applied simple shear strain deformation mode during drained 
or undrained shear. The shearing phase of the test is typically 
conducted at a constant rate of strain. Undrained soil behavior is 
studied with this device by conducting drained, constant-volume 
tests. Since the membrane prevents lateral soil deformation, con
stant volume conditions can be achieved when a constant speci
men height is maintained; this is done by varying the applied 
vertical force (and hence stress) during shear. The changes in ver
tical stress required to keep the height constant are assumed to be 
equal to the pore pressure that would develop if the test was truly 
undrained (i.e., sealed) with pore pressure measurement taken. 
Dyvik et al. (6) showed the validity of this assumption for nor
mally consolidated clay. 

Three generations of closed-loop feedback servo control sys
tems have been used at" MIT for automated DSS testing with the 
Geonor device. The first system consists of a de analog motor, an 
LVDT (or a proximity sensor), and a control box (Figure 2). The 

Counter
weight Vertical Load 

Lever Arm 

Worm Screw 
Direct Current 
Motor 

FIGURE 2 Constant-height servo control system for Geonor 
DSS (4). 
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LVDT monitors movements in the top loading platen, which is 
connected to the specimen top cap. The control box sends the 
difference (i.e., voltage error) between the LVDT reading and a 
reference voltage through an amplifier to drive the worm-gear mo
tor at a rate proportional to the error. The worm-gear mechanism 
moves a lever arm, which applies the vertical force to the speci
men. This closed-loop analog feedback system cannot correct for 
the apparatus compressibility during shear. Data readings during 
the test's shearing phase are taken by a centralized data acquisition 
system. 

The second-generation system, which was first described by 
Malek (7), is similar to the system shown in Figure 2. The con
solidation phase is still performed by using manual, incremental 
loadings. However, the control box was replaced with a computer, 
an ND card, and a digital-to-anafog (DIA) card, which are used 
to read the constant-height LVDT voltage and send command sig
nals to the de motor driver during undrained shear. The advantages 
of this system are that the control algorithm, which is software 
rather than hardware driven (as in the first-generation system), can 
correct for apparatus compliance during shear and data readings 
can be logged by. the device-specific system, eliminating the need 
for a centralized data acquisition system. 

In these two systems, only the shear phase of the test is auto
mated, and the shear phase of the test consists of a proportional 
control algorithm for servo control. In the third-generation system, 
a PID control algorithm was used to automate both the consoli
dation and the undrained shear phases of the DSS test. The con
solidation phase was converted to a constant rate of strain (CRS) 
load application. The resulting system provides more precise and 
detailed data during consolidation and ·dramatically reduces the 
elapsed time and the amount of labor required to perform a test. 
The PID algorithm also overcomes an inherent problem with the 
use of proportional control in the DSS. 

The Geonor DSS uses a lever arm with a double fulcrum system 
to transfer the vertical load to a specimen (Figure 2). For forces 
of less than 525 N, the lever arm uses only a lower fulcrum for 
support; for forces of greater than 525 N, it also uses an upper 
fulcrum. When the vertical force approaches 525 N, the lever arm 
displaces on the two fulcrums without causing any change in 
force; this transition point is known as the dead zone. For normal 
incremental loadings this does not present any particular difficul
ties because the system is force controlled. It is problematic 
when conducting CRS consolidation with a proportional control 
algorithm because the system is inherently displacement con
trolled. When approaching the dead zone during a test, Walbaum 
(8) found it necessary to interrupt the computer program and 
manually control the servomotor until the dead zone had been 
passed. 

By switching to a PID control algorithm, Ortega (9) dramati
cally reduced the dead zone control problem and obtained excel
lent results. Figure 3 shows a typical stress-strain curve obtained 
during CRS consolidation in the _Geonor DSS on resedimented 
Boston blue clay (BBC). Figure 3 reveals only a slight disconti
nuity at approximately 150 kPa (i.e., 525 N acting on a 35-cm2 

specimen), which corresponds to the dead zone. Except during the 
early stages of the test, the cumulative strain rate achieved was 
close to the target value of 1 percent/hr during consolidation; 
however, the incremental strain rate was not as stable. Within 
approximately 40 min the PID control algorithm maintained a 
constant cumulative rate of strain within ±0.01 percent of the 
target value. 
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FIGURE 3 Compression curve from CRS consolidation in DSS 
apparatus (9). 

Computer-Automated Triaxial Apparatus 

A computer-automated triaxial apparatus was developed at MIT by 
the first author to perform an extensive series of K 0 consolidated
undrained shear tests (10). Its capabilities have since been expanded 
at Northeastern University (NU) to perform Ko consolidated-drained 
linear stress path tests. In addition, the improved system at NU 
performs its own device-specific data acquisition and logging, rather 
than relying on a centralized system, as it did at MIT. The system 
consists of the triaxial cell, a load frame, two pressure-volume con
trollers [PVCs, which are based on the flow pump design (11 )], 
electromechanical interface equipment, instrumentation, and the 
computer with the data acquisition card (Figure 4). The load frame 
and J>VCs are actuated by using stepper motors; software com
mands are used to move each of the three motors a specific number 
of steps during each feedback control cycle. Only proportional con
trol (Equation 1) has been used in this apparatus, and this has been 
sufficient to achieve the desired control quality in the quasistatic 
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® Axial Displacement Transducer 

@ Pore Pressure Transducer 

Load Frame 

© Volume Change Displacement Transducer 

@ Cell Pressure Transducer 

@ Stepper Motor 

FIGURE 4 Computer-automated triaxial system. 
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tests performed with the apparatus. Although all measurement de
vices are read so that readings can be stored, the measurements 
used for feedback control depend on the test type. 

Four types of control have been required in the testing programs 
that have used the automated triaxial cell. 

Pressure Control 

During virtually all test phases, hydraulic pressures (cell and back 
pressures) must be controlled. The computer takes readings from 
the cell and back pressure transducers (and their excitation volt
ages) and converts these readings into engineering units. In the 
software, the errors are computed between measured pressures arid 
their respective target values. Each PVC (cell and back pressure) 
has its own predetermined gain value that converts the error for 
that pressure into the number of motor steps that must be actuated 
at each PVC to correct the error. Thus, Equation 1 becomes 

CELLSTEPS = CELLGAIN*CELLERROR 
BACKSTEPS = BACKGAIN*BACKERROR 

(3) 

where CELLGAIN and BACKGAIN are the respective gain val
ues in the cell pressure and back pressure PVCs, and CELL
ERROR and BACKERROR are the respective errors between the 
measured and targeted pressures. 

Because the tests are quasistatic, gain values can be set inten
tionally low, causing the system to be slightly sluggish and re
quiring two to three control cycles to reach targeted values. 

In both long-term and short-term tests, the cell pressure remains 
constant to ±0.3 to 0.4 kPa [standard deviation (SD)]. This type 
of precise control has permitted successful implementation of Ko 
consolidated-drained linear stress path testing at NU. 

Axial Load Control 

For tests requiring axial stress control, the system must be able 
to control the axial force applied to the specimen accurately. The 
computer obtains the force transducer reading and computes the 
net axial load on the specimen (after applying corrections). After 
determining the error between this and the targeted net axial load, 
the number of steps is computed for the load frame motor to move 
by using an expression similar to that given in Equation 3. Shea
han and Germaine (2) showed the results from Ko consolidated
undrained creep tests in which specified shear stress levels (q), 
where q = 1/i(a1 - cr3) (a1 and cr3 are major and minor principal 
stresses, respectively), were maintained to ±0.1 to 0.3 kPa (SD). 
The ability of the system to accurately control axial load and cell 
and back pressures allows high-quality stress-controlled tests to 
be performed. 

Axial Strain Rate Control 

Since the automated triaxial apparatus was originally used to study 
strain rate effects on soil behavior, the system needs to apply a 
variety of strain rates, each remaining constant during a test. The 
system's strain rate control is open loop, that is, it does not rely 
on feedback measurements. Calibration of the stepper motor
actuated load frame provided a consistent, linear relation between 
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motor steps and axial deformation of the specimen. This calibra
tion is used with the computer's clock to determine the number 
of load frame motor steps needed per cycle for a particular strain 
rate. Figure 5(a) and (b) shows how the incremental axial strain 
rate, deal dt, varies during tests performed at different specified 
strain rates. The instability early in the various tests results from 
two different phenomena. In the fast-rate tests [Figure 5(a)] the 
instability is due to initial loading system compressibility; in the 
slow tests it is due to the algorithm used, which produces a more 
accurate strain rate with time. 

Axial Strain Control 

In relaxation tests, it is necessary to control the axial strain level 
being imposed on the specimen. This was perhaps one of the 
easiest control problems to solve for this apparatus since the num
ber of load frame motor steps is directly proportional to the error 
in axial deformation (obtained from the same calibration used for 
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axial strain· rate control). The results presented by Sheahan and 
Germaine (2) from two relaxation phases of a test showed that 
strain levels can be maintained to :!::0.005 percent axial strain. 

Multidirectional Direct Simple Shear Apparatus 

DeGroot et al. (12) describe the multidirectional direct simple 
shear (MDSS) apparatus that was developed to experimentally 
simulate, at the element level, the stress conditions within the 
foundation soil of an offshore Arctic gravity structure. The MDSS 
uses a specimen of the same size and the Geonor wire-reinforced 
rubber membrane used by MIT and UMass-Arnherst in the Geo
nor DSS apparatus. The MDSS is capable of applying a vertical 
stress and two independent horizontal shear stresses to a circular 
soil specimen. The vertical stress (CTv) and first horizontal shear 
stress (T1) represent the stresses owing to the initial set down of 
an Arctic structure and are applied by using pneumatic cylinders. 
The second horiz.ontal shear stress (T2) represents the horizontal 
ice loading on the structure and is applied by a variable-speed 
gear drive system at a constant rate of strain. The MDSS tests soil 
specimens under simple shear strain conditions and is capable of 
applying T 1 at an angle relative to T2 ranging from 0 to 150 de
grees. For a conventional K 0 consolidated-undrained test, the spec
imen is simply consolidated under the vertical stress and is then 
sheared undrained by application of the second shear. 

Data acquisition and servo control in the MDSS is performed 
by using a device-specific system based on an International Busi
ness Machines-compatible PC and software written in BASIC. 
Pneumatic cylinders, controlled by voltage outputs to electro
pneumatic (E/P) regulators, apply CTv and T 1 to the specimen. The 
E/P regulator maintains air pressure proportional to an electrical 
signal generated by a D/A card onboard the computer. Application 
of CTv and T1 to the specimen is automated by using a stress
controlled closed-loop system with a proportional control algo
rithm. Estimates of the target CTv and T 1 are applied to the speci
men. The computer then collects consolidation data readings (i.e., 
values of the vertical and shear strains) and also monitors CTv and 
T 1 via the vertical load cell and a pressure transducer, respectively. 
Errors are corrected by using a proportional control algorithm· that 
adjusts the signals being sent to the regulators. This algorithm 
maintains the stresses acting on the specimen to within 1 kPa of 
the required level (4). 

As in the Geonor DSS, undrained shear in the MDSS is achieved 
by maintaining a constant specimen height during shear. A PID 
control algorithm monitors the specimen height with an LVDT; a 
specimen height change causes the computer to actuate the pressure 
regulator that controls CT v. Proportional control maintained the 
height of the specimen during constant-volume shear, but not with
out significant instability in CT v. Figure 6 shows the variation in CT v 

(normalized by the preshear consolidation stress CT~c) versus shear 
strain during shear in two tests on the same soil specimen. In the 
first test (filled symbols), proportional control was used and the 
oscillation about the mean is apparent. The results of the second 
test (open symbols) show the improvement in control quality when 
the PID control algorithm was used. 

Figure 7 plots the constant-height LVDT signal error versus 
shear strain during a typical conventional K 0 undrained test run in 
the MDSS. The signal error, e(t), is computed as the difference 
between the feedback signal, y(t), and. the reference value, r(t), 

e(t) = y(t) - r(t) (4) 
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FIGURE 6 Normalized vertical stress (avfa~c) versus shear 
strain from undrained DSS tests on normally consolidated BBC 
using proportional and PID controller (4). 

If e(t) is positive, then the specimen is being compressed; the 
reverse holds if e(t) is negative. Figure 7 shows that the maximum 
error in specimen height during shear was less than 0. 7 µm, or 
0.004 percent of the specimen height. The average error during a 
test was typically much less, :!::0.1 µm, or :!::0.0005 percent of the 
specimen height. The maximum deviation of the constant-height 
LVDT's position from its target value always occurs at the start 
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test on normally consolidated BBC specimen using PID 
controller (4). 
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of the test's undrained shear phase. When undrained shear is in
itiated, the system must quickly adjust the vertical stress because 
of the high rate of pore pressure change or else lag behind in its 
response. As pore pressure changes become more gradual, the 
control system can easily keep up. A faster control cycle would 
alleviate the early control problems. 

SUMMARY AND CONCLUSIONS 

The use of device-specific data acquisition systems for computer
automated geotechnical laboratory testing was described. Details 
on evaluating errors in the device-specific system were given. 
Control algorithms were explained, including detailed descriptions 
of two specific algorithms, proportional and PID. Some other soft
ware requirements for automated control were given. Examples of 
automated laboratory testing were presented to show the control 
quality achieved by using various hardware and control 
algorithms. 
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Data Acquisition System and Computer 
Control of Calibration Chamber 
Tests on Sand 

M. A. GABR AND R. H. BORDEN 

A data acquisition system is used to controi the coefficient of earth 
pressure at rest .(Ko) consolidation of dry sand calibrati9n chamber 
(CC) specimens and subsequently apply lateral compression loading. 
Instrumentation included inductance coils for measuring vertical and 
lateral displacements and voltage/pressure tran~mitters for the appli
cation and control of vertical and lateral confining pressures .. 'f4e ob
jective of the research was to perform Marchetti dilatometer tests on 
a series of CC specimens subjected to prescribed stress paths. The Ko 
consolidation process is simulated by subjecting the specimens to ver
tical stress increments while restricting the lateral strain. Restriction 
of the lateral strain is accomplished by applying appropriate lateral 
pressure increments on the basis of feedback deformation data. In 
general, during this process, a radial strain magnitude of 0.001 was 
considered acceptable for the simulation of the Ko condition. The test 
instrumentation provided for lateral displacement measurement with 
adequate accuracy. Noise effects were accounted for by scanning each 
collecting port 100 times/sec. The 100 readings were then averaged 
to produce one reading per second. The inductance coils, generally 
found to be insensitive to soil composition and moisture content, pro
vided adequate means of measuring displacement given the chamber 
dimensions and constraints related to sample access. Minor leaks were 
detected when the chamber pressure was increased to a· value equal 
to or greater than 138 kPa (20 psi). Leak compensation is provided 
by the closed loop-computer control system through the automatic 
increase in the air supply volume on the basis of the pressure mag
nitude inside the chamber. 

This paper presents the description and performance of a digital/analog
analog/digital (DIA-AID) computer-controlled data acquisition system 
that was used for the collection and control of pressure-deformation 
data during calibration chamber (CC) tests. The calibration chamber 
system, shown in Figure 1, consists of. a fiberglass chamber wall, 
fiberglass strand-reinforced concrete top and bottom caps, four steel 
tie rods, a sand-raining device for specimen preparation, a hydraulic 
oil pump, and a hydraulic cylinder attached to a quadripod frame 
for the insertion of penetration devices. The chamber cell is made 
from fiberglass, a nonferrous material, to accommodate the lateral 
displacement measuring system, which operates by sensing electro
magnetic fields. This displacement measuring system requires no 
holes in the chamber wall, which is desirable from a safety 
perspective. 

The diameter of the chamber cell is 1.07 m (42 in.), with a 
12.7-mm (0.5-in) wall thickness. 0-rings are used at the top and 
the bottom caps to ensure air tightness. In comparison with similar 
facilities described by Laier et al. (1 ), Holden (2), Parkin and 

M. A. Gabr, Department of Civil Engineering, We~t Virginia University, 
Morgantown, W.Va. 26505-6101. R.H. Borden, Department of Civil En
gineering, North Carolina State University, Raleigh, N.C. 27695-7908. 

Lunne (3), Bellotti et al. (4), Mitchell and Villet (5), Sweeney 
(6), and Lima (7), the North Carolina State University (NCSU) 
chamber is slightly smaller than several of the facilities and has 
a lower maximum allowable pressure. On the other hand, the 
NCSU chamber has the capability of independently applying ver
tical and lateral pressures and measuring the actual radial displace
ment at the midheight of the specimen. Detailed descriptions of 
the chamber construction and performance testing are presented 
elsewhere (8,9). 

The maximum design pressure that can be applied to a soil 
specimen inside the chamber is 276 kPa ( 40 psi). This pressure 
can be independently applied in the vertical and lateral directions. 
The chamber is capable of accommodating a soil specimen that 
is 0.69 m (37 in.) in diameter and 0.69 m (37 in.) in height. The 
chamber walls and the top cap constitute the boundaries that limit 
the maximum displacement of the soil specimen to 76.2 mm (3 
in.) in the vertical direction and 50.8 mm (2 in.) in the outward 
radial direction. Vertical stresses are applied to the specimen via 
the chamber piston (diameter= 0.69 m), which is raised by pres
surized air. The lateral pressure is also applied by means of the 
air pressure surrounding the specimen membrane. 

Specimens are enclosed within a rubber membrane that is 
clamped both to the bottom piston and to a top platen that forms 
the top boundary of the specimen. The thrust of the chamber pis
ton is transferred from the bottom piston through the sand to the 
top platen and into the concrete top cap, which is anchored with 
four steel tie rods that are screwed into the concrete base. These 
four steel rods were calculated to have an elastic deformation of 
0.002 mm/1 kPa of applied piston pressure, thus allowing vertical 
displacement of the specimen to be obtained by directly measuring 
the vertical movement of the piston. A hydraulic cylinder with a 
maximum thrust of 53.4 kN (6 tons) and a maximum traveling 
displacement of 457 mm (18 in.) is used to insert penetration 
devices into the soil. This cylinder was driven by using a pres
surized hydraulic pump. The system used both reversible and 
pressure-compensating flow control valves that allowed the pene
tration speed to vary from 0 to 50.8 mm/sec. 

INSTRUMENTATION 

The computer control system consists of a Zenith 150 micro
computer outfitted with a high-performance analog and digital in
put/output data translation board (DT-2801). The clock speed of 
the system is 12 MHz. The DIA-ND board has 8 differential or 
16 single-ended analog input ports and two channels for DIA 
transmission. The D/A converter has a 12-bit register that specifies 
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Dilatometer 

FIGURE 1 Calibration chamber details. 

voltage in the range of 0 to 10 V with a resolution of 10 X 

2- 12 V, such that 000000000000 = 0 V and 111111111111 = 
10(1.0 - r 12

) = 9.9976 v. 
Vertical and lateral deformations are monitored through bipolar 

ND channels. Vertical and horizontal pressures are supplied and 
controlled by using Fairchild voltage-to-pressure (VIP) regulators, 
which are operated by using DIA output channels with pulse-width 
modulation. Signal conditioning with a gain of up to 8 is used to 
improve the resolution of the readings. 

Pressure System -

The main objective of the pressure control system shown in Figure 
2 is to provide and accurately monitor the air pressure supply to 
the chamber in both the vertical and the horizontal directions. The 
vertical pressure is supplied via a VIP regulator to the bottom 
piston. The confining pressure is similarly supplied through a pipe 
configuration to the space between the soil specimen and the outer 
fiberglass cell. 

The pressure control system consists of two regulators that re
duce the laboratory line air pressure from 690 kPa (100 psi) to 
276 kPa ( 40 psi) to ensure that the chamber is never subjected to 
a pressure in excess of the design pressure. The 276-kPa ( 40 psi) 
pressure is fed into two regulators that supply a constant air pres
sure to two Fairchild no. 10 VIP transducers. Voltage signals are 
transmitted to the VIP transducers from the two DIA channels. By 
using bias and multiplier adjustments, a correlation between the 
input voltage and the output pressure is established. In this par
ticular testing program, a 10-V input signal produced a· 276-kPa 
( 40 psi) output pressure. · 

A major difficulty in designing the pressure control system was 
to overcome the influence of potential leaks and maintain the de
sired pressure within acceptable limits. In addition, it was essential 
to measure the actual pressure buildup inside the chamber instead 
of the specified pressure. Therefore, independent pressure output 
ports were installed away from the pressure input ports to check 

To Computer D/A 

Regulator 
10 psi 

To Computer AID 
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the actual pressure values inside the chamber. These pressure out
put ports are connected to high-resolution (0.2 percent) 0- to 345-
kPa (0- to 50 psi) T-Hydraulics pressure transmitters that are ca
pable of producing amplified 0- to 10-V signals. These output 
voltage signals are collected by using differential ND ports. Fig
ure 3(a) shows the pressure regulators and control system. Pres
sure compensation to account for leaks is implemented through a 
closed-loop monitoring system. If the actual pressure inside the 
chamber is less than the specified pressure, and appropriate signal 
is transmitted to increase the pressure magnitude. 

During the application of the vertical pressure and while the 
bottom piston was lifted up, specimens were observed to tilt. This 
tilting action was undesirable because of the possibility of dam
aging the 0-ring seals within the piston. Also, a tilt would cause 
loss of vacuum and specimen collapse. To overcome this tilting 
problem, eight pieces of Styrofoam were attached to the circum
ference of the rubber membrane in a 45-degree arrangement. The 
Styrofoam pieces would act as spacers to prevent the initiation of 
tilting of the specimen. Care was taken to ensure that the Styro
foam pieces would not initially touch the fiberglass outer cylinder 
wall, hence minimizing the potential for the development of fric
tion forces. However, the magnitude of any friction forces caused 
by the use of this tilt-control measure was taken into account 
through the calibration procedure described here. 

To ensure that the actual vertical pressure applied . to the spec
imen was known, the influence of all potential friction forces was 
investigated. By applying 27.6 kPa (4 psi) of vertical pressure to 
the piston, a typical 0.69-m (37-in.)-high specimen was lifted up 
until its top was flush with the top concrete cap. The vertical 
pressure was then reduced, using the computer control, in 0.7-kPa 
(0.1 psi) increments to determine the pressure at which the spec
imen started to move. It was found that when the vertical pressure 
was reduced to the range of 13.1 to 13.8 kPa (1.9 to 2.0 psi) the 
specimen began to move down. The 13.8-kPa (2 psi) pressure was 
close to the pressure exerted on the piston as a result of the spec
imen's own weight. Therefore, the friction force was determined 
to be approximately equal to 45.3 kg (100 lb), or 0.7 kPa (0.1 
psi) pressure equivalent, for the 0.69-m (37 in.)-diameter piston. 
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FIGURE 2 Configuration of vertical and confining pressure application 
system. 

Displacement-Measuring System 

The inductance coils developed by Selig and colleagues (10-12) 
provided the best option for displacement measurements given 
the chamber material, dimensions, and functioning capabilities. 
Previous work (13) supported the use of inductance coils as 
displacement-measuring devices. Four pairs of inductance coils 
are used in the displacement-measuring system. Three pairs, each 
consisting of an excitation coil and a receiving coil, are used to 
measure radial or lateral displacement at the midheight of the 
specimen and one pair, located on the center of the bottom piston, 
is used to measure the vertical displacement at the bottom of the 
specimen. Although several arrangements of coils have been re
ported in the literature (such as coaxial, coplanar, and orthogonal 
configurations), only the coaxial arrangement is used because this 
particular configuration produces the largest signal and therefore 
the best resolution. Figure 3(b and c) shows the locations or'the 
vertical and radial inductance coils. 

For the three lateral displacement measurement coil pairs, one 
coil of each pair is mounted on the rubber membrane containing 
the soil specimen, whereas the other coil is attached to an alu
minum frame. The frames are portable and have a sliding track 
to allow for vertical adjustment of the coil position. This adjust
ment is needed to ensure the generation of signals with the largest 
possible amplitude. Before the outer fiberglass chamber is assem
bled, the three pairs of coils are carefully adjusted to be parallel 
to each other. They are positioned at 120 degrees, with respect to 
each other, around the circumference of the specimen membrane. 

After the initial vertical pressure is applied, the specimen is lifted 
up and the coils become misaligned. Therefore, the outer coils are 
readjusted by moving them upward until the maximum voltage 
signal is reached, indicating the best alignment. 

The vertical displacement measurement coil is set up by using 
a different arrangement. The excitation coil is placed on the top 
surface of the base piston, with the electrical cord taped along the 
inside wall of the rubber membrane and stretched up to the surface 
of the sand specimen. The receiving coil is embedded in the top 
of the concrete pedestal, below the piston. After the specimen is 
lifted up and contact between the specimen top and the top cap 
is achieved, the confining pressure is applied and the vacuum pres
sure is released. Calibration of the inductance coils is performed 
before every test. 

Figure 4 shows a typical calibration curve for one pair of coils 
along with the best-fit function that was implemented in the com
puter control software. The calibration curves are established in a 
temperature and humidity environment similar to that in which 
the coil will function during a given test. Electromagnetic radia
tion sources such as the computer screen and nearby motors are 
adequately separated from the coils to avoid adverse effects on 
the measured readings. 

COMPUTER CONTROL SYSTEM 

The main function of the computer control system is to manipulate 
and monitor the applied pressures and collect the radial and ver-
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(a) 

(b) 

(c) 

FIGURE 3 Pressure and displacement systems: (a) V/P regulators and transmitters; (b) inductance coil for 
measuring vertical displacement; (c) inductance coil for measuring radial displacement. 

tical displacements of the specimen. The computer-controlled sys
tem is needed because simulation of a specific stress path requires 
the ability to apply small and simultaneous horizontal and vertical 
pressure increments. In addition, the computerized system saves 
the labor resources that are needed to record the large volume of 
data collected at a high sampling frequency from the four dis
placement measuring devices and the two pressure transducers. 
Moreover, the computer system is relatively operator independent, 
and therefore, it is more feasible to reproduce the experiments. 

The closed-loop control logic of the computerized system is 
shown in Figure 5. The Zenith 150 microcomputer has a hard 

drive outfitted with a high-performance, bus interface, analog and 
digital, input/output (1/0) Data Translation (DT) 2801 board. A 
DT 707 connector board was used for interfacing with the pressure 
transducers and the inductance coils. All functions on the board 
are controlled by writing and reading commands, command pa
rameters, and data to a 12-bit register installed on the board. The 
12-bit register has a resolution of 1 in 4,096 parts. 

A computer program, CONTROL, supported by the DT real
time PCLAB macroroutine libraries, was developed for the tests. 
In addition to applying and monitoring the pressures, the computer 
program is used for the collection of displacement data after each 
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FIGURE 4 Variation of sensor spacing as a function of 
generated signal: measured and modeled functions. 

target pressure increment is achieved. Eight channels are used in 
the control process. Four ND differential channels are used for 
the collection of displacement data, two DIA channels are used 
for the pressure application, and two ND channels are used for 
the feedback pressure monitoring. To account for the noise and 
avoid aliasing effects (which appear if the sampled signal contains 
frequencies that are higher than half the sampling period), each 
collecting port is scanned 100 times each second. The 100 read
ings are then averaged to produce 1 reading per second. A fl.ow 
chart of the CONTROL program is shown in Figure 6. 

The computer program proceeds by prompting the user to input 
the target vertical and confining pressures. The digital data, cor
responding to the applied pressures, are converted to analog values 

CPU 

MEMORY 

PORTO 

AID D/A 

PORT1 

1=1NDUCTANCE COIL, RADIAL DISPLACEMENT 
2=1NDUCTANCE COIL. RADIAL DISPLACEMENT 
3=1NDUCTANCE COIL. RADIAL DISPLACEMENT 
4=1NDUCTANCE COIL. VERTICAL DISPLACEMENT 
5=PRESSURE TRANSDUCER, CONFINING PRESSURE 
6=PRESSURE TRANSDUCER, VERTICAL PRESSUR!O 

FIGURE S Closed-loop computer control 
system (ALU = arithmetic logic unit, CPU = 
central processing unit). 
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and then transmitted as voltage signals to the DIA ports. The volt
age signals are received by the VIP regulators and cause the air 
pressure valves to release vertical and confining pressures. After 
the pressures corresponding to the received signals are applied to 
the chamber, they are continuously monitored by reading the out
put pressure signals coming from the pressure transmitters con
nected to the inside of the chamber. On the basis of the difference 
between the target pressures and the horizontal and vertical pres
sures inside the chamber that are fed back, incremental voltage 
signals are generated. These signals are then transmitted via the 
DIA port to the VIP regulators to either increase or decrease the 
applied pressures. This closed-loop application and monitoring 
process, schematically shown in Figure 5, is repeated at a time 
interval of approximately 4 sec. 

The magnitude of a pressure increment, or decrement, is chosen 
in proportion to the value of the target pressures. The higher the 
target pressure value, the higher the increment value. When the 
difference between the target pressure and the pressure inside the 
chamber is less than 2 percent of the target pressure, the output 
voltage signals are stabilized and displacement data are collected. 
A mechanical pressure gauge is mounted on the outlet of the 
chamber pressure system as a backup gauge. It has been observed 
that the difference between the pressure readings taken visually 
from the pressure gauge and those obtained by using the control 
system were in the range of 1 percent of the desired chamber 
pressure. 

To avoid the overshooting of the required pressure value, thus 
causing undesirable overconsolidation effects, the required pres
sure is applied by using a stepwise pressure process. In one case, 
for example, a target pressure of 34.5 kPa (5 psi) was attained in 
10 steps of 3.45 kPa (0.5 psi) each. This procedure ensures the 
simultaneous application of the vertical and confining pressures, 
thus achieving the prescribed stress path. 

CONSOLIDATION AND TESTING 

The automation system allows for the independent control of the 
magnitude of the vertical and lateral confining pressures applied 
to the soil specimen. This feature permits consolidation of a spec
imen according to a prescribed stress path. For a series of CC 
specimens into which the dilatometer test apparatus was to be 
inserted, coefficient of earth pressure at rest (Ko) consolidation was 
chosen to model the in situ press path to which the soil was sub
jected during normal deposition. The complete stress path used in 
the study is schematically shown in Figure 7 and was chosen to 
approximate the stresses on a soil element next to a laterally 
loaded pile. The Ko consolidation process was simulated by sub
jecting the specimen to vertical stress increments and at the same 
time restricting lateral movement through the application of a cor
responding horizontal pressure increment. The ratio of the hori
zontal pressure to the vertical pressure to maintain the condition 
of zero lateral strain was assumed to be K 0 during the test. In 
general, during this process, the magnitude of the radial strain that 
was considered acceptable for the simulation of the Ko condition 
was approximately equal to or less than 0.1 percent. The process 
of applying the initial stress conditions to the soil specimen is 
described in the following steps: 

Step 1: Apply 13.8 kPa (2.0 psi) of vacuum pressure to the 
specimen to hold the specimen before removing the plastic former 
(membrane stretcher). 
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FIGURE 6 Flow chart of computer program CONTROL. 

Step 2: Apply 20.7 kPa (3.0 psi) of vertical pressure to the 
bottom of the specimen to lift it up until the specimen top is flush 
with the top concrete cap, thus creating a good seal between the 
rubber gasket at the specimen top and the concrete cap. 

Step 3: Release vertical pressure to 15.2 kPa (2.2 psi). This 
pressure value was applied to overcome the weight of the speci
men. Set up inductance coils and take initial displacement read
ings, which were assumed to be the zero lateral displacement 
readings. 
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FIGURE 7 Measured Ko values from CC test [crv = vertical 
consolidation stress, crh = horizontal consolidation stress, 
q = (crv - crJ/2, and p = (crv + crh)/2]. 

Step 4: Apply 27.6 kPa (4.0 psi) of vertical pressure and 13.8 
kPa (2.0 psi) of confining pressure to ensure good contact between 
the specimen and the top cap. The confining pressure is applied 
to hold the specimen. 

Step 5: Release vacuum pressure. 
Step 6: Apply the desired vertical pressure increment and, by 

using the control program, adjust the horizontal pressure to main
tain lateral displacement corresponding to 0.1 percent strain or 
less. This procedure was repeated for the initial four tests per
formed on loose sand. However, it was found that the Ko values 
obtained from each test were within the narrow range of 0.45 to 
0.55, as shown in Figure 7. Therefore, given that the sand-raining 
process used to form the specimens produced repeatable unifor
mity, a less time-consuming procedure was adopted. This proce
dure was similar to the one described above except for the 
determination of K0 • The K0 was assumed to be known, and the 
vertical and confining pressures were applied in increments that 
maintained the K 0 condition until the desired initial stress condi
tion was achieved. 

Once the initial stress condition was achieved, a stress path 
similar to that shown in Figure 8 was applied to the specimen in 
steps. During the application of this stepped-load stress path, dis
placement readings were recorded on the computer disk after the 
sample was allowed to stabilize. Stabilization was inferred from 
the monitored displacements, and the sample took approximately 
10 to 15 sec to stauilize under the applied pr~ssure increments. 

Typical results of one of the tests performed on a loose sand 
specimen are shown in Figure 9(a) and (b). A summary of the 22 
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FIGURE 8 Stress path for the CC 
tests (a1 = av and 0"3 = ah). 

tests performed during the course of this project has been pre
sented previously (9). Thirteen tests were devoted entirely to the 
establishment of the system, development of the computer control 
program, and learning about the system's uncertainties. 

As shown in Figure 9( a), the prescribed stress path was ade
quately followed by using the control system. The vertical and 
horizontal pressures were applied to achieve a Ko of 0.4, and then 
the lateral compression pressure was increased while maintaining 
the vertical pressure constant at approximately 69 kPa (10 psi). 
During the application of the vertical and horizontal pressures, the 
radial strain was maintained at a value of less than 0.1 percent up 
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to the point at which in situ stress conditions were simulated, as 
shown in Figure 9(b). After the K 0 condition was achieved, the 
displacement values were collected from the three inductance coil 
pairs as the horizontal pressure was increased. In conjunction with 
these tests, and outside the scope of this paper, the Marchetti dil
atometer test was conducted at depth intervals of 100 mm (4 in.). 
The inductance coils proved capable of detecting small displace
ments (less than 1 mm) at the sample boundary. The boundary 
displacements were found to be a function of the specimen den
sity, with low-density specimens showing essentially no boundary 
movement (14). 

SUMMARY AND CONCLUSIONS 

A computer-controlled data acquisition system was used to con
duct a series of CC tests on sand. The system consisted of a Zenith 
150 microcomputer that was outfitted with a bus interface high
perforinance analog and digital 1/0 DT 2801 board with 12-bit 
register. The control and monitoring instrumentation consisted of 
two pressure regulators that supplied a constant air pressure to 
two Fairchild no. 10 VIP transducers and four pairs of inductance 
coils. In situ stress conditions were simulated by using the instru
mentation system along prescribed stress paths. The test data that 
were monitored included three radial displacements, vertical dis
placement, and the vertical and confining pressures. Deformations 
were monitored and collected during the consolidation process to 
assess the accuracy of simulating the. in situ K 0 conditions. Pres
sures were applied according to a prespecified stress path by using 
the developed system. A closed-loop algorithm was used to apply 
and monitor the prespecified stress path. On the basis of the results 
of the study described here, the following conclusions can be 
drawn: 

1. Closed-loop algorithms provide an effective technique for the 
independent control of vertical and confining pressures and the 
simulation of K 0 conditions. By using a computer with a clock 
frequency of 12 MHz, the duration of the control cycle was 4 sec 
for each pressure increment. An additional 10 to 15 sec was 
needed for the pressure to stabilize. 

2. The inductance coils proved to be effective for short-term 
deformation measurements during the tests. Calibration on a reg
ular basis was needed to ensure that electromagnetic drifts did not 
affect the performance of the coils. The high-speed feedback of 
deformation readings allowed the adjustment of the applied pres
sures to achieve the K 0 condition. 

3. The data acquisition system proved to be cost-effective and 
reliable. However, in most cases off-the-shelf products will not 
meet project-specific needs, as in the case of the study described 
here. The off-the-shelf software available for conventional triaxial 
testing was not suitable for the needed closed-loop and displace
ment control procedure to achieve the prespecified Ko and the 
consequent stress path loading. In the case of the present study, 
extensive development and custom design were required to con
struct a system that provided the needed displacement and stress 
controls. 

4. The initial cost of the data acquisition system was offset by 
the savings in personnel costs and the costs associated with sys
tematic data recording and storage. 
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Use of Air-Regulating Valves in 
Geotechnical Laboratory Testing 

THOMAS L. BRANDON AND ALLEN L. SEHN 

Pneumatic pressure is used in many different facets of laboratory test
ing of soil. These uses include the application of cell pressures and 
back pressures in triaxial and simple shear tests and the application 
of shear loads in a variety of tests. Computer control of pneumatic 
pressure is an important element in the automation of geotechnical 
laboratory tests. Three-way, programmable, air-regulating valves were 
used in a variety of applications for automated test control, including 
consolidation tests, instrumented oedometer tests, .and cyclic simple 
shear tests, and for loading systems for pavement research. The digital 
pressure valves have advantages over other methods of pressure con
trol in that (a) the computer control interface is simplified, (b) open
loop control is possible for many applications, and (c) cyclic loading 
is easily achievable. 

Automation of geotechnical laboratory tests has been an ongoing 
effort for the past 30 years to reduce technician time and testing. 
costs and to increase the reliability of test data. A key element of 
test automation is the replacement of the manual operations re
quired to control forces, pressures, or displacements with active 
computer control. 

Many conventional geotechnical tests make use of air pressure 
to control the pore pressures and stresses applied to soil samples. 
In the past, manual methods of controlling air pressures have 
made use of suspended mercury reservoirs acting on a mercury
air interface, screw pistons, and diaphragm pressure regulators. 
An important element in automating many geotechnical tests is 
the ability to generate reproducible air pressures to control certain 
test parameters by using a computer-controlled air pressure
regulating system to replace these manual procedures. 

Different techniques have been used to obtain air pressure under 
computer control. These techniques include those that use motor
controlled regulators or hydraulic actuators and those that use 
electropneumatic transducers. Stepper motor-controlled regulators 
make use of stepper motors to rotate conventional pressure reg
ulators that would normally be rotated by hand (1). The stepper 
motors are operated by a controller mounted in an expansion slot 
of a personal computer or by an external controller. Motor
controlled hydraulic actuators operate in a similar fashion, in 
which a microprocessor-controlled motor drives a ball screw that 
moves a piston within a cylinder (2,3). 

Electropneumatic transducers convert an input voltage or cur
rent into an air pressure proportional to the input electrical. source 
( 4). These devices usually operate in a manner in which the elec
trical source energizes a coil mounted on a control arm. A change 
in current in the coil changes the position of the control arm, 

T. L. Brandon, Department of Civil Engineering, Virginia Polytechnic In
stitute and State University, Blacksburg, Va. 24061-0105. AL. Sebo, De
partment of Civil Engineering, University of Akron, Akron, Ohio 44325-
3905. 

which in tum changes the pressure acting on an orifice. The input 
voltage or cu~rent used to operate these devices may be obtained 
from a digital-to-analog ·(DIA) converter. DIA converters are read
ily available and are often incorporated into internally mounted 
data acquisition cards for use in personal computers. 

These types of computer-controlled pressure devices have been 
used successfully in many automated geotechnical testi~g devices 
( 1,2 ,4 ,5 ). However, these devices have certain drawbacks when 
used for some applications. First, these devices usually must be 
used in closed-loop control applications whereby the output pres
sure is continuously monitored to verify that the desired pressure 
is achieved and corrected if necessary. Although many algorithms 
can be used to optimize closed-loop control, this process takes 
many cycles of the controlling processor, and some time is re
quired to achieve the desired pressure. This is normally not a 
problem in static geotechnical tests, but it may be undesirable for 
certain cyclic or dynamic tests. A second potential drawback of 
these devices is cost. They require either internal cards in a per
sonal computer or external devices to provide the proper control 
signals and to acquire and process the data necessary for the 
closed-loop control. As computer hardware operates faster and 
becomes less expensive, these potential drawbacks are lessened, 
but there still is a need to investigate other commercially available 
devices. 

The authors have investigated the use of commercially available 
air-regulating valves for use in the automation of geotechnical 
tests. Additional uses of solenoid valves for geotechnical testing 
are presented by other researchers ( 6). The valves used in the 
study described here are model PAR-15 valves manufactured by 
Schrader Bellows, Inc. The cost of the valve is about $650. A 
schematic of this device is shown in Figure 1. A 120-V alternating 
current (120-VAC) signal is used to operate the four solenoids. 
These solenoids control the division of the inlet pressure into 15 
equally spaced outlet pressures. In other terms, a four-bit input 
signal allows 24 (16) different pressures to be obtained. These 
pressures range from a minimum value of zero to a maximum 
value equal to the inlet pressure. Table 1 presents an example of 
the design operating characteristics for an inlet pressure of 150 
kPa (22 psi). The maximum inlet pressures for the valves used in 
the present study were 207 kPa (30 psi) and 1034 kPa (150 psi). 

To provide the necessary 4-bit control signal, a digital output 
(DO) from a personal computer is required. DO internal cards for 
personal computers can be purchased and are inexpensive. How
ever, in the present study, a relay panel was constructed so that 
~he parallel printer port available on most personal computers 
could be used to drive solid-state relays. A parallel printer port 
provides 8 digital output channels (8-bit output) that can drive 
two separate air-regulating valves. The command to output a cer
tain bit pattern from the parallel port is only one line in many 
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FIGURE 1 Air regulation valve system. 

programming languages. For example, to send the pattern ''on
on-off-on" out the first parallel printer port (LPTl), the command 
in BASIC is "out &H378, 13." 

By incorporating two air-regulating valves connected in series, 
it is theoretically possible to obtain 256 different pressures. This 
can be done by connecting the output of the first valve to the 
input of the second valve. 

As the first part of the research described here, the basic op
eration of the air-regulating valves was investigated. After the ba
sic operation and control were understood, the valves were used 
for the automation of several geotechnical testing devices. 

PERFORMANCE OF AIR-REGULATING VALVES 

The low-pressure and high-pressure valves were tested to verify 
that the 15 achievable outlet pressures were evenly spaced. Shown 
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in Figure 2 are the actual pressures achieved with the high
pressure valve with an input pressure of 552 kPa (80 psi). As can 
be seen, the divisions of pressure are not as linear as indicated by 
the manufacturer. 

A series of dynamic tests was also conducted to examine the 
different cyclic loading patterns that could be achieved. The main 
loading patterns investigated were square, triangular, and sine 

. waves. Shown in Figure 3 is a loading function in which the 
solenoids on the valve were switched from 15 to 2 bits at a given 
time interval. For this case, the output of the pressure valve was 
connected directly to a pressure transducer to measure the 
pressure. 

Shown in Figure 4 is a triangular wave achieved by using the 
high-pressure valve. In this case, the pressure was increased by 
increments of 1 bit from 1 to 15 bits and then decreased back to 
1 bit. The valve was connected to a pneumatic piston for this trial. 

Certain factors were found to be important in the performance 
of the valve. Perhaps the most important factor influencing the 
reaction time for a desired pressure to be achieved was the volume 
of air that had to be pressurized. The spikes evident in Figure 3 
occurred because there was a small volume of air to be pressurized 
for the test conditions. The pressure ~ransducer was threaded di
rectly into the valve, and the volume of air being pressurized was 
small. This caused the pressure to exceed the desired value and 
then to decay for a few seconds to the correct value. If the test 
system was changed so that a larger volume of air was pressur
ized, as would be the case with an air cylinder, there would be 
no spikes in the pressure-time relationship. 

Under the test conditions in the experiment whose resl,Jlts are 
given in Figure 4, the valve was used to pressurize an air cylinder; 
thus, a much greater volume of air was being pressurized. In this 
case, no spikes were evident in the waveform. In addition, it is 

TABLE 1 Theoretical Operation of Air-Regulating Valves for Inlet Pressure 
of 150 kPa 

Solenoid Conditions Output Pressure 

Byte (kPa) 

1 2 3 4 

off off off off 0 0 

off off off on 1 10 

off off on off 2 20 

off off on on 3 30 

off on off off 4 40 

off on off on 5 50 

off on on off 6 60 

off on on on 7 70 

on off off off 8 80 

on off off on 9 90 

on off on off 10 100 

on off on on 11 110 

on on off off 12 120 

on on off on 13 130 

on on on off 14 140 

on on on on 15 150 

a On indicates solenoid is energized (120 VAC applied). Off indicates that no 
voltage is applied to the solenoid. 
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difficult to distinguish the different pressure increments, and a 
relatively smooth waveform results. For the developed applica
tions that follow, a trial-and-error procedure was used to obtain 
the required system performance characteristics. 

APPLICATIONS OF AIR-REGULATING VALVES 
IN GEOTECHNICAL TESTING 

The authors have used air-regulating valves in a variety of geo
technical testing applications. Usually, the valves have been com
bined with air pistons to apply shear or normal loads. The appli
cations discussed in this paper are an incremental stress 
consolidometer, an instrumented oedometer, and a cyclic simple 
shear device. 

Incremental Stress Consolidometer 

A simple loading system was developed to conduct incremental 
stress consolidation tests. The basic system consisted of using two 
air-regulating valves to load a conventional consolidometer via a 
15.24-cm-diameter air piston. Shown in Figure 5 is a schematic 
of the loading system. The system used a low-pressure valve with 
an air inlet pressure of 138 kPa (20 psi) to provide stresses of up 
to about 287 kPa [3 tons/ft2 (tsf)]. The high-pressure regulator 
was used for stresses of greater than 287 kPa (3 tsf) to the max
imum stress of about 1532 kPa (16 tsf). A linear variable differ
ential transformer (LVDT) was used to monitor the compression 
of the sample. The LVDT was connected to a Metrabyte DAS-8 
analog-to-digital converter in the personal computer. 

During the first trials, a load cell was connected to the air piston 
to measure the forces applied and to ensure that the air pressures 
provided were repeatable. With the valve connected directly to the 
piston, about 5 sec was required for the desired load to be 
achieved. Filling of the piston with silicone oil, thus reducing the 
amount of air that had to be pressurized, reduced the required 
time to about 1 sec. A software control program was written in 
QUICKBASIC to operate the air-regulating valve and to acquire 
the data from the LVDT. On the basis of the low-pressure and 
high-pressure settings and on the basis of the soil specimen di
ameter, the 30 possible loads were calculated and tabulated. The 
program allows these loads to be applied to the sample in any 
order for compression and rebound loading patterns. 

Digital 
Control Box 

DODD DODO 

~~1111~ 
IBM compatible computer 

Low 
Press. 
Valve 

High 
Press. 
Valve 

FIGURE 5 Incremental stress consolidometer loading 
system. 
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Instrumented Oedometer 

A digital pressure-regulating valve with a maximum inlet pressure 
of 207 kPa (30 psi) was used to control the vertical pressure for 
an instrumented oedometer developed to investigate the effects of 
multiple load cycles on the value of at-rest earth pressure coeffi
cient (Ko) (7). A schematic of the instrumented oedometer system 
is shown in Figure 6. 

During a typical test, vertical stress is applied to the specimen 
with pressurized air that acts on a flexible membrane on top of 
the specimen. The pressure acting on the membrane is controlled 
by a program that runs on a microcomputer via a digital pressure
regulating valve. In the instrumented oedometer system, the actual 
pressure applied by the regulating valve is monitored by using a 
pressure transducer. 

For each value of applied vertical stress, the horizontal stress 
is calculated on the basis of the outputs of the two load cells that 
connect the two halves of the split-ring oedometer. The horizontal 
stress is the sum of the load cell readings divided by the area of 
a vertical cross section passing through the center of the test spec
imen. The results of a multicycle Ko test with the instrumented 
oedometer are shown in Figure 7. This test consisted of 1,000 
load cycles. During each cycle, the applied vertical stress is in
creased to a peak value and then decreased to a minimum value 
by using the digital pressure-regulating valve to control the ap
plied stress. In Figure 7, the data for only the 1st, 2nd, 10th, lOOth, 
and 1,000th cycles are provided. 

Cyclic Simple Shear Loading System 

The air-regulating valves were also used for the loading system 
of a cyclic simple shear testing device. The simple shear apparatus 
was manufactured by Research Engineering, Inc. A schematic of 
the loading system of this device is shown in Figure 8. The shear 
force is applied by a double-acting piston. With the piston locked, 

Compressed 
Air 
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a bias pressure is applied by a manual pressure regulator to one 
side of the piston. The same pressure is applied by setting the air
regulating valve to a baseline pressure somewhere in the middle 
of its range (i.e., 7-bit set) and adjusting the inlet port pressure 
until the pressures on both sides of the piston are equal. At this 
time, the piston can be unlocked, and the shear load applied to 
the specimen is zero. A cyclic shear load can then be applied by 
raising and lowering the control byte sent to the valve by 1 or 
more bits. 

Shown in Figure 9 is an example of a loading waveform 
achieved with the cyclic simple shear apparatus. A frequency of 
loading of about 1 Hz was used for this test. It should be noted 
that the scatter in the force measurements was due to electrical 
noise in the data acquisition system and not to fluctuations in the 
pressures applied to the cylinder. The pressures in the double
acting piston observed during the test did not exhibit any notice
able scatter. 

SUMMARY AND CONCLUSIONS 

On the basis of the experience gained from using the air-regulating 
valves in the applications described here, the following conclu
sions can be reached. 

1. The air-regulating valves provide an economical means of 
controlling the air pressures used for various applications in the 
testing of geological materials. 

2. The air-regulating valves are capable of providing pressure 
control in an open-loop system, thus reducing the cost of the pres
sure control system. 

3. Digital air-regulating valves can be used to provide pressure 
control for cyclic load tests and can produce the types of wave
forms commonly used in cyclic testing of geological materials. 

4. The response characteristics of the digital air-regulating 
valves depend on the volume of air being pressurized, and tuning 

Load 
Cell 

TopViewof ~ 
Instrumented Oedometer 

FIGURE 6 Instrumented oedometer and data acquisition and control system. 
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of the system may be required to achieve the required system 
response characteristics for a particular application. 

5. The digital output of the parallel printer port available on 
most microcomputers can be used with a inexpensive relay board 
to control the digital air-regulating valve. This eliminates the more 
expensive interface hardware required for many of the alternative 
methods available for automation of pressure control for labora
tory testing applications. 
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Long-Term Pavement Performance 
Seasonal Monitoring Program: 
Instrumentation Selection and 
Installation 

GONZALO R. RADA, ARAMIS LOPEZ, JR., GARY E. ELKINS, 

CHERYL A. RICHTER, AND BRANDT HENDERSON 

The operational theory of and the installation procedures for the in
strumentation selected to monitor changes in internal pavement mois
ture and thermal regimes and external climate at test sections in the 
Long-Term Pavement Performance seasonal monitoring study are 
described. The instrumentation includes time-domain reflectometry 
probes to measure the moisture contents of unbound materials, therm
istor sensors to measure pavement temperature gradients and air tem
perature, electrical resistivity probes to measure frost locations, a pi
ezometer to measure the depth to the groundwater table, and a tipping 
bucket rain gauge to measure precipitation. These measurements of 
the external climate and the resulting changes in the pavement ma
terial will be coupled with monthly or more frequent deflection mea
surements, bimonthly roughness measurements, elevation profiles, and 
distress surveys to study the causes and effects of seasonal changes 
in the structural response of pavement. Preliminary results from the 
instrumentation pilot studies illustrating these types of seasonal effects 
are presented. 

It is widely recognized that temperature- and moisture-related 
changes in pavement structures, within a day or over the course 
of a year, can have a significant impact on the structural charac
teristics of the pavement layers, thereby affecting the response of 
the pavement to traffic loads and, ultimately, the life of the pave
ment. The magnitudes of these effects and the relationships in
volved, however, are not well understood, making it difficult to 
address them with any degree of confidence in the design and 
evaluation of pavements. 

The primary objective of the seasonal monitoring program 
within the Strategic Highway Research Program's (SHRP's) 
Long-Term Pavement Performance (LTPP) studies is to provide 
the data needed to attain a fundamental understanding of the mag
nitude and impact of temporal variations in pavement response 
and properties resulting from the separate and combined effects 
of temperature and moisture variations. The products of this effort 
will provide (a) the means to link pavement response data ob
tained at random. points in time to critical design conditions, (b) 

G. R. Rada, PCS/Law Engineering, 12240 Indian Creek Court, Suite 120, 
Beltsville, Md. 20705-1242. A Lopez, Jr., and C. A. Richter, LTPP Divi
sion, FHWA, 6300 Georgetown Pike, HNR-40, McLean, Va. 22101-2296. 
G. E. Elkins, Nichols Consulting Engineers, Chtd., 1885 South Arlington 
Avenue, Suite 111, Reno, Nev. 89509. B. Henderson, Pavement Manage
ment Systems, Ltd., 152 Main Street, Cambridge, Ontario NlR 6Rl, 
Canada. 

the means to validate models for the, relationships between envi
ronmental conditions (e.g., temperature and precipitation) and the 
in situ structural properties of pavement materials, and (c) ex
panded knowledge of the magnitude and impact of the changes 
involved. 

Resource limitations make it impossible to monitor all of the 
approximately 3,000 LTPP test sections scattered across North 
America on a seasonal basis. As a result, a two-tiered program 
has been established to maximize the number of sections studied 
and, therefore, the applicability of the results. The first tier, re
ferred to as the core experiment, includes 64 LTPP test sections 
selected to obtain a balance of key pavement factors (Table 1 ). 
The second tier, referred to as supplemental studies, was con
ceived in response to the strong desire on the part of several states 
to contribute to this effort by instrumenting and monitoring ad
ditional LTPP test sections. The final number of supplemental sec
tions is not yet known. 

Sixty of the targeted 64 sites have been identified and accepted 
for inclusion into the core experiment (Figure 1). The necessary 
instrumentation has been installed at 28 sites, and the remaining 
36 sites will be operational by late 1994. Monitoring has started 
and will continue through at least three full yearly cycles. 

Moisture and temperature will be monitored continually. The 
following tests will be conducted at least once a month: 

• Deflection _basin testing, for evaluating temporal variations in 
structural properties; 

• Load transfer testing on joints and cracks in rigid pavements, 
for monitoring load transfer conditions; and 

• Joint faulting and joint opening measurements, for determin
ing the effects of temperature variations on joint condition. 

In addition, the following tests will be performed at least once 
each season: 

• Surface elevation measurements, for evaluating the effects of 
frost heave and swelling soil; 

• Transverse and longitudinal profile measurements, for char
acterizing pavement rutting and roughness; and 

• Distress surveys, for monitoring the progression of pavement 
distresses over time. 
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TABLE 1 Core Experiment: Experimental Design Cells and Target Number of Sections 

No Freeze Freeze 
Pavement Subgrade 

Type Soil Dry Wet Dry Wet 

Flexible - Thin AC(< 127 Fine 1 (3) 2 (3) 3 (3) 4 (3) 
mm (5 in.)) Surface 

Coarse 5 (3) 6 (3) 7 (3) 8 (3) 

Flexible - Thick AC ( > 127 Fine 9 (3) 10 (3) 11 (3) 12 (3) 
mm (5 in.)) Surface 

Coarse 13 (3) 14 (3) 15 (3) 16 (3) 

Rigid - Jointed Plain Fine 17 (l) 18 (l) 19 (1) 20 (1) 
Concrete (JPC) 

Coarse 21 (1) 22 (l) 23 (l) 24 (I) 

Rigid - Jointed Reinforced Fine 25 (l) 26 (l) 27 (l) 28 (I) 
Concrete (JRC) 

Coarse 29 (l) 30 (l) 31 (1) 32 (I) 

Note: First number in each cell represents the identification number assigned to the cell. The second number, in 
parentheses, represents the target number of sections within the cell. 

The collection of deflection, profile, and distress data is being 
accomplished by using LTPP equipment and testing protocols. To 
gather many of the remaining data, the seasonal monitoring pro
gram is relying on instrumentation permanently insta1led at the 
test sections. Time-domain refiectometry (TDR) probes and 
thermistor probes are being used to monitor changes in subsurface 
moisture and temperature, electrical resistivity probes are being 
used for frost-thaw depth measurements, and piezometers are be
ing used to determine the depth to the groundwater table. In ad-

FIGURE 1 Geographical distribution of core experiment sites. 

dition, air temperature probes and tipping-bucket rain gauges are 
being used to monitor ambient temperature and precipitation. 

INSTRUMENTATION SELECTION 

The instrumentation developed for the seasonal monitoring pro
gram will seek to measure changes in internal pavement moisture 
content, surface and subsurface temperatures, frost depth, depth 

Note: Numbers Shown Represent Experimental Cell Number 
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to the groundwater table, and climate over time. The installation 
of these types of sensors within the pavement structure is still a 
developing field, and little is known about their performances un
der field conditions, installation techniques, and costs. 

Hence, the available literature was reviewed and manufacturers 
were contacted to determine which sensors would best fit the 
needs of the program. In addition, advice was solicited and ob
tained from the SHRP In Situ Instrumentation Expert Task Group. 
After careful consideration of the several types of sensors iden
tified, the following alternative instrumentations were selected for 
further consideration: 

• TDR probes or frequency-domain probes for monitoring in
ternal moisture, 

• Thermistors or thermocouples for monitoring pavement sub
surface temperature, 

•Electrical resistivity probes for monitoring frost-thaw depth, 
and 

• Piezometers for monitoring the depth to the groundwater 
table. 

A clear-cut decision could not be reached on the subsurface 
moisture and temperature sensors, so two pilot studies were ini
tiated to identify the sensors best suited for the program and to 
investigate installation methods. The first pilot installation of sen
sors was completed in October 1991 on a flexible test section near 
Syracuse, N.Y. (1 ). The second pilot installation was completed 
in November 1991 on a rigid test section west of Boise, Idaho 
(2). The following sensors were installed at these pilot sites: 

• Four TDR probe models-flat two-prong, flat three-prong, 
curved three-prong, and .curved three-prong probe models-and 
an access hole for the Troxler frequenc;y-domain moisture probe. 

• Thermocouple and thermistor temperature sensor strings. 
• An electrical resistivity probe. 
• A piezometer. 

These sensors were monitored at least monthly through May 
1992. On the basis of the findings obtained at both sites, the TDR 
probes were selected because of (a) the more reasonable and re
liable moisture contents that they provided, (b) concerns over the 
effects of salinity on the Troxler measurements, ( c) problems en
countered in maintaining the integrity and water tightness of the 
access hole in the wheel path, and ( d) the fact that the Troxler 
probe, although simpler to install, requires the operator to stand 
on the road, obstructing the deflection measurement operations, 
and requires traffic control. The flat-three prong TDR probe model 
was selected because it provided a superior signal strength and 
quality. The curved TDR sensors were found to be more difficult 
to install since they had to be held against the auger hole wall 
during compaction. 

The thermistors were selected over the thermocouple strings 
used in the pilot study for temperature measurements because they 
provided the most consistent and accurate temperature readings 
under field conditions. The thermistor unit also used lower-cost 
and easier-to-operate readout equipment. 

After the final equipment selections were made, equipment was 
installed at an additional pilot site, near Billings, Mont. (3), to 
investigate the effects of placing all pavement sensors in the same 
hole and to refine the installation procedures. The results provided 
much valuable information regarding the installation of seasonal 
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instrumentation, particularly the finding that only one pavement 
hole is required for the installation of the in-pavement sensors. 
Also, the installation of sensors can be completed in 1 day and 
not 2 days, as was originally anticipated. 

It is important to note that the instrumentation selected for the 
seasonal monitoring program is not without limitations; for ex
ample, the relationship between dielectric constant and moisture 
content is limited to a very small area of influence around the 
TDR probe rods; the temperature measured by the thermistor 
probe is that of the thermistors, and hence, unless they are in close 
contact with the soil, the readings may not be representative; and 
external factors such as the presence of salts in the soil can have 
an impact on the electrical resistivity probe measurements. 

DESCRIPTION OF SENSORS 

TDR Probes 

The moisture content of the subgrade soil and unbound materials 
is an important parameter that influences their behaviors· however 
it is one of the most difficult to measure. Several appr~aches fo; 
measuring moisture content have been developed, but each suffers 
from various limitations. The method selected for use is TDR. 

The principle of the TDR system is similar to that of radar. In 
the TDR method, a wave is transmitted along a shielded coaxial 
metallic cable that acts as a waveguide. (A dual-lead antenna wire 
can also be used; however, the coaxial cable-connector assembly 
was chosen because it is more rugged.) The velocity of the wave 
is a function of the dielectric constant (e) of the material surround
ing the central conductor. Changes in the dielectric constant, as 
well as open or short circuits in the cable, create wave reflection 
or wave loss points indicated by slope changes in the pulse of the 
return wave recorded by the TDR readout unit. A short circuit in 
the system will reduce the return signals from beyond that point, 
whereas an open circuit will generally result in an increase in the 
return signal. 

For soil moisture applications, the coaxial cable center conduc
tor is connected to the center stainless steel rod on the probe. The 
cable's outer shielding is connected to the outer two rods. In es
sence, the probe becomes an electrical extension of the cable. 
Figure 2(a) shows the TDR probe that was refined and fabricated 
by FHWA for use in the LTPP seasonal monitoring program. The 
TDR readout device displays a rise and fall in the return signal 
strength as the electromagnetic wave enters and exits the probe 
rods, as illustrated in Figure 2(b). The distance between the initial 
inflection point (point Dl) and the end of the TDR probe (point 
D2) is known as the apparent length of the probe (L 0 ). 

This technique works well in most soil applications because the 
dielectric constant of soils is primarily a function of their moisture 
content. The dielectric constant of water is approximately 80, 
whereas that of dry soil particles is typically between 3 and 5, 
depending on the soil type and density. (The dielectric constant 
of air is defined as 1.) Thus, the dielectric constant of water dom
inates the measured value of the dielectric constant for the soil
moisture-air mixture between the conducting rods of a TDR probe. 
The dielectric constant of a soil-water-air mixture is computed as 
follows: 

(1) 
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FIGURE 2 TOR probe (a) and TOR trace (b). (1 ft/div = 0.3 m/div). Mp/div is millirhos per division. 

where 

E = dielectric constant; 
La = apparent length of probe; 
L = actual length of probe (TDR trace units); and 

VP = phase velocity setting on TDR readout instrumentation 
(usually 0.99). 

The relationship between the volumetric moisture content and 
the dielectric constant can be determined by using a regression 
equation or a theoretical formulation. In the absence of specific 
relationships for pavement materials, Topp's equation (4) will in
itially be used as an indication of the moisture content from TDR 
readings until more refined relationships can be developed. Topp's 
calibration regression equation is 

0 = -0.053 + 0.0293E - 0.00055E2 + 0.0000043E3 (2) 

where 0 is the volumetric water content, in decimal. 
To convert soil moisture from a volume to a weight basis, as 

used in pavement engineering applications, it is essential that rea
sonably accurate dry density estimates are available, since this 
transformation is based on the ratio of the dry density of the ma
terial to the density of water. To develop calibration curves be
tween the moisture .content and the dielectric constant of the ma
terials included in the study, field moisture samples at the time of 

sensor installation and 18.9-L (5-gal) samples of the base, sub
base, and subgrade materials are obtained. 

Thermistor Probes 

The temperature sensor selected for use in the seasonal monitoring 
program is the thermistor. Thermistors are thermally sensitive re
sistors usually made of a semiconductor material that has an ex
tremely large temperature coefficient of resistance. Hence, very 
small changes· in temperature result in directly related large 
changes in resistance (hundreds to thousands of ohms). 

Thermistors that measure a variety of temperature ranges are 
available in a variety of sizes and shapes, for example, rods, disks, 
spheres, metal sheaths, glass beads, and plastic coated. For the 
LTPP seasonal monitoring program, the Measurement Research 
Corporation TP101 thermistor probe is being used to sense the 
temperature gradient through the pavement. Each probe consists 
of three thermistor sensors in a 330-mm (13-in.)-long metal tube 
filled with plastic and a string of 15 thermistors encased in a 25-
mm (1-in.)-diameter by 1.8-m (6-ft)-long clear plastic rod. The 
thermistors in the plastic rod are mounted on an electrical circuit 
board containing multiplexing circuitry. The three sensors in the 
metal rod are for installation into the pavement surface layer at 
an angle so that measurements at approximately 25-mm (1-in.) 
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deep, middepth, and 25-mm (1-in.) above the bottom of the layer 
can be made. By varying the angle, the rod can be used in pave
ments of different thicknesses. A schematic of the thermistor 
probe, including the spacing between the thermistor sensors, is 
shown in Figure 3. 

The resistance of each thermistor is found by applying a known 
current and reading the voltage across the thermistor's leads. The 
resistance reading is then converted to temperature by using a 
calibration equation. The most common calibration equation is 
Steinhart's model (5), which is given by the following equation: 

where 

T =absolute temperature (degrees Kelvin); 
R = resistance (ohms); and 
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Ci, C2, and C3 =constants for the individual thermistor. The 
constants can be determined by calibrating the 
thermistors at three known temperatures; how
ever, manufacturers typically develop temper
ature resistance curves for each thermistor 
batch and guarantee curve accuracy over spec
ified temperature ranges. 

Electrical Resistivity Probes 

Temperature gradients have traditionally been used to determine the 
depth of frost penetration into a soil. This method can be unreliable, 
since deicing chemicals can depress the freezing point and during 
thaw periods an isothermal temperature regime can exist to the 
maximum frost depth. Presently, the most reliable method appears 
to be the use of electrical resistance measurements. 

12.19m (40ft) CABLE TO CRlO DATA LOGGER 

.61m (24") TEFLON LEAD 

I THERMISTOR SENSOR 
CHANNEL NUMBER 

--4 

3 -s 
--6 
--7 
--0 

3 
--9 

Probe: 1.83m x .03m {72" x l") OD 
External Sensors: .33m x 6mm {13" x 1/4") OD 

TP101 
Manufactured by Measurement Research Corporation 
Total of 18 Thermistors 
Degree of accuracy +/-0.1 degree C 
External - .33m (13") Lead attached by .61m (24 11

) of 
Teflon Wire 

.08m (3") spacing f:rom .30m (12") to 1.83m (72") 

. lSm . ( 6") spacing for the External Lead 

FIGURE 3 Thermistor probe. 
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Electrical resistivity probes are composed of a series of equally 
spaced electrodes mounted on a nonconducting rod. An individual 
lead wire is connected to each electrode. The probes used in the 
LTPP program consist of 36 metal wire electrodes, spaced 51 mm 
(2 in.) apart and mounted on a solid polyvinyl chloride (PVC) 
rod. The lead wires run along a groove in the side of the rod that 
is sealed with potting compound. The lead wires are connected to 
a computer type DB37 pin connector. The length of the cable 
holding the lead wires is 12.2 m ( 40 ft) long from the top of the 
probe to the connector. Figure 4 presents an illustration of the 
electrical resistivity probes used in the LTPP program. These 
probes have been manufactured by the U.S. Army Corps of En
gineers' Cold Regions Research and Engineering Laboratory 
(CRREL). 

The electrical resistivities of most soil minerals are very high, 
and for practical purposes they can be considered infinite. Virtu
ally all electrical current flow through a soil is carried by free ions 
in the pore water. Thus, the electrical resistivity of soil depends 
primarily on its porosity, the degree of pore water saturation, and 

1.9 m (73 In.) 

1 

FIGURE 4 Electrical resistivity probe. 
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the electrical resistivity of the pore water. Because the electrical 
resistivity of ice is much greater than that of unfrozen pore water, 
the formation of ice in the pore space causes a net decrease in the 
effective porosity and a corresponding increase in the apparent or 
bulk electrical resistivity. 

Electrical resistance can be measured with an ohmmeter, or the 
ohmmeter function can be measured with multipurpose electrical 
meters (called multimeters). An ohmmeter works by injecting an 
electrical current (/) through a specimen and measuring the re
sulting voltage drop (V) across the specimen. Resistance (R), volt
age, and current are related to each other according to Ohm's law. 
Electrical resistivity is a property of a material in which the re
sistance to current flow through the material is related to a geo
metric factor. The electrical resistivity of a material can be mea
sured by a four-point technique in which current is input into two 
outside electrodes and the voltage across two separate inside elec
trodes is read. 

To measure the electrical resistance or resistivity of a soil, a 
function generator is used to supply an electric current in the form 

Meaawwnent Measwement 
Une 1 Une2 
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of a low-frequency alternating current (ac). This helps to minimize 
the current electrode's polarizing effects on the ions in the pore 
water. By keeping the frequencies low enough to avoid inductive 
and ac coupling effe9ts, the direct current resistance equation can 
be used without a loss of accuracy. 

For the electrical resistivity probe used in this program, contact 
resistance is measured by transmitting the electrical current 
through two adjacent electrodes and measuring the current flow 
and voltage. The contact resistances are measured between each 
adjacent electrode pair sequentially down the probe. Ohm's law 
is used to compute the contact resistance. Four-point electrical 
resistivity measurements will also be performed on some test sec
tions for comparison. Contact resistances are plotted on a graph 
as a function of the average depth of the electrode pair. The lo
cation of frost is determined by comparing the unfrozen resistance 
profile with the frozen resistance profile. Frost areas are identified 
by relatively large increases in the resistance profiles. The tem
perature profile is generally plotted adjacent to the resistance pro
file to aid in the interpretation. 

Piezometer Well, Air Temperature Probe, and 
Tipping-Bucket Rain Gauge 

The depth of the groundwater table is being measured through pi
ezometers, which have been designed to also serve as a frost- and· 

TE-52SMM 
TIPPING BUCKET 
RAIN GAGE ~ 
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swell-free benchmark for use as a reference point for elevation 
measurements. Air temperature and rainfall are being measured by 
using an air temperature probe and a tipping-bucket rain gauge 
placed next to the site equipment cabinet on a pole assembly. Figure 
5 illustrates the equipment cabinet and pole assembly. The air tem
perature probe, manufactured by Campbell Scientific, Inc., consists 
of two parts. The first is a thermistor temperature probe, which has 
a temperature measurement range of from - 35°C to 50°C. The 
second is a solar radiation shield that protects the temperature probe 
from various environmental conditions. The tipping-bucket rain 
gauge, manufactured by Texas Electronics, measures the amount of 
rainfall in 0.1-mm (0.01-in.) increments. When the rain reaches a 
calibrated level, the bucket tips, actuating a switch. The numbers 
of switch pulses are counted by the circuitry of the on-site data 
logger. Once the bucket tips, the water is funneled out through the 
base of the gauge. 

Other Related Equipment 

In addition to the sensors just described, the other equipment used 
at each seasonal monitoring site includes the following: 

• An equipment cabinet to house the cable leads and switches, 
data loggers, and other equipment needed for seasonal monitoring. 
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• Equipment used to perform moisture content measurements: 
(a) a Tektronix 1502B cable tester for TDR measurements and 
(b) a system developed by Campbell Scientific, Inc., in which the 
Tektronix 1502B cable tester is coupled with a CRlO data logger 
and multiplexers to provide for automated measurements. 

• Equipment used to perform subsurface temperature measure
ments: (a) an on-site CRlO data logger that provides for sequential 
measurements of the 18 thermistors in the probe and that converts 
the output voltages to temperature and (b) a handheld temperature 
readout unit for manual readout of the thermistor probe, as a 
backup to the automated system. 

•Equipment used to perform frost depth measurements: (a) a 
function generator capable of supplying a square wave signal at 
100 Hz with 10 v (p-p) output into 600 n or equivalent, 
(b) two digital multimeters-one to measure the ac and the other 
to measure the ac voltage, (c) an automated multiplexer for mak
ing contact resistance measurements, and ( d) a manual switch
board with connectors for the function generator, digital multi
meters, and probe, as a backup to the automated system. 

Data acquisition for the seasonal instrumentation is handled by 
a programmable Campbell Scientific, Inc. CRlO measure-and
control module, more commonly referred to as a data logger. An 
on-site data logger provides hourly and daily records of the mea
surements of the TDR probes, the air temperature probe, the 
thermistor probe, the tipping-bucket rain gauge, and potentially, 
for a few select sites, the electrical resistivity and water tables. A 
mobile data logger along with the Tektronix 1502B cable tester 
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and multiplexer circuitry for the TDR moisture probes and elec
trical resistivity probes are used to collect moisture and frost-thaw 
data at the time of deflection testing. 

INSTRUMENTATION INSTALLATION 

Overview 

The layout for a typical installation of the seasonal monitoring 
instrumentation is illustrated in Figure 6. The TDR probes, therm
istor sensors, and electrical resistivity probe are placed in one 
hole, located in the outer wheelpath [0.6 to 0.9 m (2 to 3 ft) from 
the edge of the lane] and at least 1.2 m (4 ft) away from joints 
or cracks to avoid surface moisture infiltration. Figure 7 illustrates 
the installation of the three types of sensors in the instrumentation 
hole. The instrumentation hole extends approximately 2.1 m (7 ft) 
beneath the bottom of the bound pavement layers. 

Both the thermistor and electrical resistivity probes are placed 
approximately 51 mm (2 in.) below the bottom of the lowest sta
bilized layer to minimize the likelihood of damage to the sensors 
from traffic applications. The 10 TDR probes are placed at the 
following depths: (a) if the top granular base or subbase level is 
more than 305 mm (12 in.), the first TDR probe is placed 152 
mm (6 in.) below the bottom of the lowest stabilized layer; oth
erwise, the probe is placed at middepth of the top granular base; 
(b) the next seven IDR probes are placed at 152-mm (6-in.) in-
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FIGURE 6 'I)'pical instrumentation layout on asphalt concrete (AC) pavement. 
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SIDE VIEW 

TDRProbN 
(rolated 10° to 
keep cables In 
one layer along 
aide bore hole) 

FIGURE 7 Instrumentation installation. 

tervals; and (c) the last two TDR probes are placed at 305-mm 
(12-in.) spacing intervals. 

Wires leading from the installed probes are placed in a 51-mm 
(2-in.)-diameter flexible steel conduit and buried in a 76-mm (3-
in.)-wide trench leading to the equipment cabinet. The equipment 
cabinet and climatic sensors are located approximately 9.1 m (30 
ft) away from the edge of the travel lane. In addition, the piezom
eter is placed adjacent to the test section, but outside the shoulder. 

Installation Activities 

Installation of the seasonal instrumentation is completed in one 8-
hr day, with a second day used to perform the initial readings and 
measurements. The procedure followed in the installation of the 
piezometer is typical of that used by many highway agencies; 
detailed guidelines are given elsewhere ( 6). For the installation of 
the sensors in the pavement structure, the general procedure de
scribed here is followed: 

1. Lay out the location of instrumentation hole and trench. 
2. Cut a 305-mm (12-in.)-diameter installation hole. 
3. Cut a 76- to 102-mm (3- to 4-in.)-wide, full depth trench 76 

mm (3 in.) below the bound pavement surface layers through the 
pavement and shoulder. 
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Temperature 
Probe 

4. Cut a groove in the surface layer for installation of the pave
ment surface temperature probe. 

5. Auger through the base and subgrade to a depth of approx
imately 2.1 m (7 ft) below the top of the unbound base or the 
bottom of the last bound pavement layer. 

6. Replace and compact material in the hole (in reverse order 
from extraction) to approximate desired sensor depths. 

7. Position the electrical resistivity and thermistor probes such 
that the top of the probes are 51 mm (2 in.) below the top of the 
first unbound base layer. 

8. Place the TDR probe in the hole at the desired depth, measure 
the depth from the pavement surface, take two moisture samples 
from the material that is placed around it, and compact material 
carefully around the sensors. 

9. Add and compact additional material needed to reach the 
next desired TDR sensor elevation. 

10. Repeat Steps 8 and 9, rotating the orientations of the probes 
about 10 degrees to keep the lead wires in one layer along the 
side of the hole. Continue this process until all TDR sensors and 
material are placed in the hole. 

11. Place surface temperature probe in the groove in the pave
ment surface and seal with sealant. 

12. Run sensor lead cables through the conduit and place in the 
trench. 
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Before installation, the TDR probes are checked by performing 
measurements in air and distilled water. The dielectric constants 
computed from these measurements should be within the range of 
0.75 to 2.0 for air and 76 to 84 for water. In addition, during 
installation and compaction of the material around the TDR 
probes, the probes are connected to the TDR recording unit and 
monitored to detect any faults that may have been produced dur
ing compaction. 

The equipment cabinet, which houses the cable leads and 
switches, data loggers, and other equipment needed for seasonal 
monitoring, is positioned approximately 9.1 m (30 ft) from the 
instrumentation hole. Finally, the pole assembly supporting the air 
temperature probe and rain gauge is positioned within 1 m (3 ft) 
of the equipment cabinet. 

The last installation activity is restoration of the site. The de
sired practice is to replace and bond original core back into the 
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hole. Regardless of the procedure, it is imperative that the pave
ment surface be restored to a watertight condition. 

EARLY RESULTS: PILOT STUDIES 

The results of an analysis of the deflection and instrumentation 
data from the Montana pilot test section are shown in Figures 8 
and 9. In Figure 8(a), the seasonal variation in the deflection basin 
from a single point on the test section is shown; only the deflec
tions for Sensors 1 (center of the load plate), 2 [0.203 m (8 in.) 
from the load], 4 [0.457 m (18 in.) from the load], and 7 [l.52 m 
(60 in.) from the load], normalized for load, are shown. Monthly 
deflections obtained from August 1992 to December 1992 are 
shown and bimonthly measurements obtained in March and April 
1993 are shown. Deflection testing was not performed in January 
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because of winter storm conditions at the site. The dramatic de
crease in deflections during the winter months can clearly be seen. 

In Figure 8(b), the backcalculated layer moduli for the deflec
tion basins illustrated in Figure 8(a) are shown. These moduli 
were computed by using the MODULUS4 program and are not 
corrected for temperature. The pavement structure at this site con
sists of approximately 89 mm (3.5 in.) of asphalt concrete surface 
material over a 610-mm (24-in.)-thick crushed aggregate base on 
a sandy clay subgrade material. An underlying rigid layer was not 
found within 6.1 m (20 ft). The increase in the elastic modulus 
of the asphalt concrete during the colder months can be seen. Of 
particular interest is the dramatic increase in the elastic modulus 
of the granular base layer from December through February. As 
will be shown, this increase is due to the formation of frost in the 
base layer. The subgrade elastic modulus was relatively constant. 

In Figure 8( c ), the backcalculated elastic modulus of the asphalt 
concrete surface layer is plotted as a function of the average pave
ment temperature. These results display a relatively good rela
tionship between temperature and the elastic modulus of asphalt 
concrete except for the one outlier at subzero temperatures. This 
point occurred for the deflections taken in February 1993. Its re
sult is probably more of an anomaly produced by the assumptions 
used in the backcalculation rather than a reflection of the under
lying relationship between temperature and elastic modulus. It can 
be seen in Figure 8(b) that the moduli from the February deflec
tions yielded a higher modulus for the granular base than for the 
asphalt concrete surface layer. 

In Figure 9(a), the contact resistance profile is shown for Au
gust and February 1992. The dramatic increase in the resistance 
at a point 1.2 m (4 ft) from the surface of the pavement indicates 
that this is the probable depth of the frost in February. Thus, it 
can be reasoned that the dramatic increase in the elastic modulus 
of the aggregate base layer is due to a relatively deep frost pen
etration into the pavement structure. 

SUMMARY AND CONCLUSIONS 

The instrumentation for monitoring the test sections included in 
the LTPP seasonal study has been selected on the basis of three 
pilot installations. This instrumentation includes TDR sensors and 
thermistor probes for monitoring changes in subsurface moisture 
and temperature, electrical resistivity probes for frost-thaw depth 
measurements, piezometers for determination of the depth to the 
groundwater table, and air temperature probes and tipping-bucket 
rain gauges for monitoring ambient temperature and rainfall. 
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The standard procedures that were developed for installation of 
the seasonal instrumentation and that are implemented at several 
program sites show that the pavement sensors can be placed into 
one hole in the pavement without noticeable interaction effects. 
In addition, with proper planning, installation of the sensors can 
be completed in one 8-hr day. 

Preliminary data show that the selected instrumentation is op
erating satisfactorily and yielding reasonable results. It appears 
that these sensors will indeed provide many of the data needed to 
attain a fundamental understanding of the magnitude and impact 
of temporal variations in pavement response and properties caused 
by the effects of and interactions between temperature, moisture, 
and traffic loadings; this was clearly illustrated in the sample data 
in the paper. 
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Instrumentation of a Landfill Cover To 
Measure Depth of Frost Penetration 

THOMAS F. ZIMMIE, HORACE K. Moo-YOUNG, WARREN A. HARRIS, AND 

TIMOTHY J. MYERS 

Frost penetration is a major environmental concern in landfill design. 
Freezing and thawing cycles may cause deterioration of the liner or 
cap, affecting permeability. The depth of frost penetration into the 
paper sludge cap at the Hubbardston Landfill in Massachusetts was 
measured by using a frost measurement syste~. A thermistor probe 
measured the temperature at various depths. Although temperature 
measurements are important, soil resistivity measurements are re
quired to accurately predict the freezing level, since soil resistivity 
increases greatly on freezing. A conductivity probe measured the half 
bridge voltage between conductivity rings and a ground rod. Data 
were collected in data loggers. The data collected during the winter 
of 1992-1993 showed that the frost level did not penetrate the paper 
sludge capping layer. Heavy snow cover throughout the winter de
creased the depth of frost penetration by insulating the landfill. The 
high water content in the sludge also contributed to the lack of freez
ing. One-dimensional freezing tests were conducted on the paper 
sludge in the laboratory by using the frost measurement system. 
Freezing of the material did occur, since soil resistivity increased 
steadily as the temperature decreased. It was shown that subzero tem
peratures are required to freeze the paper sludge. 

A major environmental problem today is waste disposal. Although 
several methods of solid waste disposal are available, the use of 
landfills is by far the most popular method of disposal. Imper
meable hydraulic barriers, liners and caps, that generate leachate 
are integral parts of landfill design. Although regulatory require
ments for the permeability of the hydraulic barrier vary from state 
to state, the most common maximum allowable value is 10-7 

cm/sec, and compacted clay soils are commonly used as the cover 
material. 

When clay is not locally available, the cost of using landfills is 
significantly increased. This has sparked interest in the use of un
conventional material such as paper sludge as a substitute for the 
barrier protection layer. Paper sludges have been successfully used 
to cap landfills in Maine, Wisconsin, and Massachusetts (1-3). 

A major concern in landfill design is the effect of freezing and 
thawing on the permeability of the hydraulic barrier. Numerous 
researchers have studied the effects of freezing and thawing on 
the permeabilities of compacted clays [Othman et al. (4) sum
marize those studies]. In general, freezing and thawing cycles 
cause an increase in the permeability of compacted clays of one 
to two orders of magnitude. In studying the effects of freeze-thaw 
cycles on a paper sludge, Zimmie et al. (5) obtained results for 
paper sludge similar to those obtained for compacted clay; that is, 
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the permeability increased. However, unlike the compacted clays 
that show a greater increase in permeability at low effective 
stresses (two to three orders of magnitude), the paper sludge per
meability increased about one order of magnitcriP., regardless of 
the effective stress. The better performance of the paper sludge 
may be due to the fibers in the sludge and the high compressibility 
of the sludge. Fibers give the sludge some ability to resist tension. 
There is a wide variety of paper sludges, and the observation on 
the role of fibers may be unique to the type of sludge tested. This 
is an area of future research. 

Although there is a significant amount of data that support the 
detrimental effect of freezing and thawing cycles on impermeable 
clay and paper sludge layers, little information on the amount of 
frost penetration at landfills is available. However, frost action in 
soils has received considerable attention in the literature ( 6-11 ). 
In the study described here, instrumentation used to measure frost 
penetration was installed in the impermeable paper sludge layer 
at the Hubbardston Landfill in Massachusetts. 

FROST ACTION IN SOILS 

Most of the literature on frost heave action in soils pertains to 
highways, foundations, construction in permafrost, and chilled 
pipelines buried in unfrozen soils. Frost heaves are caused by the 
freezing of in situ pore water and by the flow of water to the 
freezing front. Pressure develops in the direction of crystal 
growth, which is determined by the direction of cooling. The ac
tive ice lens grows slightly behind the freezing front. The frozen 
fringe is the frozen soil between the active ice lens and the un
frozen soil that transports water to the active ice lens from the 
unfrozen soil. A suction gradient is responsible for the flow of 
water to the frozen soil. The pore water in fine-grained soils does 
not necessarily freeze at 0°C. In some clays, as much as 50 percent 
of the moisture may remain as a liquid at -2°C (7,10,11 ). The 
freezing temperature depends on pore size, water content, applied 
pressure, and solute concentration. 

Extensive research has been conducted on the effects of applied 
pressure on frost heaves. Applied pressure inhibits frost heaves 
and affects the freezing temperature and permeability of the soil. 
When the rate of cooling is near zero, the freezing front attracts 
water as long as the applied load is less than the actual shutoff 
pressure in which no water flows to the ice lens (11 ). For all 
practical purposes, the shutoff pressure in fine-grained soils is 
quite high and would never be exceeded in landfill covers, which 
typically are subjected to low values of effective- stress. 
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Major factors controlling frost penetration in soils are soil ther
mal conductivity, volumetric heat, and latent heat. Thermal con
ductivity is the ratio of heat flow through a unit area under a unit 
gradient. Volumetric heat is the change in thermal energy in a unit 
volume of soil per unit change in temperature. It is derived from 
the specific heat, which is the change in thermal energy per unit 
weight per unit temperature change. Latent heat is the change in 
thermal energy in a unit volume of soil required to freeze or thaw 
the soil moisture at constant temperature. Sludges require more 
energy loss than typical soils to freeze pore water because of the 
high water contents of sludges. The latent heat of soil moisture 
controls frost penetration. 

SOIL RESISTIVITY 

In fine-grained material, the pore water does not necessarily freeze 
at 0°C. Liquid water at well below 0°C, in a supercooled crystal
loidal condition, moves toward the frozen fringe to form ice 
lenses. Although temperature measurements are important, an ac
curate determination of the freezing level requires additional 
measurements, one possibility being soil resistivity. Soil resistivity 
increases greatly on freezing. The resistance of a material is de
fined as the voltage divided by the current and is proportional to 
resistivity. Good electrical conductors have low resistivities, and 
good insulators have high resistivities. Water is a good conductor 
of electricity, and ice is a good insulator of electricity. Before the 
pore water in the soil forms the active ice lens, the resistivity of 
the soil is low. As ice lenses form in the soil, resistivity increases. 

INSTRUMENTATION EQUIPMENT 

Hubbardston Landfill, located in Massachusetts, is a l.6-hm2 
( 4-

acre) municipal waste disposal facility at which Erving paper mill 
sludge was used as the impermeable cover layer. Erving paper 
mill is conducting studies to measure the performance of its 
sludge that serves as the impermeable barrier in landfill covers. 
1\vo sets of the Geonor frost measurement system were installed 
in the Hubbardston Landfill in December 1992 to study the per
formance of the sludge as a cap material. 

Sensor Installation 

In initial tests conducted by the instrumentation supplier, the con
ductivity probes worked well in the paper sludge with 5.1 cm of 
space between the probe and the reference electrode. A spacing 
of up to 17.8 cm was found to be satisfactory. The reference elec
trode was used to make installation holes, thus minimizing the 
possibility of breaking the thermistor or conductivity probe during 
installation. A ground wire at the top of the conductivity probe 
was connected to the copper clamp on the reference electrode to 
complete the circuit. 

Conductivity Probe 

A conductivity probe measures the half bridge voltage between 
the given conductivity ring and a reference electrode when a 60-
msec pulse is fed to the ring from a 2.5-V direct current (de) 
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source through a 10,000-0 series resistor. The probe has a length 
of 79.6 cm and a diameter of 2.22 cm. The stainless steel (SS) 
reference electrode has a length of 94.5 cm and a diameter of 2.22 
cm. Each conductivity probe has eight conductivity rings that are 
spaced 7.62 cm apart and that are located on the outside of a 
schedule 40 polyvinyl chloride (PVC) pipe. The sensors on the 
conductivity probe are assigned a number in a top-down way and 
are interleaved because of the nature of the multiplexing method 
(Figure 1). The top of the probe connects to the data acquisition 
cable, which relays the conductivity reading to the data acquisition 
system. For thawed paper sludge, a voltage of 0.3 to 0.5 V is 
typical, whereas for completely frozen material (zero liquid pore 
water), a voltage of about 2.5 Vis common. The formation of ice 
lenses and subsequent freezing are indicated by a voltage increase. 

In a de excitation situation, galvanic potential is a common 
problem. 1\vo techniques are used in this probe to minimize this 
effect: the rings and reference electrode are made of the same 
grade and lot of stainless steel, and the excitation pulse width is 
short, minimizing electromigration and other undesirable effects .. 

Thermistor Probe 

Thermistor probes measure the temperature at various depths in 
the soil and consist of eight thermistors spaced 7.62 cm apart. The 
probe has a length of 79.6 cm. Omega copper-constantan therm
istors are inside a schedule 40 PVC pipe with an outer diameter 
of 2.22 cm. The thermistor temperature range is between -75°C 
and 150°C. At the top of the thermistor, a data acquisition cable 
transmits the temperature readings to a data logger. An accurate 
correlation between temperature and conductivity readings occurs 
when the thermistors and conductivity rings are installed parallel 
to each other. 
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RST Data Loggers 

R.S. Technical Instruments Ltd. (RST) built the data loggers and 
created the LE8200 Data Logger Software. The data logger (sta
tion) has three external ports: conductivity, thermistor, and data 
retrieval. Interface cables from the thermistor and conductivity 
probes connect to the data logger ports. Microprocessors collect 
and store the data. A 10,000-il series resistor located in the data 
logger feeds a 60-msec pulse to the conductivity rings. 

Each data logger is capable of storing 32,000 bits. Each probe 
requires 16 bits per reading; hence, the data logger can store 1,000 
readings overall. The data logger can be programmed to take read
ings in various modes. 1}'pically, readings are obtained every 1 
hr, and thus, 42 days of data can be stored. 

Headers send preprogrammed control blocks to the data logger. 
The general function field allows selection of specific monitoring 
modes. Analogs are the monitoring modes that relate to signals, 
which can have a voltage of between 0 and 2.5 V. Accumulators 
are counter registers that keep track of the number of times a 
digital event has occurred. Further, a strobe is a signal that acti
vates the station when it is in a standby mode. The strobe accu
mulator is a register that holds a count of the number of times ·a 
transition signal has occurred. 

LABORATORY TEST CONDUCTED WITH FROST 
MEASUREMENT SYSTEM 

Frost penetration tests on paper sludge were conducted in the lab
oratory by using the frost measurement system. A one
dimensional freezing test was conducted on an 84-cm-high sample 
compacted in a 92-cm-long and 31-cm-diameter PVC pipe. The 
initial _water content and dry density of the sludge were 225 per
cent and 3.6 kN/m3

, respectively. The conductivity probe and 
ground rod were installed 7.6 cm apart and perpendicular to the 
surface, and the thermistor probe was installed near the center of 
the pipe and perpendicular to the surface. To achieve one
dimensional freezing, an insulation block was constructed around 
the pipe. Ten centimeters (4 in.) fiberglass insulation lined the 
wooden cabinet to simulate the PVC pipe. A warm-air line was 
placed at the bottom of the pipe to create a temperature gradient 
in the sample. 

The sludge specimen was subjected to one-dimensional freezing 
for 20 days. Because of consolidation of the sludge, the first levels 
of the conductivity rings and thermistors were slightly above the 
final height of the sludge layer and were measuring the room 
temperature. The temperature of the second level dropped below 
0°C after 1 day; however, the conductivity ring did not measure 
a voltage greater than 2.0 V. At the end of the test, the final 
temperature and voltage were -13.l°C and 1.96 V, respectively. 
When the test was ended, the conductivity rings' voltage readings 
were still increasing. Significant increases in voltage indicate that 
ice lenses were forming throughout the specimen. The final tem
peratures, voltage measurements, and water contents at the various 
levels of the specimen are given in Table 1, and Figures 2 and 3 
show the voltage and temperature profiles, respectively, for each 
level. 

The ranges in temperatures and voltages in the specimen indi
cate that one-dimensional freezing was achieved. The distribution 
of the final water content data reveals that the moisture was mi
grating to the freezing front. Very cold temperature and large 
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TABLE 1 Final Temperature, Voltage, and Water Content of 
Specimen in a Pipe Used for One-Dimensional Freezing 

Temperature 
Level (OC) 

la -16.843 
2 -13.14 
3 -10.665 
4 -8.576 
5 -6.632 
6 -4.408 
7 -2.457 
8 -0.283 

3Level l measured the room temperature. 

2.5 - I 

~ 2·1
1 

w 1.5 
CJ 
ct 
~ 
0 
> 

Voltage 
(V) 

2.49 
l.958 
l.911 
l.805 
1.327 
0.824 
0.484 
0.459 

0: M'~~~~~~::::: 
0 5 10 

TIME {days) 

15 20 

Water 
Content 
(%) 

280 
272 
264 
254 
229 
206 
199 

LEVEL 1 

· 0 LEVEL 2 

LEVEL 3 

LEVEL4 

LEVEL 5 

LEVEL 6 

LEVEL 7 

LEVEL 8 

FIGURE 2 Voltage versus time profile for one-dimensional pipe 
freezing in the laboratory. · 
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FIGURE 3 Temperature versus time profile for 
one-dimensional pipe freezing in the laboratory. 
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amounts of heat loss are required to freeze the sludge because of 
its high water content. Freezing (the formation of ice lenses) of 
the paper sludge is indicated by an increase in voltage to 1.0 to 
1.5 V and above and by a decrease in temperature. Levels 2-5 
indicate that freezing is occurring at ·a pore water temperature 
below -5°C. 
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LANDFILL INSTRUMENTATION 

1\vo sets of the frost measurement system were installed into the 
impermeable paper sludge layer at the northwest portion of the 
Hubbardston Landfill in December 1992. The impervious layer 
was overlaid with a 30.5-cm-thick topsoil layer and a 15.5-cm
thick drainage layer. The drainage layer has a permeability equal 
to or greater than 1 X 10- 3 cm/sec. A frost chisel was used to 
remove the top 7.6 cm of frozen soil and to outline the site. The 
remaining soil was excavated, and the site was prepared for in
stallation of the probes. An elevated concrete platform on which 
to place and store the data loggers was constructed. The frost 
measurement systems were placed 3.81 m to the north (Hole 1) 
and 3.86 m to the west (Hole 2) of the concrete pad. 

1\vo guide holes were pierced into the sludge layer perpendic
ular to the surface and were spaced 7.62 cm apart on center. Elec
tric ground rods were used to puncture the holes; two 1.9-cm
diameter water pipes were welded together to provide a guide for 
the two parallel holes. The conductivity and ground probes were 
placed into these holes. The holes were slightly smaller than the 
probes' diameters to allow a good soil-probe contact. A third hole 
for the thermistor was punctured perpendicular to the surface. 

The probes were pushed by hand into the two holes made in 
the sludge, as shown in Figure 4. In Hole 1, the probes were 
placed 61 cm into the sludge. The vegetative support layer was 
30.5 cm thick, the sand drainage layer was 20.3 cm thick, and the 
sludge layer was 76.2 cm thick (Figure 4). The top bands of the 
conductivity and thermistor probes were in the sand layer. In Hole 
2, the probes were placed 74 cm into the sludge, which allowed 
all of the conductivity bands and thermistors to be contained in 
the sludge (Figure 4). The topsoil layer was 30.5 cm thick, the 
sand drainage layer was 15.2 cm thick, and the sludge layer was 
76.2 cm thick. 

1\vo trenches 7.6 cm deep were dug from the concrete pad to 
the holes containing the frost measurement system. The thermistor 
and conductivity data acquisition cables were placed in the 
trenches and were covered with topsoil. The data loggers were 
placed on top of the concrete pad [Figure 5(top)], and the instru
mentation cables were connected to the data loggers through a 
hole in the middle of the concrete pad. The data loggers wee 
programmed to take readings every 1 hr. 

To prevent vandalism and to protect the data loggers from the 
environment, half of a 208-L (55-gal) drum was placed over the 

Hole #1 Hole #2 

Top Soil 130.5 cm Top Soil 130.5 cm 

---------"~ 

Sand l20 Sand '15.2 cm 
.3 cm-~---#--++-~ 

Sludge 76 .2 cm Sludge 76.2 cm 

FIGURE 4 Vertical profile of instrumentation 
equipment at landfill. 

FIGURE S Concrete pad: top, with data loggers exposed; 
bottom, secured with a cover and lock. 
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data loggers and was secured to mounts constructed into the con
crete pad with a lock [Figure 5(bottom)]. The sand and topsoil 
layers were carefully backfilled into both holes so that the instru
mentation equipment was not disturbed. 

INTERPRETATION OF FROST MEASUREMENT 
DATA 

Data loggers were changed every month, and the data were re
duced. Temperature and conductivity readings were plotted 
against time. For Hole 1, the first conductivity ring was in the 
sand drainage layer. From December 29, 1992, to February 5, 
1993 (0 to 40 days), the temperature profile, as shown in Figure 
6 for the top level of Hole 1, ranged from l.9°C during installation 
to 0.1°C on February 5, and the voltage measured by the conduc
tivity ring was between 0.2 and about 0.7 V. From February 5, 
1993, to March 15, 1993 (40 to 78 days), there was a noticeable 
increase in the voltage reading and a decrease in temperature. The 
temperature in the sand drainage layer dropped to -0.5°C, and 
the voltage measurements were about 2.0 V. The increase in volt
age to 2.0 Vindicated that freezing occurred in the sand drainage 
layer. From March 15, 1993, to April 11, 1993 (78 to 102 days), 
the temperature measurements increased from about -0.5°C to 
0.1°C, and the voltage measured by the conductivity rings de
creased to 0.6 V. From April 11 to July, the temperature and con-
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FIGURE 6 Temperature and voltage measurements (top level, Hole 
1, December 1992 to April 1993). 

ductivity measurements did not indicate frost penetration. Levels 
2 to 8 in Hole 1 measured the voltage and temperature in the 
sludge layer. For Levels 2 to 8 from December to April, the tem
perature did not drop below the freezing point of water, and the 
voltage did not increase. 

For Hole 2, all the conductivity rings and thermistors were in
stalled in the sludge layer. For Level 1 of Hole 2 from December 
to February, the temperature measurements ranged from 2°C to 
about 0.5°C and the voltage measurements stayed constant at 0.1 
V, as shown in Figure 7. From February to March, the temperature 
readings dropped below freezing to -1°C, but the voltage mea
surements stayed constant at 0.1 V. From March to April, the 
temperature increased to about 0. 7°C and the voltage measure
ments stayed constant. For Levels 2 to 8, the temperature of the 
sludge did not fall below 0°C and the voJtage remained constant. 
From the laboratory frost penetration tests, pore water tempera
tures below - 5°C and increasing voltage measurements are the 
key indicators of freezing in paper sludge. Since the voltage did 
not increase even when the temperature decreased to -1°C, it can 
be inferred that the sludge layer did not freeze. 

Heavy snow cover throughout the winter of 1992-1993 de
creased the amount of frost penetration into the sludge layer. The 
snow created an insulation blanket over the landfill, reducing the 
depth of frost penetration. In analyzing the data for Hole 2 at 
Level 1, although the temperature dropped below 0°C, freezing 
cannot be inferred from the resistivity data. 
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The high water content might also have contributed to the lack 
of freezing. After 1 yr of in situ consolidation, the water content 
of the sludge at the Hubbardston Landfill ranged from 100 to 110 
percent. For a typical sand, the in situ water content is about 10 
to 15 percent, and for a clay, the in situ water content typically 
ranges from 20 to 30 percent. Significantly more energy loss is 
required to freeze the water in sludge than to freeze the water in 
a typical sand or clay. Another factor that may contribute to the 
lack of freezing is the applied stress on the sludge layer. Applied 
pressure affects the freezing temperatures and the permeabilities 

. of days. Since paper sludge consolidates considerably under a low 
effective stress, applied stresses may affect the freezing tempera
ture and the permeability of paper sludge. This is an area for 
future research. 

SUMMARY AND CONCLUSION 

A frost measurement system was installed in the Hubbardston 
Landfill in Massachusetts to measure the depth of frost penetration 
into the sludge barrier protection layer. A thermistor probe mea
sured the temperature at various depths, and a conductivity probe 
measured the half bridge voltage between a given conductivity 
ring and the ground probe. 

For the winter of 1992-1993, the data collected from the therm
istors and conductivity probes indicated that the frost level did 

Temperature 

---0--- Voltage 

I • ... 

40 60 80 100 

TIME {days) 

FIGURE 7 Temperature and voltage measurements (top level, 
Hole 2, December 1992 to April 1993). 
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not penetrate into the impermeable barrier layer. The paper sludge 
acted as an effective hydraulic barrier. Heavy snowfall throughout 
the winter covered the landfill and acted as an insulation blanket 
that reduced the depth of frost penetration. The high water content 
of paper sludge also contributed to the lack of freezing. Lower 
temperatures and more energy loss are required to freeze the pore 
water in paper sludge than to freeze the pore water in a typical 
sand or clay. For example, the data for Level 1 of Hole 1 indicated 
that freezing occurred in the sand drainage layer at a temperature 
of -0.5°C. Levels 2 to 5 of the one-dimensional freezing exper
iment indicated that freezing was occurring below - 5°C. Thus, 
lower temperatures are required to freeze paper sludge. 

Moreover, the applied stress on the sludge layer may have af
fected the freezing temperature and permeability of the paper 
sludge. The effects of applied stress on the freezing temperature 
and permeability of paper sludge as well as the effects of. a high 
water content on frost penetration are areas in which further re
search is needed. 

One-dimensional freezing tests on paper sludge were performed 
in the laboratory. Thermistor and conductivity probes were used 
to measure the temperature and voltage. The test was conducted 
for 20 days. The increase in resistivity indicated that ice lenses 
were forming and that freezing was occurring. Sludge temperature 
increased with depth as the sludge resistivity decreased with 
depth. Final water content data indicated that there was a great 
deal of upward moisture migration to the freezing front. Because 
of high water contents, cold temperatures are required to freeze 
paper sludge. Levels 2 to 5 indicated that the paper sludge was 
freezing below - 5°C. The laboratory tests indicate that sub-0°C 
pore water temperatures are needed to freeze paper sludge in situ. 
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Instrumentation and Data Acquisition for 
Field Suction Measurement -

AFFENDI MURTHY LOWE B. ABDULLAH AND FAISAL HJ ALI 

An instrumentation scheme for a study on tropical residual soil in 
Malaysia is described. This instrumentation enables automatic contin
uous measurements of soil suction, soil moisture, rainfall, and other 
related parameters. Descriptions of the selection, fabrication, protec
tion, and installation of the instrumentation are provided. 

The purpose of this paper is to describe the instrumentation used 
on a cut slope in Malaysia to monitor soil suction, soil moisture 
and temperature, antecedent rainfall, and water table fluctuations. 
The site for this work was a cut slope along the Kuala Lumpur
Karak Highway. The weathering profile is developed over a por
phyritic biotite granite bedrock. A major objective of the instru
mentation was to measure changes in suction and soil moisture 
caused by the rainfall. 

INSTRUMENTATION 

Before the instrumentation scheme was designed, a review of the 
equipment used to monitor soil water pressures conducted by the 
Geotechnical Control Office of Hong Kong (1) showed that there 
is practically no automatic equipment capable of measuring both 
positive and negative pore pressures. One exception is a tensi
ometer system, which has the capability of measuring pore pres
sures in both the positive and the negative ranges. In the tensi
ometer the upper limit of the range for measuring matric suction 
is 1 bar because water cavitates in this system. The actual mea
surable suction would depend on the depth of installation, which 
is less than 1 bar. Table 1 summarizes the operational ranges of 
various types of equipment. 

Automation solves the problems of reliability, access, and 
safety, which are difficulties associated with manual data record
ing, and allows continuous monitoring. The peak and transient 
pore pressures and piezometric levels during and after rainstorms 
are therefore not missed. 

The automated data acquisition system was designed to record 
outputs from tensiometers, soil moisture cells, piezometers, and a 
depth transducer. The system has 40 channels, of which 12 chan
nels each are allocated for tensiometers for measuring suction, soil 
moisture cells for measuring soil moisture, and soil moisture cells 
for measuring soil temperature; 2 channels are allocated for pie
zometers; 1 channel is allocated for a depth transducer; and 1 
channel is allocated for measuring atmospheric pressure. Table 2 

A. M. L. B. Abdullah, Department of Irrigation and Drainage, Jalan Sultan 
Salahuddin, 50626 Kuala Lumpur, Peninsular Malaysia. F. H. Ali, De
partment of Civil Engineering, University of Malaya, Lembah Pantai, 
59100 Kuala Lumpur, Peninsular Malaysia. 

provides the major technical specifications. A separate automated 
rainfall data acquisition system was also installed at the same site. 

The system has three major components: instrument sensors, a 
multiplexer and data logger, and field interrogator and data com
munication devices. The system is specifically designed for low 
power consumption. It runs on 12-Volt direct current power. Au
tomation eliminated many of the problems that arise with manual 
reading systems and facilitated continuous data logging at pre
scribed intervals. The logging intervals were achieved by prescrib
ing the appropriate interval during the setup process. The inter
rogator, a sophisticated microprocessor-controlled unit, was used 
for data logger communication, computer communication, and 
simple data processing. It acts as a user interface with the data 
logger and allows the introduction of logging strategies, retrieval 
of data, scanning and checking of stored data, setting of alarm 
levels, and collection of manual readings. The data were ser to be 
logged at 30-min intervals for a maximum duration of 8 days. The 
duration would be longer if fewer sensors were used. The recorded 
data were downloaded from the data logger into the interrogator. 
The data interrogator was transferred into a personal computer for 
processing via an RS232 interface and the instrumentation soft
ware supplied. The data can be analyzed by using the supplied 
software or imported into available spreadsheet software for a 
more rigorous analysis. Each tensiometer was deaired after every 
downloading or as frequently as possible to achieve reliable re
sults. This was done by vigorously pressing the reservoir button 
up and down. 

The solar-powered rain gauge records rainfall events on a real
time basis. The clocks in the tensiometer logger and the rainfall 
gauge recorder are always synchronized. Figure 1 shows a sche
matic arrangement of instruments at the site. 

INSTRUMENT SENSORS 

A combination of a tensiometer and a transducer was used to take 
suction measurements. The piezometric reading and depth were 
measured by using a vibrating-wire transducer and depth trans
ducers, respectively. Rainfall was measured by using a tipping 
bucket. All sensors were connected to the designated calibrated 
terminals of the data logger through cables to record all responses. 

Soil Suction 

A jet-fill tensiometer (Soil Moisture Corporation, U.S.A.) was 
used for making soil suction measurements, with some modifi
cations. It consists of a sealed tube with a porous ceramic cup at 
one end and a pressure-measuring device and a jet-fill water res-
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TABLE 1 Operational Ranges of Various Types of Equipment 

DEVICE TYPE OPERATIONAL RANGE 

Psychrometer (including Peltier) -1 bar to 100 bar(*,+) 

Osmotic Tensiometer -1 bar to 100 bar(*,+) 

Tensiometer -1 bar to +ve pressure 

Porous Block -0.5 bar to 10 bar(*) 

Centrifuge above 10 bar 

Vacuum Desiccator above 100 bar 

Pressure Membrane -1 bar to 100 bar(*,+) 

Consolidation 0.1 bar to 10 bar(*) 

Thermal Conductivity Sensor 0 to 175 bar(+) 

Cassagrande open hydraulic piezometer atmospheric 

Closed Hydraulic : (low air entry) any positive pressure 
: (high air entry) -1 bar to +ve pressure(*) 

Pneumatic piezometer any positive pressure 

Electrical vibrating wire piezometer any positive pressure 

Electrical resistance type any positive pressure 

Note: 
(*) - Denotes slow response time 
(+) - Denotes sensitive to temperature changes 

TABLE 2 Specifications of Field Instrumentation for Slope 
Stability Study in Residual Soil 
11---------------------------·-·-------·--·-1 
~-· ~u~~~;tE;h::.!1~~------ _____ ·-----~?- ~!:!~n._n.~Js_(in~djfj_~_(jJ ·-·-·· 

B. DATA LOGGER 
a. Power supply 12V + 1.5V 
b. Input 2V maximum 
c. Consumption Warm up & reac 500 µA 
d. Memory solid state 176 k bytes RAM 
e. Maximum number of readings 80,000 readings 
f. __ Re~_Q!D.Q._interviil_ _______________________________ ~lr:i!!lJ~IJ!-~Q_s~c;Q.~.Q§ _____ _ 

;_· ~~:~~ROGA TOR----------- :~~;:i~~=~:.:~:)-1 
b. Memory System RAM 128 k bytes 

User RAM 256 k bytes 
c. Maximum number of readings 118,000 readings 
d. Communica~lons ________ BS23_£ _________________ _ 

D.TRANSDUCERS 
Range 
Supply 
Temperature error band 
Full sensitivity 
Non-linearity 

Tensiometers 2 bar abs. 
10 v 
0 -50 c + 0.5 % 
100mV 
+ 1 % BSL 
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ervoir on the other. The measuring device consists of a vacuum 
gauge and a pressure transducer gauge attached via an adapted 
threaded Y-piece to the port at the side of the body tube of the 
tensiometer. Figure 2 shows the details of the tensiometer and the 
Y-piece. 

Soil Moisture and Temperature 

Both soil moisture and temperature were measured by using com
mercially available soil cells. The one used in the study described 
here has an electric sandwich wrapping and thermistors with three 
wire leads (Figure 3). The resistance of the thermistor in the soil 
is accurate to 1 percent. Each soil cell was calibrated to establish 
the soil moisture-soil cell resistance and temperature-soil cell re
sistance relationships. 

The relationships were determined in the laboratory by using 
undisturbed core samples obtained as close as possible to the zone 
where the soil moisture cell was to be installed. This ensures that 
the calibration curve is applicable to the soil under investigation. 
A typical calibration curve for the soil cell in one of the zones i~ 
shown in Figure 4. The cell was also individually calibrated 
against temperature. 

Piezometric Water Levels 

A high-precision vibrating-wire piezometer was used to monitor 
water levels. The external diameter of the piezometer was such 
that it could be lowered into a 19-mm-diameter standpipe with 
ease. The change in water level was recorded by converting wire 
vibrations into an electrical output related to the tension of the 
vibrating wire. 

Rain Gauge 

The antecedent rainfall was recorded by using a tipping-bucket 
rain gauge that automatically logs the measurements. The system 
is powered by a small solar-powered system on the roof with a 
rechargeable battery for nighttime use. The data are logged onto 
a data card with 32 kilo-bytes of memory. This rain gauge is self
contained and facilitates easy data collection and setting of strat
egy. The arrangement is shown in Figure 5. The rain gauge system 
was developed by the instrumentation section of the Department 
of Irrigation and Drainage. To compare its performance, an ad
ditional tipping-bucket rain gauge with a chart recorder was also 
installed. The total rainfalls measured by both rain gauges were 
very similar. The rain gauge with the data logging system gave 
readings at closer intervals, however. 

Vee-Notch Depth Measurement 

Surface runoff measurements were carried out with a vee notch 
fixed with a depth transducer in the infiltration studies. The pre
cipitation is controlled artificially by using calibrated agricultural 
sprinklers. 
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FIGURE 1 Schematic arrangement of the instrumentation at the site. 

INSTALLATION 

A specially fabricated coring tool was used to core the holes in 
which tensiometers or soil moisture cells were installed. The di
ameter of the coring tool was chosen to create a snug fit between 
the ceramic sensing tip and the soil, which is necessary for the 
functioning of the tensiometer. The tensiometer installation pro
cedure is shown in Figure 6. 

The soil moisture cells were also installed with the same coring 
tool used to install the tensiometers. The soil moisture cell was 
inserted by using a simple tool fabricated in the form of a long 
rod with a modified tip. Another, larger-diameter rod with a mod
ified tip was fabricated for tamping the soil surrounding the mois
ture cell. This was necessary to ensure that the soil surrounding 
the soil moisture cell was tamped tightly to prevent the augered 
hole from becoming a water passage. Other sealing methods such 
as the use of grout and bentonite were not used in order to main
tain the status quo of the soil material. A typical arrangement of 
the tensiometer system and the soil moisture cell for a single lo-

cation is shown in Figure 7. This arrangement is installed at four 
berms with different weathering grade profiles. 

The vibrating-wire piezometers were installed in the usual man
ner, as prescribed in the procedure for their installation (2). The 
depth transducer was attached to the base of the trough with a 
vee-notch arrangement for flow depth measurement. 

All of the wire leads from the sensors were inserted into a 
polypipe and were buried in a shallow trench in the ground. The 
wires were directed to the data logger-multiplexer situated mid
way between the berms. The wires were fixed in the appropriate 
sockets. 

The adverse tropical climate and vandalism were major con
cerns in the installation. The tensiometer and soil moisture cell 
installation were protected by lockable steel security cages grouted 
to the slope. The data logger was contained in a lockable steel 
cabinet. 

The transducers for the tensiometers were protected from direct 
sunlight by wrapping them with a double layer of foam rubber on 
the inside and aluminum foil on the outside. 
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FIGURE 5 Solar-powered automatic rain gauge. 

INSTRUMENTATION PERFORMANCE 

Matric suction is obtained by subtracting the atmospheric pressure 
from the individual absolute' pressure reading, of the transducer 
attached to the Y-piece in the tensiometer system. The calculated 
matric suction is checked with the vacuum gauge reading at every 
data downloading. The suction reading obtained from the trans
ducer was plotted against the vacuum gauge reading and was 
found to be satisfactory. The vacuum gauge gives the suction read
ing directly in centibars. A typical suction variation plot is shown 
in Figure 8. 

The suction values obtained from these measurements were 
used to assess the stability of the slope. The shear strength equa
tion incorporating suction (3) is as follows: 

where 

c' = effective cohesion, 
cr = total stress, 
u0 = pore air pressure, 

<f>' =effective angle of friction, 
uw = pore water pressure, 

(1) 

( u0 - Uw) = matric suction, and 
<f>b = friction angle with respect to changes in (u 0 -

Uw) when ( cr - u0 ) is held constant. 

An initial assessment of the slope indicated that the factor of 
safety decreases with the decrease in suction. At this time it is 

not possible to suggest any threshold values of suction that would 
warrant remedial measures; this will not be possible until more 
data become available. 

A curve was produced by using the <;tvailable data collected 
from the instrumented site to predict the suction reduction after 
a rainstorm. All soil suction changes caused by storm rainfall 
events were relocated on an arbitrarily established rainfall axis. 
Upon repositioning of the rainfall events and the corresponding 
suction changes, a curve defining the soil suction changes caused 
by an antecedent rainfall event was established, as shown in 
Figure 9. 

The suction values before the rainfall event and the total amount 
of rainfall can be used to predict the minimum suction resulting 
from such a rainfall event. The curves c;an be established for var
ious weathering zones and are shown in Figure 10. Generally, the 
gradient of the curve is steeper for shallower depths. 

This method, however, does not allow for positive pressures to 
be established. Furthermore, this method is not particularly sat
isfactory with regard to the physical processes of soil moisture 
distribution in the unsaturated zone and the continuity between 
the unsaturated zone and the saturated phase. The predicted data 
fit reasonably Well with the actual values (Figure 11). 

An initial analysis was undertaken to predict the resulting suction 
values ( S,) for different periods (T) after the cessation of rainfall. 
In establishing the relationship between S, and T, all observations 
of the lowest suction after a storm and the recovery suctions over 
a period of no rainfall were used: The suction recovery equations 
obtained for one of the berms (Berm 4) at approximately 30-, 92-, 
and 124-cm depths, respectively, are as follows: 



Abdullah and Ali 

1 

3 

~ 
lJ 

2 

INSERTED 
TO GROUND 
LEVEL MARK 

4 

=---+--VACUUM 
HAND PUMP 

SOIL 
PLUG 

55 

1. FILLING TENSIOMETER WITH DEAIRED WATER 

2. DEAIRING THE TENSIOMETER USING VACUUM HAND PUMP 

3. CORING SOIL TO ACCEPT THE TENSIOMETER 

4. TENSIOMETER PUSHED INTO GROUND UNTIL GROUND LEVEL MARK 

FIGURE 6 Tensiometer installation procedure. 

Sr = 0.183 + 0.97S1 + O.l34T 

Sr = 0.230 + 0.91S1 + 0.079T 

Sr = 0.423 + 0.98S1 + 0.053T 

where 

Sr= resulting suction (kPa), 
S, =lowest suction attained during rainstorm (kPa), and 
T = period after rainfall (hr). 

(2) 

(3) 

(4) 

A plot of the actual suction against the predicted suction for dif
ferent periods after the cessation of rainfall is shown in Figure 12. 

With the restricted amount of data available, an attempt has 
been made to carry out a multiple regression estimation of suction 
recovery. 

SUGGESTIONS FOR FURTHER DEVELOPMENTS 

The present system records the data at a prescribed interval, re
gardless of the intensity of the rain that is falling. The data are 

logged at the prescribed interval even when there is no rain. The 
datalogging interval should be more frequent when there is rainfall 
and should be changed to a longer interval after a threshold level 
is reached. Rapid changes in moisture and suction occur only in 
the event of rainfall. These changes would be possible if the re
cording of rainfall and other parameters were carried out with o~e 
logging system. It would be useful to accommodate these condi~ 
tions in future designs of the system. There would be great savings 
of memory space in the data logger if the data recording interval 
depended on the frequency of rain. 

CONCLUDING REMARKS 

Reasonable success in the system designed to automatically log 
data can be achieved if one strictly adheres to the installation and 
calibration procedures. The automatic data logging system for 
monitoring suction and other related parameters has been de
scribed, and the objectives of the system have been reasonably 
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achieved. The advantage of a fully automated system is its flexi
bility and the continuity of the data that are obtained. Rapid 
data acquisition and transfer to a suitable office-based computer 
are achieved by using a field interrogator. The solar-powered 
rain gauge allows rainfall measurements to be taken at closer 
intervals than can be done with the chart recorder type of rain 
gauge. 

The system combines some important qualities; for example, it 
has a simple construction, it uses well-proven devices, and it is easy 
to install. 

In Malaysia, which has a humid tropical climate, slope failures 
are more frequent and responsive to the intense, seasonal rainfall. 
This rainfall and the dry spells cause a fluctuating suction regime. 
The suction changes decrease with increasing soil depth. The rain
fall intensity also influences the magnitude of decrease in suction. 
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Instrumentation for Remote and 
Continuous Monitoring of Structure 
Conditions 

SREENIVAS ALAMPALLI AND GONGKANG Fu 

Long-term continuous monitoring of structures may be helpful in 
many aspects of structural engineering when parameters of interest 
can be affected significantly over time. Such monitoring systems re
quire high-speed data acquisition systems, highly sensitive sensors, 
efficient operating software, and remote control and transfer mecha
nisms for data collection. Such remote monitoring systems are now 
possible. To test the idea of continuous monitoring for bridge struc
tures and to examine the sensitivity of vibration properties to struc
tural damage or deterioration, specifications for remote bridge
monitoring systems were developed. They were implemented on two 
bridges for experimental monitoring of conditions. Their capabilities 
are described and experience in their design, installation, and opera
tion is summarized. Although intended for use in monitoring bridge 
structures, they may also be used where remote monitoring is appro
priate for such civil engineering structures as dams, retaining walls, 
buildings, pavements, drainage structures, and traffic signal and sign 
structures. 

Long-term continuous monitoring may be helpful for periodically 
evaluating structures, making decisions for preventive mainte
nance, and examining new design techniques. Such monitoring 
systems require high-speed data acquisition systems, highly sen
sitive sensors, efficient operating software, and remote control and 
transfer mechanisms for data collection. As a result of the advent 
of sensors with built-in electronics, high-speed digital boards, and 
fast computers, the development of ~uch remote monitoring sys
tems has become realistic. 

Remote and continuous monitoring systems have been pro
posed as supplements to current inspection procedures for evalu
ating the conditions of structures. In general, such monitoring sys
tems are required to identify damage or deterioration and then 
issue warning signals for necessary actions such as repair, reha
bilitation, or operation control until the structure's condition is 
improved and satisfies current st.andards for operation. To meet 
these requirements, structure conditions must first be correlated 
with stable and measurable indexes (such as natural frequencies, 
mode shapes, and their derivatives). Criteria need to be developed 
to correlate changes in these indexes with structural damage or 
deterioration. A baseline should be established for these indexes. 
Data can then be collected continuously or periodically to deter
mine these indexes at various times and to ·compare them with 
their baseline values for the detection of damage or deterioration 
by using the established criteria. It is important that these criteria 
take into account such field conditions as environmental effects 
(due to moisture, rain, snow, heat, etc.), variable loadings, and 

Engineering Research and Development Bureau, New York State Depart
ment of Transportation, State Campus, Albany, N.Y. 12232. 

electromagnetic disturbances to the data acquisition process. 
Moreover, the required instrumentation should be designed so that 
it can be sustained under these conditions for continuous data 
collection and processing with the needed precision. 

A study was undertaken to examine the feasibility of using con
tinuous monitoring for the detection of bridge damage or deteri
oration. The study identified feasible structural indexes for de
tecting such damage or deterioration by laboratory testing and 
theoretical analysis and examined the applicability of these in
dexes in the field. This paper focuses on experience with field 
instrumentad.on for remote bridge-monitoring systems (RBMSs) 
with the results of laboratory tests briefly summarized first. Con
struction specifications for RBMSs were developed for two 
bridges in Roche-ster, N.Y., and were included in their rehabilita
tion requirements. Data are being collected from a remote office 
to establish and study a baseline of structural indexes for consid
eration of the service enviionment and to ·examine the sensitivities 
of these indexes to structural damage or deterioration. 

MODAL PROPERTIES AS STRUCTURAL 
INDEXES FOR DAMAGE DETECTION. 

In the present study, modal properties (natural frequencies, damp
ing ratios, and mode shapes) and their derivatives [modal assur
ance criterion (MAC) and coordinate modal assurance criterion 
(COMAC)] were selected as the major structural indexes for con
dition assessment and monitoring because of their theoretical in
herence to structures (1,2). Experimental modal analysis tech
niques were used to identify these indexes and study their 
variation as a result of the test environment. The impact test (3) 
was chosen to obtain these indexes because of its recognized re
liability. In impact tests, several points on the structure are excited 
with an impact hammer. During each impact, excitation and struc
tural responses at a measurement point are simultaneously re
corded with a load cell and an accelerometer, respectively. Fre
quency response functions (FRFs) are calculated from these data 
by the Fourier transform theory (3). These structural indexes are 
estimated by using the FRFs. It is well known that because of 
. v~rious environmental noise·s, indexes based on measured data 
vary, even though the structure is unchanged. 

Modal tests were first conducted on a 1
/ 6-scale steel bridge 

model in the laboratory and a full-scale steel bridge in the field 
with portable instrumentation. The impact test was repeated 18 
times over 6 months on the model to examine the repeatability of 
the measured structural indexes. These results were also used as 
a reference to evaluate another test method by using ambient traf-
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fie as the vibration excitation for field application without affect
ing traffic ( 4,5 ). The impact test was also repeated 10 times over 
2 months on a full-scale steel bridge to estimate variations in the 
measured structural indexes in the field. These tests led to the 
following conclusions ( 4-6). 

1. Natural frequencies, mode shapes, and their derivatives may 
be considered for the detection of damage or deterioration on 
highway bridges. Criteria for warning triggers obtained by using 
these indexes need to be established to account for random vari
ation in these indexes as a result of environmental conditions and 
the data collection process. 

2. With consistency comparable to that of the impact test 
method, the ambient traffic excitation method can be used for 
remote and continuous monitoring without affecting traffic. 

3. A limited number of lower modes may not be adequate for 
the detection of damage or deterioration, because certain types of 
damage or deterioration may affect only higher modes, and ad
ditional indexes of other modes may increase the confidence of 
diagnosis. 

4. Temperature may change modal properties significantly, es
pecially when support conditions are altered as a result. Thus, 
monitoring of temperature should be considered in a remote con
tinuous monitoring system so that thermal effects can be included 
in the analysis and interpretation of the data obtained. 

5. Care should be exercised in choosing the locations for trans
ducers on the structure so that critical elements can be monitored 
effectively. 

6. Cross-diagnosis (using multiple indexes or techniques) is 
warranted for the detection of damage or deterioration in real
world applications, since a single index cannot be conclusive be
cause of the inevitable variation in the measured data. 

REQUIREMENTS, SPECIFICATIONS, AND 
CAPABILITIES OF INSTRUMENTATION 

On the basis of these conclusions and the experience gained in 
the laboratory test (4-6), specifications (7) for two experimental 
RBMSs were developed to satisfy the following requirements: 

1. Structures should be monitored for at least one four-season 
cycle to study the infl~ence of environmental conditions (such as 
temperature) to be covered by a baseline of structural indexes 
(natural frequencies, mode shapes, etc.). For the same purpose, 
the temperature at the site should be recorded. 

21.03 m 4.57 m 
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2. Natural frequencies, mode shapes, and critical strains and 
inclinations should be obtained for cross-diagnosis. This requires 
simultaneous data collection from multiple locations. 

3. Capabilities for remote control and transfer mechanisms for 
data collection are required. 

Figures 1 through 5 show the bridge structures, specified sen
sors and their locations, and the configuration of the RBMS. The 
main features of the RBMS will now be discussed. 

Weatherproofing 

The system was designed for use under severe weather conditions 
in the field to protect its electronic and electrical components. 

· Stainless steel enclosures were provided to avoid corrosion. All 
cables are enclosed in weatherproof conduits fastened to the 
bridge structure. 

Sensors: Accelerometers 

Eleven accelerometers, manufactured by ICS Sensors, were in
cluded; they had a sensitivity of about 1 V/g, frequency ranges of 
from direct current to greater than 300 Hz, and a transverse sen
sitivity of less than 5 percent. One accelerator channel can be 
chosen as a reference channel to trigger simultaneous data collec
tion from all accelerometer channels. When the reference channel 
signal exceeds a user-specified value, data collection commences. 
Similarly, data collection will be aborted if the reference channel 
signal exceeds another user-defined value during operation. Each 
time trace of an accelerometer contains 16,384 points. Its fast 
Fourier transform (FFT) has 8,192 points in a frequency range of 
0 to 256 Hz, giving a frequency resolution of 0.03125 Hz. If data 
collection is successfully completed, FFT of the time traces will 
be performed for all channels. Modal frequencies are then iden
tified using FFT and are compared with corresponding baseline 
values to identify changes. If such changes exceed user-defined 
criteria, a warning alarm is triggered. Trigger parameters can be 
changed remotely by the user. The system stores up to five time 
traces in its memory to be downloaded to a remote office. 

Sensors: Strain Gauges and Inclinometers 

Five channels of strain and inclination data are collected by the 
strain gauges and inclinometers shown in Figures 1 through 5. The 
hermetic-weldable type manufactured by HITEC Products, Inc., 
with a 5,000 microstrain range. The inclinometers were made by 
the Fredericks Company and had a resolution of less than 1 arc-
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FIGURE 1 Elevation of the 1-490 eastbound bridge over the Conrail main line showing instrumentation. 
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the Fredericks Company and had a resolution of less than 1 arc
sec. The user can choose 1 of 16 options for the length of the strain 
or inclination time trace, ranging from 30 sec (at 10-msec intervals) 
to 32 days (at 178.2-sec intervals). Hence, each data record con
sists of 3,000 to 16,000 datum points depending on the time trace 
length. Data collection is triggered manually for individual chan
nels from a remote office. Data collection is discontinued when 
five available records are filled with data. If the signal exceeds a 
user-defined magnitude, a warning alarm is turned on for the cor
responding channel. 

Communication Control 

An RBMS is equipped with an internal 9,600-baud modem sup
porting the V32 protocol. Data are collected and the sensors are 
calibrated by a computer equipped with a compatible modem at 
a remote office through a regular telephone line. This can also be 
done with a portable IBM-compatible computer by using a serial 
port connection at the site. This provides flexible accessibility for 
on-site examination, repair, and calibration. 

Data Storage 

RBMS supports 16 channels of sensors (accelerometers, strain 
gauges, thermocouples, and inclinometers). Time domain data are 
obtained at various sampling speeds, with a storage capability of 
16,384 datum points per record and five records per channel. 
These data can be retrieved by a remote host computer and can 
be stored in its hard drive or on floppy disks. 

Data Collection Hardware 

The RBMS consists of a central monitoring unit (CMU) with a 
485 Data Bus architecture and supports 16 smart-sensor units 
(SSUs). The on-board memory contains a program supplied by 
the RBMS manufacturer to control data communication, memory 
management, and signal traffic direction for each SSU. Each SSU 
and CMU has its own address for efficient data access. Each SSU 
contains a minicontroller for data sampling and digitization and 
memory to store up to five records of data. The sensor instru
mentation is provided with a selectable fixed-gain preamplifier. 

Data Collection Software 

Instrumentation operation is controlled by a proprietary program 
for remote calibration, data acquisition, and display of time traces 
for strain gauges and inclinometers and FFT of time traces for 
accelerometers. It also allows the operating parameters for each 
sensor channel to be changed (such as sampling frequency and 
sampling time for strain gauges and inclinometers, and triggering 
conditions for accelerometers). Time traces can be downloaded 
and only their FFT displayed. Thus, additional software was pro
vided to perform FFTs of time traces after they are downloaded 
to a remote office, with several options of windowing (3). The 
behaviors of sensor amplifiers (such as offset, coupling, and gain) 
can also be monitored and adjusted with this software. It also 
allows the user to view real-time data from the sensors. 
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Power 

The RBMS power supply consists of batteries charged by alter
nating current (ac) power with a low-voltage cutoff switch for 
protection from operation at freezing temperatures, and it can pro
vide power for up to 48 hr in case of ac power failure. By trans
forming the 110-V line voltage, this power supply provides the 
de voltage required by the various sensors, isolating them from 
the noise associated with an ac power supply. The system also 
contains a lithium battery with a 10-year service life to save the 
system configuration in case of power failure. 

BRIDGE STRUCTURES FOR EXPERIMENTAL 
RBMS APPLICATION 

T\vo bridges located in Rochester, N.Y., over Consolidated Rail 
Corporation (Conrail) tracks and carrying I-490 east (BIN 
1048642) and I-490 west (BIN 1048641) were selected for ex
perimental RBMS application. Both bridges were built in 1963, 
are about 76 m in length, and have three spans of steel girders 
(Figures 1 and 3). The horizontal solid lines in Figures 2 and 4 
indicate steel girders. The end spans were supported by steel 
rocker bearings and were continuous over the reinforced concrete 
piers; the middle span was connected to the end spans by pin
and-hanger. Both bridges carry three lanes of traffic in opposing 
directions and are skewed as shown. Some secondary members 
suffered from severe section loss as a result of flaking rust (8,9). 
Delamination and deterioration of the upper portion of the con
crete deck were also suspected. Some steel bearings were rusted 
and frozen. These bridges thus were recommended for rehabili
tation, including (a) replacement of the corroded diaphragms, 
(b) repair of the concrete decks with a concrete overlay (after 
chipping off the top surface to the top re bars), ( c) installation of 
new joint systems at the approaches, ( d) replacement of the steel 
rocker bearings with elastomeric bearings with load plates, and 
( e) provision of continuity between the spans by splicing with 
steel plates. The last two items were done to meet a recently 
adopted rehabilitation policy for seismic hazards (10,11). These 
bridges were selected to be experimentally monitored by the 
RBMS, for examining the consistencies of the measured structural 
indexes, and for further understanding the sensitivity of the RBMS 
in detecting damage or deterioration. RBMS specifications were 
included in the rehabilitation contracts for the bridges. Their de
signed sensor locations, system configurations and cabling details 
are shown in Figures 1 through 5. Sensor locations, numbering, 
and wiring were slightly modified as appropriate during installa
tion, before rehabilitation. The accelerometers were located such 
that the primary members, which are expected to be more severely 
loaded can be monitored. The inclinometers and strain gauges 
were l~cated to monitor the integrity of piers and the behaviors 
of elastomeric bearings and to record maximum strains resulting 
from traffic loads. 

TYPICAL DATA FROM RBMS 

Data Organization 

Each sensor data record has a header that includes the control 
parameters to facilitate data management and processing. The 
header of a typical strain gauge data record is shown below. 
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PROFILE DATA 
CMU NOTE: BIN 108642 Rochester· 
CMU ID# 30 
SENSOR ID# 11 
SENSOR TYPE: PROFILE SENSOR 
START DATE: 11-19-1993 
START TIME: 15:02:47 
STOP DATE: 11-19-1993 
STOP TIME: 15:32:47 
THIS RECORD IS COMPLETE 
TOTAL PROFILE TIME: 30 Min 
TIME BETWEEN SAMPLES: 112 msec 
RAW PROFILE SAMPLES: 
[data] 

It records data type, RBMS location, CMU identification number, 
sensor identification number, sensor type, data collection starting 
and ending dates and times, time length covered, and the time 
intervals in the data. The header is followed by raw data, which 
can be downloaded into a spreadsheet environment for further 
processing to obtain such physical parameters as strain, stress, 
acceleration, and inclination. 

Accelerometer Data 

Figure 6 shows a typical FFT record between 0.1 and 1.9 Hz 
(obtained from Accelerometer A9 on BIN 1048642 in Figure 2). 
It was recorded immediately after passage of a two-axle truck 
(with a gross weight of about 21.1 tonnes and axle spacing of 
4.55 m) in the left lane at a speed of 8 km/hr. The first three 
identified modal frequencies were less than 1 Hz and are marked 
in Figure 6 at the peaks; the frequency resolution was 0.03125 
Hz. Further detailed analysis is under way to identify the higher 
modal frequencies and mode shapes by using all accelerometer 
channels. These structural indexes will be recorded over forthcom
ing seasons to determine their variations with environmental con
ditions and sensitivities to structural damage or deterioration. The 
results may also be used to calibrate analytical models. 
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Strain Gauge Data 

Strain gauge data were also recorded during several passages of 
the same truck. A typical time trace (from Strain Gauge SG2 in 
Figure 2) is shown in Figure 7(a). This gauge was located on the 
bottom flange of the second girder from the right at the middle 
section of BIN 1048642. With no truck on the bridge, Figure 7(a) 
shows the initial zero response. When the truck entered the bridge 
and traveled on Span 1, the girder experienced negative moment 
at the strain gauge location, showing negative strains between 19.5 
and 19.7 min. As the truck approached Span 2, this moment 
changed sign, showing a positive strain. The strain reached a max
imum when the truck was at a critical position. near 19.8 min, 
inducing maximum positive strain. The two peaks in Figure 7(a) 
were due to passage of the two axles. As the truck moved away 
from the critical location, the strain decreased and became nega
tive when it was on Span 3 at 19.85 min and returned to the initial 
zero value when the truck left the bridge. 

Similar behavior was observed whenever a truck crossed the 
bridge. Figure 7(b) shows seven consecutive time traces resulting 
from seven passages of the same truck. Note that Figure 7(a) is 
an expansion of the fifth truck passage in Figure 7(b ). The first 
two peak responses in Figure 7(b) correspond to passages in the 
left lane, the third and fourth correspond to passages in the middle 
lane, and the last three correspond to passages in the right lane, 
beneath which the gauge was located, showing maximum re
sponses. Note that RBMS allows display of such time traces in a 
remote office at the moment that vehicles cross the bridge. These 
strain data will be used to count traffic, determine servict load 
spectra, and estimate the level and number of stress cycles for 
girder fatigue evaluation. 

Inclinometer Data 

A typical time trace of a girder's end inclination (C2 in Figure 2) 
resulting from passage of the same truck in the left lane is shown 
in Figure 8. In essence, this gives influence lines of girder incli
nation at a bearing. The inclination increased (downward or neg-
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FIGURE 6 Typical FFf from Accelerometer A9 on the 1-490 eastbound 
bridge. 
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atively) as the truck approached Span 1 and reached a maximum 
when it was near the middle of Span 1. It returned to zero as the 
truck reached Pier 1. As it traveled on Span 2, the inclination 
deviated from zero in the opposite direction, as expected in the 
case of a continuous bridge. The inclination approached zero as 
the truck left the bridge, and the girder returned to its unloaded 
position. The first and third passages induced similar behaviors. 
The second passage showed a mirror symmetry in comparison 
with those of the other two, because the truck was driven in the 
opposite direction. These inclination data will supplement strain 
data in counting traffic and determining service load spectra. They 
will also help in monitoring bearing and pier performances in 
relation to environmental conditions for the evaluation of struc
tural integrity. 

PRELIMINARY EXPERIENCE 

The main objectives of the RBMS field experiments are (a) to 
verify the conclusions obtained previously in laboratory and field 
testing by portable instrumentation and analytical studies ( 4-6), 
(b) to examine the repeatability of the structural indexes, and 
(c) to understand the sensitivity of this technique for the detection 
of damage or deterioration with the instrumentation subjected to 
the service environment. The data can also be used to meet the 
needs of research and planning in other areas (strain histograms, 
truck traffic counts, etc.). Since installation of the RBMS, data are 
being collected periodically, and data collection is planned to con
tinue for 24 months. The experience with the system to date will 
now be discussed. 

Power 

The RBMS was supported by a 110-V ac power line in the current 
study, but this may not be economical for all applications. Alter
native power supplies should be considered, if such an on-site 
power line is costly. 

Automation of Data Collection and Processing 

Currently, the system can store up to 80 records (16 channels X 

5 records per channel). It takes about 3 min to download a record 
from the RBMS to a host computer using a 9,600-baud V32 mo
dem and thus requires about 4 to 5 hr to download all 80 recorcis. 
This process also requires constant interaction between the user 
and RBMS, since for each record (every 3 min) the user must 
name the file in which the data are to be saved and specify the 
channel and record from which they are to be downloaded. The 
user also must continuously monitor the modem connection con
dition because the modem may sometimes hang up because of 
electrical disturbances on the telephone line. Further automation 
is needed for the data transfer process (including monitoring of 
the modem connection conditions). 

Postprocessing of the data also seems to be tedious. Currently, 
collected time domain data are transferred to a spreadsheet envi
ronment for analysis. Many spreadsheet packages cannot take as 
many as 16,384 points and do not have a wraparound feature. 
Automation for these operations is needed for efficient data pro
cessing. In addition, data collection and processing for the struc-
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tural indexes are now manual, including the identification of nat
ural frequencies, mode shapes, and so on. Conceptually, artificial 
intelligence devices with high-speed computers may be used as 
cost-effective alternatives. 

Sensor Calibration 

After installing the RBMS (before rehabilitation of the bridge), 
some sensors were calibrated by using trucks of known weight. 
Recalibration was conducted after rehabilitation caused changes 
in the bridges' structural conditions. 

Communication 

Each RBMS is equipped with a conventional telephone line for 
data transfer using a host computer in a remote office. It has been 
observed that the on-site modem may hang up because of elec
trical disturbances on the telephone line, discontinuing data col
lection. A conditioned line may resolve this problem, but it could 
be relatively expensive. Thus, the feasibility of using wireless 
communication (such as a cellular telephone or satellite) may be 
worth investigating as an economical solution to this problem. 
A serial port connection was made available at the site for con
venient operation, such as the downloading of data. On the other 
hand, measures against vandalism may be needed. 

Data Storage 

Each time trace record and FFf record occupies about 80 and 120 
kilobytes of disk space, respectively. If all recorded data (time 
traces of all channels and FFfs of time traces of accelerometer 
channels) are to be saved, about 13 megabytes of disk space will 
be required. For weekly downloading, for example, about 650 
megabytes of storage space per RBMS would be required an
nually. For long-term data collection with the RBMS, sufficient 
data storage devices and an effective filing system will be nec
essary to handle such large volumes of data. 

POTENTIAL FURTHER APPLICATIONS 

A wide variety of sensors can be attached to the remote monitor
ing system discussed here and thus can be used to monitor various 
civil engineering structures (including retaining walls, dams, 
buildings, and bridge piers) for various purposes (including traffic 
data collection, structural condition monitoring, and load data col
lection). For example, the strain data collected can be used to record 
vehicular loads on bridges or simply to count traffic. Wind response 
can be obtained continuously from a remote office. The effects of 
environmental parameters on structures can also be studied. These 
data will help in the examination of assumptions about design and 
evaluation and in making rational decisions for management. 

CONCLUSIONS 

Innovative data acquisition system technologies are available for 
use in the long-term monitoring of structures; these include smart 
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sensors, control systems, telecommunications devices, and fast 
computers. If adequate and efficient analysis procedures are avail
able and are implemented by automatic processing devices, long
term data collection and condition monitoring can be accom
plished as described here. 
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Design and Data Acquisition for Thermal 
Conductivity Matric Suction Sensors 

J. K.-M. GAN, D. G. FREDLUND, A. XING, AND W.-X. LI 

The principles behind using the thermal conductivity sensor for an 
indirect measurement of matric suction are described. The factors con
trolling the thermal conductivity of the sensor are discussed. The re
quirements of the sensor for the measurement of matric suction in 
soils are examined from a theoretical standpoint by using the capillary 
model and a heat flow model. The current methods for the calibration 
of the sensors and the evaluation of the sensors' outputs are described. 
Alternative methods for the calibration of the sensors and the evalu
ation of the sensors' outputs are suggested in an attempt to determine 
a better way to evaluate the data. The data acquisition and the related 
electronics necessary for field monitoring of the matric suction sensors 
are discussed. 

The role of matric suction in the behavior of unsaturated soil is 
now well understood (1). As a result, the need for reliable matric 
suction measurements is becoming increasingly important. To date 
there are no simple, accurate, and reliable methods of measuring 
matric suctions above 1 atm. In many of the applications in en
gineering, matric suctions above 1 atm are common. The filter 
paper method and the psychrometer method have been used in 
the past. Both are indirect methods that measure total suctions 
rather than matric suction. It is matric suction, however, that is 
most important in quantifying the mechanical behavior of the 
soils. 

The concept of using the thermal conductivity of a standard 
ceramic as an indirect measurement of matric suction is attractive. 
The physics involved is readily comprehended; however, the per
formance of the sensor has thus far oeen disappointing. Various 
difficulties and shortcomings have become apparent as a result of 
increased usage in the field (2,3). The development of the thermal 
conductivity sensors for the measurement of matric suction has 
been presented elsewhere (4). 

Details of the ceramic design are important when using thermal 
conductivity matric suction sensors. Strength, durability, and rea
sonable accuracy over a wide range of suctions are the basic re
quirements of the sensors. Presently available ceramics with high 
strengths have uniform pore size distributions. Theoretical design 
considerations based on the capillary model show that there is 
need for a continuously varying pore size distribution to measure 
matric suctions over a wide range. The challenge is to fabricate a 
high-strength ceramic with continuously varying pore sizes. The 
requirements of the thermal conductivity matric suction sensor are 
also examined from a heat flow perspective to investigate such 
issues as the optimum size of the ceramic tip, the duration of 
heating, and the rate of heating. 

J. K.-M. Gan, D. G. Fredlund, and A. Xing, Department of Civil Engi
neering, University of Saskatchewan, Saskatoon, Saskatchewan, Canada 
S7N OWO. W.-X. Li, Department of Hydraulic Engineering, Tsinghua Uni
versity, Beijing, People's Republic of China 100084. 

The· attractiveness of the thermal conductivity matric suction 
sensors lies primarily in their field application. Data application 
possibilities provide for the continuous and remote monitoring of 
matric suction. Applications can be made in remote areas ~ith a 
battery power supply. Data acquisition systems with automatic 
control and large storage memories are possible. The electronics 
associated with the sensors and the data acquisition system are 
important aspects in the proper usage of the thermal conductivity 
matric suction sensors for suction measurements. 

PRINCIPLE OF OPERATION 

The components of the thermal conductivity matric suction sen
sors are shown in Figure 1. The key component of the sensor is 
the ceramic. The ceramic has unique water retention characteris
tics that are a function of its pore size distribution. When the 
ceramic is placed in contact with soil, water will move between 
the soil and the ceramic until the matric suction in the ceramic 
equalizes with the matric suction in the soil. The matric suction 
in the soil will determine the water content of the ceramic at 
equilibrium, in accordance with the unique water retention char
acteristics of the ceramic. 

The variables controlling the changes in the thermal conductiv
ity of the sensor are its air and water contents. Air is a poor 
conductor of heat. Under atmospheric conditions and a tempera
ture of 20°C, air has a thermal conductivity of 0.026 W/m K. 
Water, on the other hand, has a thermal conductivity of 0.6 W/m 
K, about 23 times greater than the thermal conductivity of air (5). 
Thus, the changes in the thermal conductivity of the sensor are a 
function of the changes in the water content of the ceramic. 
Through a calibration process, the matric suction of the ceramic 
can be correlated with the thermal conductivity of the ceramic. 
The thermal conductivity of the ceramic is reflected in the tem
perature rise of the ceramic when a precise heat pulse is applied. 

The current practice when using thermal conductivity matric 
suction sensors consists of the following process. An initial ref
erence temperature is taken. This is followed immediately by ap
plying a precise heat pulse for 60 sec. The heat pulse is generated 
by applying a constant voltage of 10 V to the heating element 
inside the sensor. At the end of the 60-sec heating period the 
power supply is removed and a second temperature reading is 
taken. · 

The temperature rise at the end of the heating period is the net 
result of the heat supplied and the heat that is dissipated during 
the 60-sec heating period. The heat supplied is a constant quantity. 
It is controlled by the electrical power that is supplied and by the 
duration over which the electrical power is supplied. The heat 
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FIGURE 1 Components of a thermal 
conductivity matric suction sensor. 

dissipated is dependent on the thermal conductivity of the ce
ramic. The thermal conductivity of the ceramic is a function of 
its water content. The water content of the ceramic is controlled 
by the matric suction of the soil in which the sensor is buried. 
Consequently, a relationship between the temperature rise in the 
sensor and the matric suction of the soil can be established. 
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DESIGN CONSIDERATIONS OF THE CERAMiC 

It is desirable that the ceramic of the thermal conductivity matric 
suction sensor be of high porosity to obtain large changes in the 
water content of the ceramic with varying matric suctions. The 
accuracy of the measurements increases with an increase in the 
porosity of the ceramic. Previous commercially available sensors 
had a porosity of about 70 percent. The calibrations obtained for 
some of these sensors are shown in Figure 2. The calibrations 
shown in Figure 2 show that the relationships between the rise in 
temperature due to the 60-sec heat pulse and the matric suction 
of the soil are nonlinear. 

The maximum change in temperature over a matric suction 
range of 300 kPa was about 2°C to 2.5°C for some recent, com
mercially available sensors with 320-fl heating elements operating 
with a 60-sec heat pulse supplied by a 10-V power source. Older 
model sensors have 1000-fl heating elements. Tests have been 
conducted to investigate the maximum change in temperature ob
tainable by using different electrical power inputs. These tests 
were performed on sensors subjected to two extreme conditions: 
at saturation (i.e., matric suction equal to zero) and in the com
pletely dry condition (i.e., corresponding to maximum suction in 

Resistance of sensor heating element = I 000 n 
Heat pulse duration = 60 seconds 
Voltage= IO V DC 
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FIGURE 2 Calibration curves of some thermal conductivity matric 
suction sensors plotted as a function of matric suction versus change in 
temperature. 

9 



70 

excess of 500 kPa). The results are presented in Figure 3. The 
results show that for an electrical power input of 10 V, the max
imum difference in temperature between the two extreme condi
tions is about 2. 75°C. This maximum difference in temperature is 
increased to 3.75°C if the electrical power input is increased to 
12 v. 

It is desirable that the ceramic have a continuously varying pore 
size distribution to cover a wide range of matric suctions. The 
maximum pore size that can be sustained without draining the 
ceramic at a specified matric suction is defined as follows. 

Ts 
Ua - Uw = 2 - COS O'. 

r 

where 

u0 = pore air pressure, 
uw = pore water pressure, 
Ts= surface tension of water (i.e., 72.75 X 10-3 Nim), 
r =radius of pore (m), and 

(1) 

ex= contact angle between the water and the pore material (usu
ally assumed to be equal to zero). 

The theoretical relationship between pore radius and the matric 
suction obtained from Equation 1, over the range of 0.1 to 10 000 
kPa is shown in Figure 4. The corresponding pore radii vary from 
1 mm down to 1 X 10-s mm (i.e., both variables extend over a 
range of five orders of magnitude). The range of matric suctions 
of most common interest to geotechnical engineers is from 0 to 
1000 kPa. The corresponding variation of pore size distribution 
would range from 1 mm down to 1 X 10-4 mm, a span of over 
four orders of magnitude. 
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The conditions of a high-porosity and a continuously varying 
pore size distribution are required to ensure accuracy and range. 
These aspects make it difficult to obtain a high-strength ceramic. 
A high-strength ceramic is typically· of low porosity with uniform 
pore sizes. To avoid compromising on the strength of the ceramic, 
it is necessary to design a sensor for a specific matric suction 
range. For example, a sensor designed for a matric suction range 
of 100 to 400 kPa would have pore radii varying from 1.455 X 

10-3 to 3.638 X 10-4 mm according to Equation 1. 
It is desirable to have a linear relationship between matric suc

tion and thermal conductivity to ensure accuracy in the measure
ment of suction. A linear relationship between matric suction and 
thermal conductivity is possible if the sensor has a continuously 
varying pore size distribution in which the volumes corresponding 
to every pore size are equal. Materials meeting this requirement 
will have a linear water retention characteristic relationship similar 
to Relationships A, B, and C shown in' Figure 5. A typical water 
retention characteristic relationship for the ceramic from an 
AGWA-II sensor (6) is also shown in Figure 5 for comparison. 
The calibrations obtained so far have also shown that the matric 
suction versus temperature change relationship for the AGWA-II 
sensors is nonlinear (Figure 2). 

THEORY OF HEAT FLOW 

The thermal conductivity matric suction sensor should be as small 
as possible to expedite the moisture equilibration process between 
the sensor and the soil. However, the ceramic portion of the sensor 
must be sufficiently large to fully contain the applied heat pulse. 
Otherwise, the sensor reading will be influenced by the thermal 
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properties of both the soil and the sensor. If this is the case, the 
calibration obtained for the sensor will not be unique but will vary 
with the medium in which the sensor is buried. Calibration tests 
have been conducted using a commercially available -sensor that 
has a diameter of 23 mm. The sensor was first calibrated with the 
sensor buried in a kaolin paste. The same sensor was then cali
brated with the sensor surrounded by air while only the end of 
the sensor was in contact with the high air entry disk via a thin 
layer of kaolin. The results from these calibrations are presented 
in Figure 6. The results indicate that the size of the sensor does 
not appear to be adequate. The calibrations obtained with the sen
sor surrounded by air consistently recorded a higher temperature 
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300 

rise than those obtained when the same sensor was buried in a 
kaolin paste. 

An infinite sphere (Figure 7) with a radius r (0 < r < oo) can 
be used as a model to determine the optimal size of the sensor 
for a fixed heating rate and a fixed heating period. The heater has 
a radius r equal to a. The heater is assumed to be made of copper. 
The porous ceramic is assumed to be saturated with water. The 
thermal conductivity of the porous ceramic is at a maximum when 
the porous ceramic is saturated. This is the most critical case in 
the consideration of the optimal radius required to completely con
tain the applied heat pulse. 

The variable v( t, r) denotes the temperature ~n the sphere at 
time t and radius r. An initial temperature of zero is assumed for 
the theoretical study. That is, v(O, r) is equal to 0 for 0 < r < oo. 
When heat is generated at the center of the sphere for a period of 
time tP, there will be a temperature rise in the area near the center 
of the sphere [i.e., v(tP, r) > 0 for small values of r] and the 
temperature, v(tP, r), eventually becomes 0 as r increases. Since 
radial heat flow is being considered, there exists a radius R beyond 
which the temperature rise is less than a given error tolerance. 
The radius R beyond which the temperature rise is less than the 

FIGURE 7 Spherical model used for the 
heat flow analysis. 
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given error tolerance can be called the optimal radius. Any point 
with r > R is then considered not to be affected by the heat pulse. 

The radial heat conduction equation in an infinite medium, 
when expressed in spherical coordinates, is (7) 

(2) 

where v = v(t, r) is the temperature in degrees celsius and k is the 
thermal diffusivity (cm2/sec) of the saturated porous medium. 
Since the thermal conductivity of copper is much higher than that 
of the ceramic medium, it is assumed that the inner sphere (i.e., 
0 < r < a) acts like a perfect conductor. It is also assumed that 
there is no contact resistance between the heater and the ceramic 
(i.e., at r = a). Some of the heat generated within the inner sphere 
is dissipated. The undissipated heat will result in a temperature 
rise in the inner sphere. Let Q denote the heating rate (cal/sec) 
generated in the inner sphere. The boundary condition at r equal 
to a is given as follows: 

4 3 av ? av Q = - -rra· pc - - 4-rra-K-
3 at or (3) 

where 

K =thermal conductivity of the porous medium (cal/sec-cm
oq, 

p = density of copper (g/cm'), and 
c = specific heat of copper ( cal/g-0 C). 

The first term on the right side of Equation 3 accounts for the 
contribution to the heat balance owing to the heater, which is also 
the inner sphere in the model. The second term of Equation 3 
accounts for the heat that is dissipated in the porous medium. 

Solving Equation 2 using an explicit finite difference method 
gives 

V;+lj = V;,j + :~~ [vi,j+I - 2vi,j + V;,j-1 + a/fl:+ j (vi,j - V;.1-1)] 

i = 0, 1, 2, ... j = 1, 2, ... (4) 
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where At is the length of the time step and Ar is the length of the 
radius step. From the boundary condition, Equation 3, it follows 
that 

4 3 

drAtQ 3 'ITa· pcAr 4Tia2KAt 
V1+1,o = --A- + --X.-- V;,o + A V;+1,1 

(5) 

i = 0, 1, 2, ... 

where 

If the thermal conductivity K is not a function of temperature, the 
solution obtained is not affected by the initial boundary condition. 
If the thermal conductivity K is a function of the temperature, the 
solution will vary with the choice of the initial boundary condi
tion. As a result, a thermal conductivity suction sensor would not 
have a unique calibration relationship. Rather, there would be a 
calibration curve for each initial temperature. Fortunately, the ther
mal conductivities of ceramic and water are fairly constant within 
a wide range of temperatures. 

Using an initial boundary condition of v = 0 gives 

Vo,o = Vo,1 = Vo,2 = Vo.3 = · · · = 0 (6) 

Numerical results based on Equations 4 and 6 are shown in Fig
ures 8 and 9 for heating period tP equal to 60 sec. Figure 8 shows 
the temperature distribution (i.e., in the infinite sphere) at the end 
of the heating period for different heating rates. The heating rate 
currently used in thermal conductivity matric suction sensor mea
surement is approximately 0.024 cal/sec for a fixed heating du
ration of 60 sec. According to Figure 8, a minimum sensor radius 
of 15 mm would be required to fully contain the heat within the 
sensor. Figure 9 shows the effect of the surrounding soil on the 
temperature distribution within the ceramic, where K,. is the ther-

2.5 ~-----.---,--------.---------,----------.., 

-- a = 0.002 calls 

--o-- Q = O.Q1 calls 
a> la= 3 mml 
~ 1.5 -1-----+-4'---+------+---i - a= 0.024 calls 

..c 
u 
Q) 

2 
~ 
Q) 
0.. 
E 
~ 0.5 

0 5 10 

Radius (mm) 

15 

FIGURE 8 Temperature distribution at the end of heating for various 
heating rates. 
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FIGURE 9 Influence of the thermal conductivity of the surrounding soil on 
the temperature distribution within the ceramic. 

mal conductivity of the surrounding soil. Figure 9 was obtained 
for a sensor of 10-mm radius subjected to a heating rate of 0.024 
cal/sec for 60 sec. 

CALIBRATION AND ACTUAL READING 

Calibration of the thermal conductivity matric suction sensors can 
be conducted by using a modified pressure plate apparatus. The 
modified pressure plate apparatus has special ports to accommo
date the sensor leads. The sensors are buried in the soil inside the 
modified pressure plate apparatus. The matric suction of the sen
sors is controlled by maintaining a constant matric suction in the 
soil by the axis translation technique. Details of the procedure 
have been described elsewhere (8). 

The current measuring procedure when using thermal conduc
tivity matric suction sensors has been to take two temperature 
readings: one prior to applying heat and one at exactly 1 min after 
the application of a precise heat pulse. The difference between 
these two temperature readings is the temperature rise due to the 
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heat pulse. The temperature rise due to the heat pulse is then 
calibrated against the matric suction. 

There are other possibilities for handling the data output from 
the thermal conductivity matric suction sensor. One possibility is 
to use a continuous recording of the characteristic Seebeck voltage 
outputs of the sensor over the entire heating and cooling cycle. 
The area enclosed by the characteristic Seebeck voltage output 
curve over an entire heating and cooling cycle (Figure 10) can be 
correlated against the matric suction of the soil. 

Another possibility may be to use the rate of change of voltage 
(or temperature) along some sections of both the heating and the 
cooling curves. The rate of change of voltage (or temperature) 
along the heating curve may prove to be more reliable. For in
stance, the rate of heat generated and dissipated early in the heat
ing cycle will not be affected by the soil surrounding the sensor. 
Later in the heating cycle, as the influence zone from the applied 
heat expands, the effect of the surrounding soil will become in
creasingly important, particularly if the sensor is not sufficiently 
large for the specified heating rate and the specified heating pe
riod. Further studies into the rate of heat generation and the rate 
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FIGURE 10 Seebeck voltage output measur~d over an entire heating and cooling 
cycle. 
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of heat dissipation are needed to find the most satisfactory method 
for the indirect measurement of matric suction. 
, The Seebeck voltage outputs measured with time for a ceramic 

in a saturated state and in an air-dry state were presented earlier 
(Figure 3). It is possible to generate a series of curves between 
these two curves for any range of matric suction values (Figure 
11). That is, rather than using only the maximum change in tem
perature to correlate with matric suction, another possibility would 
be to numerically best-fit the Seebeck voltage response curves. It 
may be possible to obtain greater accuracy in the measurement of 
suction by this approach. 

FIELD MONITORING 

The thermal conductivity sensors constitute an attractive option 
for the field monitoring of matric suction because of their suit
ability to data acquisition systems. The data acquisition possibil
ities provide for almost continuous and remote monitoring. These 
are of value when attempting to obtain information related to en
vironmental changes. The pore water pressure conditions in the 
unsaturated zone are quite variable because of the influence of the 
microclimate and the variability of the soil properties. Multiple 
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sensors are usually required at each instrumentation site to prop
erly characterize the matric suction profile changes. 

A typical monitoring site is usually remote and usually has no 
power supply. The layout of one such typical monitoring scheme 
used in a railway embankment is shown in Figure 12. Typically, 
multiple sensors involving leads of various lengths are used. The 
electrical connections to link the sensors to the data acquisition 
system become complex. Having sensors with leads of various 
lengths is undesirable from a fabrication and calibration stand
point. Multiple sensors will require a multiplexing system to con
trol and monitor the sensor readings. 

Depending on the distance of the site from the control office, 
visits to the site to retrieve data may occur infrequently. The 
power source to the system must be able to last for long durations. 
Other means of providing power such as the use of solar power 
panels are options. The system should also be able to store large 
amounts of data between site visits. A modem may be required 
for communicating with the data logger. 

The data acquisition system must be able to take an initial tem
perature reading and then supply a constant heat pulse to the sen
sor for a specific duration (e.g., for 60 sec) and then take another 
temperature reading. The system niust be able to carry out this 
execution automatically and sequentially for all of the sensors. 

60 80 100 120 

Heating time (seconds) 

FIGURE 11 Idealized Seebeck voltage characteristic curves of a sensor at 
various matric suction values. 



FIGURE 12 Layout of thermal conductivity matric suction sensors installation in a railway embankment. 

The data acquisition system presently used in the field moni
toring of matric suction with thermal conductivity matric suction 
sensors is fairly complex. A simpler data acquisition system dedi
cated specifically to the thermal conductivity matric suction sen
sors would be desirable. 

CONCLUSION 

There is need for an indirect method of measuring matric suction. 
One such possibility is the use of thermal conductivity matric 
suction sensors. Fabrication of a durable ceramic for an accurate 
matric suction sensor is difficult. Theoretical considerations show 
that it is necessary to fabricate sensors for specific ranges of matric 
suction. The theory of heat flow in a porous medium shows that 
the calibration of a thermal conductivity sensor is unique since 
the thermal conductivity of the ceramic, water, and air are not a 
function of the temperature within the normal working range of 
temperatures. , 

The present method of measuring inatric suction by using the 
maximum temperature change does not necessarily result in the 
most accurate measurements possible. As a result consideration 
should be given to other possible procedures for analyzing the 
outputs from the thermal conductivity matric suction sensors. 

The data acquisition system presently used with the thermal 
conductivity matric suction sensors is complex. A simpler dedi
cated data acquisition system is needed. 
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Fiber Optic Pore Pressure Sensor 
Development 

B. G. GROSSMAN, P. J. COSENTINO, E. H. KALAJIAN, G. KUMAR, S. DOI, 

J. VERGHESE, AND P. LAI 

Low-cost fiber optic sensors capable of measuring loads and pres
sures, including pore water pressures, have been developed. These 
sensors employ microbend fiber optic technology and are capable of 
measuring pressures from 0 to about 700 kPa (100 psi). They are 
relatively inexpensive and give reliable and repeatable results. A cal
ibration setup was developed to ensure reliable data acquisition during 
load or pressure testing of microbend sensors. Sensor development 
and operation, along with their sensitivities, are described. The pre
ferred configuration could be placed in the soil and used for the in 
situ monitoring of pore water pressures and total stresses once the 
development is completed. 

In situ pore water pressures are a key to understanding soil be
havior. The instruments currently used for monitoring these pres
sures include vibrating-wire piezometers, electrical resistance pi
ezometers, pneumatic piezometers, and piezocones. They can be 
expensive and require special manufacturing techniques to control 
problems such as corrosion, zero drift of the output, power fluc
tuations, and low electrical output (1). If properly installed, they 
perform well but their long-term stabilities can be uncertain. 

Prototype fiber optic sensors have been developed for measur
ing pore water pressures and loads under laboratory conditions. 
Loads up to 2.2 kg (5 lb) were measured with a bridge architecture 
sensor, and after mo~ifying this sensor, pressures up to 700 kPa 
(100 psi) were measured by using the recommended pore pressure 
sensor configuration. The sensors give accurate, repeatable results 
and would cost about $100 to construct. To properly evaluate the 
sensors, a fiber optic load and pressure calibration system was 
assembled at Florida Tech (2). 

OPTICAL FIBER SENSORS 

Optical fibers were developed as a substitute for copper wires for 
use in high-speed and long-distance communications systems. It 
was recognized that they could be used as sensors if a change in 
the environment surrounding the fiber resulted in a change in the 
fiber's light transmission characteristics. For communication ap
plications, this interaction is minimized by the cable surrounding 
the fiber. Developments in fiber optic sensor technology have led 
to its use in medicine, robotics, aviation, guidance and navigation 
systems, and sonar and seismic systems. 

B. G. Grossman, S. Doi, and J. Verghese, Department of Electrical En
gineering, Florida Institute of Technology, Melbourne, Fla. 32901-6988. 
P. J. Cosentino, E. H. Kalajian, and G. Kumar, Department of Civil En
gineering, Florida Institute of Technology, Melbourne, Fla. 32901-6988. 
P. Lai, Florida Department of Transportation, 605 Suwannee Street, Tal
lahassee, Fla. 32399-0450. 

Figure 1 shows a typical optical fiber consisting of a glass or 
plastic core, a cladding layer, an acrylic buffer, and one or more 
protective layers. Light is coupled or focused into one end of the 
fiber and travels through the core. The cladding keeps the light 
within the core, and the protective plastic layers that surround the 
cladding protect the fragile core and cladding. The protective plas
tic also allows the optical fiber to be flexible and durable. The 
core and cladding usually consist of highly transparent glass for 
telecommunication applications, but they may be made of clear 
plastic. Optical fibers are typically encased within multiple layers 
of high-strength plastics or other materials to form a rugged cable. 
The glasses used in optical fiber cores behave elastically up to 
their breaking points under tension, with Young's moduli ranging 
from 61,000 to 91,000 MPa (8.8 to 13.2 ksi) and Poisson's ratio 
ranging from 0.14 to 0.26 (3). 

When a fiber optic sensing system is being developed, a number 
of components are required to generate, focus, detect, and record 
the light passing through the fiber sensing region. Lasers or light
emitting diodes (LEDs) can be used as light sources. The light 
output from the sensor can be detected with photodetectors. To 
obtain a uniform distribution of light in a multimode fiber core, 
a mode scrambler can be constructed by wrapping the fiber ap
proximately 20 times around a rod 5 mm (0.20 in.) in diameter 
rod. Light can be removed from the cladding by applying an index 
matching material to a section of bare fiber core. 

Over the last three decades fiber optic sensors have been de
veloped for measuring temperature changes, chemical con.ceritra
tions, stress, strain, load, and deflections ( 4). These sensors have 
significant advantages over the current sensors, including immu
nity to corrosion and electromagnetic interference and the ability 
to remotely sense parameters; in addition, multiple sensors can be 
placed in series on one fiber (i.e., multiplexing) (5,6). 

FIBER OPTIC SENSOR CALIBRATION SYSTEM 

The selection of an appropriate testing system and procedure was 
critical for studying the relationship between changes in load or 
pressure and light output intensity for the various optical fiber 
sensors. The system (Figure 2) consists of an LED to provide the 
input light, a mode scrambler to distribute the light throughout 
the core, either a compression machine to apply forces or a pres
sure chamber to apply pressures, a mode stripper to give accurate 
light output intensities, and a photodiode to measure the light 
output intensity. A data acquisition system was used to record the 
analog signals from the load cell or pressure transducer and the 
optical detector. A computer program was written to reduce the 
data to load or pressure versus light intensity. A step-by-step pro-
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Fiber thickness typically 250 µ m 
includes core, cladding and buffer 

Cable 

Protective acrylic buffer 

/ Gadding 

-------- //Core 

Protective plastic,kevlar or metallic layers 

FIGURE 1 Typical optical fiber wrapped in a cabling 
material. 

cedure for testing and calibrating the fiber optic sensors is given 
by Kumar (2). 

LOAD AND PRESSURE FIBER OPTIC SENSOR 
DEVELOPMENT 

After studying the advantages and disadvantages of the various 
types of fiber optic sensors, it was decided that microbend-type 
sensors would be the best choice for use in construction and test-

LED 

Mode scrambler 

Note: calibration system can be used to 
measure either load versus light 
intensity as is shown with the 
unconfined compression machine or 
pressure versus light intensity as is 
shown with the pressure chamber 
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ing. Figure 3 illustrates the concept of microbending for a fiber 
optic sensor. When a fiber is subjected to microbending along its 
axis, the light propagating through the core becomes unguided 
(i.e., leaks out), thereby decreasing the light intensity at the fiber's 
output. When a microbend sensor is used to measure loads or 
pressures, a calibration must be developed to give the relationship 
between the percentage of light lost and the corresponding load 
or pressure. During the present study, both load and pressure ver
sus output light intensity curves were developed. 

Numerous microbend sensor configurations were developed and 
tested by Kumar (2). His major findings and problems were that 
(a) the fiber would slip within the mechanical components of the 
micro bend sensor, (b) the fiber was damaged or broken during 
some types of micro bend testing, and ( c) a system hysteresis oc
curred as the various sensors were loaded and unloaded (2). 

The mechanical components of the sensors that cause micro
bending also caused the optical fibers to move or slip during test
ing. This slippage resulted in inconsistent results. To alleviate slip
page a pretensioning apparatus, consisting of a series of springs 
and pulleys, was devised to pretension the fiber before testing. 
The pretensioning loads, which ranged from 0.25 kg (0.55 lb) to 
2.0 kg ( 4.4 lb), resulted in sensor failure after very few load
unload repetitions, indicating that pretensioning was not the best 
approach available for the prevention of slippage (2). 

During testing of some of the microbend sensors, there was 
visual evidence of optical fiber damage. The researchers inspected 
the fibers after each series of tests, and visual damage in the form 
of indentations in the fiber coating was noted. It was therefore 
decided to study how the optical fibers responded to direct appli
cations of loads. Fibers were placed horizontally on a fiat brass 

pressure 

Micro bend 
application 

plates 

Detector 

stripper 

Contains water, soil 
and sensor 

Pressure chamber 

FIGURE 2 Force or pressure calibration system. PVC is polyvinyl chloride. 
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, 
During microbending (from loads, pressures, etc.) light 

travelling within the fiber core leaks out. A powermeter is 
used to measure the remaining light at the sensor's output 

end and a calibration is developed between the load, 
pressure, etc., and the amount of output light. 

Light "leaks out" during microbending 

Top plate 
,..,....,,..~-rr~-rrr77"7-T:J""7"':11"7-:r77~~~~~ 

Light in Light out 

/ 
Optical fiber 

Bottom plate 

FIGURE 3 Brass plate sensor complying with breaking the radius 
requirement (not to scale). 

plate, and forces were applied perpendicular to the fibers' longi
tudinal axes by using small-diameter brass rods at known spac
ings. Fiber~ with soft and hard plastic coatings were loaded and 
photographed to depict which portion of the fiber (i.e., the core 
or cladding or the buffer coating) had been damaged. Coming 
fibers with soft acrylate coatings and fibers with hard polyimide 
coatings were evaluated. This testing indicated that severe damage 
would occur in both the soft and hard coatings, eventually causing 
the fiber to fracture. One interesting phenomenon that occurred 
during this testing phase was that the system hysteresis encoun
tered during loading-unloading cycles decreased with an increas
ing number of cycles. However, a maximum of about 10 load
unload cycles caused failure of the fiber during this type of 
loading (2). It was concluded that the degradation of the buffer 

coating and stretching of the fiber were major causes of system 
hysteresis. 

To study system hysteresis further, a sensor configuration that 
would prevent slippage and damage and that minimized fiber 
stretching was developed. A sensor in which the optical fiber was 
subjected to only two microbends was developed (Figure 4). The 
center-to-center rod spacings were fixed such that the fiber would 
not be overstressed in bending. Lindsay and Paton (7) suggest a 
breaking radius for Coming fiber from 0.8 to 1.5 mm [31 to 59 
mils (1 mil= 10-3 in.)]. This range is the minimum radius allowed 
to prevent bending failure. On the basis of the recommendation 
of Lindsay and Paton (7), center-to-center rod spacings from 4.0 
to 7.5 mm (157 to 295 mils) were used. The rods were used to 
firmly hold the fiber in place by controlling the distance between 

Legend depicting numbers on figure 
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1. Deformable upper plate causes fiber microbending 
2. Rigid spacers or sidewalls 
3. Rigid or deformable base plate 
4. Deformers such as metal or plastic rods 
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6. Rigid stopper to prevent excessive deflection 
7. Optical fiber 
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FIGURE 4 Microbending bridge architecture sensor (not to scale). 
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the sensor's top and bottom plates (Figure 4). This spacing ena
bled the optical fiber to be subjected to varying amounts of pre
liminary microbends (i.e., a small preloading was applied to the 
fiber), which allowed the linear range of the sensor's calibration 
curve to be used for testing. 

BRIDGE ARCHITECTURE SENSOR 

On the basis of the results from the testing described above, a 
microbend sensor called the bridge architecture sensor (BAS) was 
developed. A top plate was fixed to the bottom plate (Figure 4) 
so that it behaved like a beam with fixed end conditions. This 
configuration has the advantage that on release of load, the elastic 
beam action of the top plate enables the fiber to spring back to 
its original position. Springs may also be used because the top 
plate is relatively thin and it may not return to its original location 
after loading. A rigid stopper was added to prevent excessive de
formation of the top plate (Figure 4). By changing the diameter 
and spacing of the rods and the dimensions of the top plate, 
five variations of this sensor were constructed. Table 1 summa
rizes the sensor configurations used. Coming 50/125/250-µm 
(1.97/4.92/9.8-mil) fiber was used for all BAS configurations (2). 

BAS1 (Table 1) was tested by using the compression machine 
(Figure 2). Figure 5(a) shows applied load versus percent light 
output curves for a typical test. There was a maximum variation 
of about 5 percent between the increasing and the decreasing loads 
within the trial. The graph can be represented by using the third
order polynomials shown on the plot, with the regression coeffi
cients indicating an excellent fit (2). Figure 5(b) shows that a 
linear relationship exists between the applied load and the percent 
light output from about 0.5 kg (1 lb) to 1.5 kg (3.3 lb), and again, 
the regression coefficient indicates an excellent fit. On the basis 
of this linear region, studies that concentrated on developing a 
linear load versus loss in light output intensity as the working 
range for the sensor were undertaken. By properly positioning the 
top and bottom plates to apply a preloading of approximately 0.5 
kg (1.0 lb), the beginning of the linear portion [Figure 5(b)] would 
correspond to the beginning of working range. Numerous tests 
were conducted with BAS sensors preloaded in this manner, and 
the calibration plots all resembled the linear portion of Figure 
5(b ), with similar regression coefficients. When numerous load
unload cycles were performed with one sensor, the calibration 
curves were relatively consistent. Figure 6 shows the results from 

TABLE 1 Variations in BAS 
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15 load-unload cycles on BAS1 (2). There was a maximum var
iation within trials of about 5 percent and a change in response 
between the 1st and 15th trials of about 10 percent. The change 
in response between trials tended to decrease with increasing num
bers of trials. The 5 percent variation is typical of results obtained 
for the BAS sensors. It represents the system hysteresis of the 
sensor, as was explained above. The exact cause of the 10 percent 
change from the 1st to the 15th trials is unknown. However, nei
ther the material properties nor the bending characteristics of the 
sensor have been analyzed, and preliminary calculations by Ku
mar (2) indicate that the sensor top plate may be strained beyond 
acceptable elastic limits. 

Increasing the rod diameters and, consequently, the rod spacings 
for BAS2 and BAS3 enabled a study of the variations of output 
light intensity and loads as a function of rod spacing. Comparison 
of the load versus light intensity test results for BAS1, BAS2, and 
BAS3 shows that increases in the rod diameter or spacings cause 
the load range over which the sensor is used to increase (Figure 
7). Therefore, the sensors can be made less sensitive. This behav
ior was anticipated, since larger-diameter rods result in less bend
ing of the fiber. For a 20 percent loss in output light, the load 
range was approximately 0.6 kg (1.25 lb), 1.8 kg (4.0 lb), and 3.0 
kg (6.6 lb for BAS1, BAS2, and BAS3, respectively. The maxi
mum variation in load within trials for all three sensor variations 
was about 5 percent (2). This portion of the research showed that 
it would be feasible to construct fiber optic sensors for specified 
load ranges by varying the rod diameters and spacings. 

Tests were performed to study the effect of changes in sensor 
length on load range for the bridge architecture sensor. Sensors 
BAS2, BAS4, and BASS were used for this comparison. Figure 
8 shows typical applied load versus percent light output for these 
sensors. For a 20 percent loss of output light, the load ranges for 
BAS2, BAS4, and BASS were approximately 1.8 kg (4.0 lb), 2.4 
kg (5.2 lb), and 3.4 kg (7.5 lb), respectively (2). These results 
indicate that the load range increases as the length of the top plate 
is reduced. This behavior was expected, since the top plate's stiff
ness increases with a reduction in its length. Thus, more force is 
required to produce the same deflection of a shorter plate. This 
portion of the research showed that it would be feasible to con
struct fiber optic sensors for specified load ranges by varying the 
length of the top··plate. 

BAS2 was sealed and tested in the pressure chamber (Figure 
2). A latex compound was used as the sealant; however, sealing 
this configuration proved to be very difficult because of the sen-

Sensor Top Plate Dimensions Bottom Plate Dimensions Rod 
Number Length Width Thickness Length Width Thickness Diameter Spacing 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 

1 70 6.35 0.86 70 12.7 0.86 1.65 4.0 

2 70 6.35 0.86 70 12.7 0.86 2.4 5.8 

3 70 6.35 0.86 70 12.7 0.86 3.2 8.0 

4 38.1 6.35 0.86 70 12.7 0.86 2.4 5.8 

5 50.8 6.35 0.86 70 11.7 0.86 2.4 5.8 
25.4 mm = 1 inch 
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FIGURE 8 Variation in load range for the BAS with three top plate lengths. 

sor's open sides. Figure 9(a) is a typical plot of the applied pres
sure versus percent light output. The initial portion of this curve 
is nonlinear; therefore, third-order polynomial regression equa
tions were used to show that relationship between the data. The 
regression coefficients for these two curves indicate an excellent 
correlation between the parameters. The curve fit shown in Figure 
9(b) depicts that a preeise linear relationship could be achieved 
between the applied pressure and the percent light output from 
about 18 to 47 psi (125 to 325 kPa). This linearity is similar to 
that shown in Figure 5(b). Note that only one equation was used 
for the data depicted in Figure 9(b) since the datum points for the 
increasing and decreasing loads coincided. The similarity of these 
plots to Figures 5(a) and (b) indicates that the latex and epoxy 
sealants do not adversely affect the sensor's capabilities (2). 

DISK ARCHITECTURE SENSOR 

The results from BAS testing led to the development of a cylin
drical sensor with the same basic configuration as those of BAS 
sensors. This configuration, termed the disk architecture sensor, is 
shown in Figure 10. The circular shape is simpler to seal, more 
robust, and therefore better than the BAS configuration for in situ 
applications. The disk sensor used for testing was constructed with 
the proper amount of preloading to eliminate the initial nonlinear 
portion of the calibration curve. This sensor was tested up to 100 
psi (700 kPa) in the pressure chamber (Figure 2). Figure 11 shows 
the results from the increasing and decreasing pressure tests. A 
linear regression was used to represent both sets of data, and the 
regression coefficients for each line again indicate an excellent 
correlation between the two parameters. There is a maximum vari
ation of about 4 psi between the increasing and decreasing pres
sure lines. This variation is the system hysteresis, and t~chniques 
to eliminate it are currently being investigated. Numerous load-

unload trials were performed on this sensor, and the results from 
those tests indicate that the sensor gives repeatable results (8). 

CONCLUSIONS 

• Laboratory fiber optic sen.sors that can be used to measure 
loads of up to 2.2 kg (5 lb) and pressures of up to 700 kPa (100 
psi) have been developed. Various configurations of BASs have 
been tested to show how the sensor construction affects the re
sults. The BAS configuration was tested under loads from 0 to 
2.2 kg (0 to 5 lb) and pressures from 0 to 415 kPa (0 to 60 psi). 
A disk architecture sensor configuration was tested, and it showed 
excellent results for pressures of from 0 to 700 kPa (0 to 100 psi). 
This configuration is preferred for use as a pore water pressure 
sensor because it is easier to seal and use in situ than the BAS 
configuration. 

• The fiber optic sensor concept of microbending was studied, 
and problems of fiber damage and slippage were alleviated. Fiber 
damage can be prevented by ensuring that the fiber's bending 
radius is sufficient to prevent tensile cracks of the cladding and 
core. Slippage can be prevented and system hysteresis can be 
minimized by constructing microbend sensors with a small pre
loading of the fibers. 

• There are still problems associated with system hysteresis. 
The hysteresis was minimized by applying loads directly to the 
fiber, which was placed against a metal plate; however, this type 
of loading resulted in premature fiber breakage. There is a maxi
mum 4 percent change in the calibration curve during loading and 
unloading of a sensor. Hysteresis may be reduced by limiting the 
range of loading to a certain percentage of the sensor's maximum 
rated pressure value. However, since neither the material proper
ties nor the bending characteristics of the sensor have been ana
lyzed, this statement is only conjecture. 
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• The microbend sensors have been studied and calibrated by 
using a load-pressure calibration system that can be used to test 
microbend sensors for loads of up to 454 kg (1,000 lb) and pres
sures in excess of 700 kPa (100 psi). 

RECOMMENDATIONS 

Recommendations for future work include the following. 

•Studies of the sensor's material properties during prolonged 
usage are needed. These studies would involve short- and long
term static, dynamic, and chemical analyses of the optical fiber 
and brass or plastic materials used to form the sensor. 

• Studies of the system hysteresis, which is still occurring, must 
be completed. It is recommended that a number of microbending 
tests be conducted to determine the bending characteristics of the 
fiber. 

• Studies of the potential range of pore pressures over which 
either BAS or disk architecture sensors can be used · must be 
completed. 

• Once the laboratory phase of the research is completed, in 
situ testing at instrumented field sites should be conducted. 
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Static and Dynamic Measurements Using 
Embedded Earth Pressure Cells 

GEORGE M. FILZ AND THOMAS L. BRANDON 

As part of a research program to study lateral earth pressures on re
taining walls, dynamic compactor forces were measured by two meth
ods: (a) a direct instrumentation method that is thought to yield reli
able measurements of dynamic compactor forces and (b) taking 
measurements of embedded earth pressure cell responses that are con
verted to estimated compactor forces at the ground surface. Compar
ison of the compactor forces from the two methods disclosed the 
following. (a) Reflection of seismic waves from the boundaries of the 
backfill can create a standing wave at the embedded pressure cell 
location, which may cause pressure cells to overregister. (b) The pres
sure distribution beneath the base of the compactor can influence the 
embedded pressure cell readings. (c) Use of a registration ratio of 
unity resulted in estimated compactor forces that were generally in as 
good, or better, agreement with the forces measured by the direct 
instrumentation as when in situ registration ratios were used. During 
the in situ calibration studies, several factors that can influence the 
response of embedded pressure cells to static loads were identified: 
the presence of clods in the backfill can influence pressure cell re
sponse, even when the diaphragm size to soil particle size criterion is 
well satisfied; compaction-induced lateral earth pressures can cause 
nonlinearity in pressure cell response because of the rotation of lateral 
stresses; and other factors, such as variations in cell placement con
ditions, can influence pressure cell results. 

A research program to study the effects of backfill compaction on 
the lateral earth pressures that act on retaining walls is under way 
at Virginia Polytechnic Institute and State University. Because dy~ 
namic compactor forces have an important influence on the mag
nitude of compaction-induced lateral pressures, the research work 
included compactor force measurements. 

Embedded earth pressure cell measurements have been used by 
others (1-3) to estimate the magnitudes of dynamic compactor 
forces. In the present study, both earth pressure cells and instru
mentation installecJ directly on the compactor were used to mea
sure compactor forces. Comparison of the embedded pressure cell 
readings with forces measured by "direct" methods provided in
sight into the significance of factors that influence pressure cell 
readings under dynamic compactor loading. 

The purpose of this paper is to describe the sources. of uncer
tainty in using embedded pressure cell readings for determining 
dynamic compactor forces. Some of these factors can also be im
portant for static pressure cell measurements. 

INSTRUMENTAL RETAINING WALL TESTS 

Instrumented Retaining Wall Facility 

A cross section through the instrumented retaining wall facility is 
shown in Figure 1. The backfill area is 1.8 m wide and 3.0 m 

Charles E. Via, Jr., Department of Civil Engineering, Virginia Polytechnic 
Institute and State University, Blacksburg, Va. 24061-0105. 

lorig. Backfill is typically placed about 2.0 m high against the 
wall, which is 3.0 m long and 2.1 m high. The wall consists of 
four panels located within a very stiff reinforced concrete struc
ture. Each panel is 0.8 m long and 2.1 high. The panels are sup
ported by load cells so· that the horizontal and vertical forces ap
plied by the backfill can be measured. The center two panels are 
instrumented with 15 contact pressure cells so that the pressure 
distribution on the wall can be determined. The instrumented re
taining wall facility is described in detail by Sehn and. Duncan 
(4), and the performance of the contact pressure cells in the in
strumented wall is described by Filz and Duncan (5,6). 

A total of 16 tests have been performed in the instrumented 
retaining wall facility at Virginia Polytechnic Institute and State 
University. Of these, embedded earth pressure cells were used in 
six tests and direct measurements of dynamic compactor forces 
were made in five tests. These tests and some key test parameters 
are given in Table 1. 

Backfill Soils 

TWo soil types were used in the present study: Yatesville silty 
sand and Light Castle sand. Yatesville silty sand is an alluvial soil 
excavated from the foundation of Yatesville Lake Dam on Blaine 
Creek in Lawrence County, Kentucky. Yatesville silty sand clas
sifies as an SM soil by the Unified Soil Classification System and 
contains about 47 percent nonplastic fines. The mean grain size 
(D50) of the soil is about 0.08 mm. The soil has a maximum dry 
density of 19.6 kN/m3 and an optimum water content of 11 percent 
for the standard Proctor effort (standard ASTM D698-91). The 
specific gravity of solids is about 2.67. When in moist condition 
the Yatesville silty sand has an apparent cohesion from negative 
pore water pressure and will stand on vertical slopes several feet 
high. 

Light Castle sand is a clean, fine, quartz sand obtained from a 
quarry in Craig County, Virginia. The sand classifies as an SP soil 
by the Unified Soil Classification System and has less than 1 per
cent fines. The D50 of the soil is 0.3 mm. The maximum and 
minimum densities according to standards ASTM D4253-83 and 
ASTM D4254-83 are 16.65 and 13.90 kN/m3

, respectively. The 
specific gravity of soils is about 2.65. The Light Castle sand was 
placed and compacted in a dry condition and, when dry, was com
pletely cohesionless. 

Compactors 

TWo types of hand-operated compaction equipment were used in 
the study: a rammer compactor and a vibrating-plate compactor. 
The compactor usage is given in Table 1. 
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The rammer compactor is a hand-operated Wacker model 
BS60Y. It is powered by a 3000-W ( 4 hp), two-cycle engine that 
drives a ramming shoe into contact with the soil at a percussion 
rate of about 10 blows per sec. The operating weight of the com
pactor is 62 kg (137 lb). The vibrating-plate compactor is the 
hand-operated Wacker model BPU2440A. It is powered by a 
3700-W (5 hp), four-cycle engine that drives counterrotating 
eccentric weights. The eccentric weights rotate at a frequency of 
about 100 Hz on axles fixed to a steel base plate that contacts the 
soil. The operating weight of the compactor is 125 kg. 

As mentioned previously, instrumentation was attached directly 
to both compactors to measure the dynamic compactor forces im
parted to the backfills. Details of this instrumentation, the instru
mentation verification studies, and the resulting force measure
ments obtained during the instrumented retaining wall tests are 
presented by Filz and Brandon (7). The following paragraphs 
summarize the instrumentation schemes. · 

For the rammer compactor, dynamic load cells were installed 
between the rammer shoe and the main body of the compactor, 
and accelerometers were mounted on the ramrner shoe. The con-

TABLE 1 Instrumented Retaining Wall Tests with Embedded Pressure Cell 
Measurements and Dynamic Compactor Force Measurements 

Test No. Soil Water Dry Unit Compactor Peak Dynamic 
Type( I) Content Weight Type <2> Compactor Force<J> 

(%) kNlm3 (kN) 

Average Std. No. of 
Dev. Readings 

EP IO YSS 11.8 17.25 Vib NIA NIA NIA 

EP 12 YSS 12.3 17.32 Vib 5.4 0.7 12 

EP 13 YSS 12.7 18.77 Ram 22.4 2.1 10 

EP 14 YSS 10.l 18.63 Ram 32.6 4.3 9 

EP 15 LCS 0.0 16.68 Ram 21.3 5.0 15 

EP 16 LCS 0.0 16.45 Vib 5.8 1.2 16 

Notes: {l) YSS indicates Yatesville silty sand. LCS indicates Light Castle Sand. 

(2) Vib indicates the Wacker BPU2240A vibrating plate compactor. Ram indicates the 
Wacker BS60Y rammer compactor. 

(3) The direct measurements were obtained from instrumentation attached directly to the 
compactors. 
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tact force between the bottom of the rammer shoe and the soil 
was determined by measuring the force on top of the shoe and 
adding the mass times acceleration of the shoe. 

For the vibrating-plate compactor, load cells could not conven
iently be installed to measure the force on the top of the compactor 
base plate. Instead, the force was calculated by summing the 
masses times the accelerations of the three principal compactor 
components: the upper mass, the eccentric weights, and the base 
plate. One accelerometer was mounted on the upper mass so that 
its mass times acceleration could be determined. For the eccentric 
weights, a Hall effect device (HED) was used to measure the shaft 
rotation rate and to start the data acquisition at a known shaft 
position so that the force component from the eccentric weights 
could be added to the other force components. Another acceler
ometer was mounted on the compactor base plate so that its mass 
times acceleration could be determined. The sum of these three 
force components is equal to the contact force between the base 
plate and the soil. 

A statistical summary of the dynamic compactor force mea
surements is given in Table 1. For a given compactor, the force 
magnitude depends primarily on the stiffness of the compacted 
soil. The rammer compactor provided an average dynamic force 
of about 24.5 kN. The vibrating-plate compactor provided an 
average dynamic force of about 5.7 kN. 

EMBEDDED PRESSURE CELLS 

Description of Kulite Cells 

The pressure cells used in the present study were Kulite soil pres
sure cells, Type 0234, manufactured by Kulite Sensors, Ltd. A 
schematic drawing of a cell is shown in Figure 2. The cells contain 
a semiconducting silicone diaphragm at the base of a fluid-filled 
chamber. Pressure is applied to the silicone diaphragm through 
the fluid via a stainless steel reinforcing plate and isolation dia
phragm. The ~einforcing plate is separated from the main body of 
the sensor by a silicone annulus. 

Factors That Influence Cell Performance 

In their comprehensive summary, Weller and Kulhawy (8) use 
the concept of the registration ratio, R, to describe the factors 

15.6mm1 ~ 
Isolation diaphragm ~-~ 

1 
36.1 mm 

Fluid filled chamber 

FIGURE 2 Kulite earth pressure cells. 
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that influence the performance of embedded earth pressure 
cells: 

where <Ic is the normal stress measured by a cell on the basis of 
its fluid calibration and <Is is the free-field normal stress present 
in .the soil. When R is greater than 1.0, a cell is said to over
register. When R is less than 1.0, a cell is said to underregister. 
The principal influential factors identified by Weller and Kulhawy 
(8) are given in Table 2, together with recommended correction 
or control methods. 

The Kulite cells meet the criteria suggested by Weller and 
Kulhawy (8) in most respects. However, the aspect ratio of the 
Kulite cells (TID = 0.284) does not satisfy the recommended 
aspect ratio criterion of T/D < 0.2. Because the Kulite cells gen
erally satisfy the recommended criteria in so many respects, it 
was anticipated that they would perform well in the present 
application. 

Previous Use of Kulite Pressure Cells 

Kohl et al. (9) describe an application in ·which Kulite cells were 
used to measure static and dynamic stresses in the vicinity of 
buried pipelines. Their findings included the following: 

• During in-soil laboratory calibrations, registration ratios 
ranged from 1.03 to 1.45 for the first cycle of loading. 

• During in-soil laboratory calibrations, registration ratios de
creased with increasing stress magnitude. 

• During in-soil laboratory calibrations, substantial hysteresis 
was observed in (Ko) loading-unloading cycles. 

• During field tests, the initial measured stresses were greater 
than the calculated overburden stress. 

• During field tests, the ratio of the peak dynamic load from a 
moving truck wheel to the static wheel load from the parked truck 
varied between 0.9 and 1.8. For a truck traveling at 5 m/sec, the 
load pulse duration was a little less than 0.2 sec. 

Silicone annulus 

Silicone diaphragm 
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TABLE 2 Factors Influencing Stress Cell Measurements (8) 

Factor Effect Recommended 
Correction/Control Method 

Aspect Ratio (cell thickness Cell thickness alters stress field T/D < 0.2 
to diameter ratio) around cell. 
Soil-Cell stiffuess ratio, S At low values of S, small changes in s < 0.5 

soil stiffuess do not cause 
significant changes in cell 
registration. At high values of S, 
changes in soil stiffuess cause 
nonlinear registration. 

Diaphragm deflection Excessive deflection can cause d/D > 2000-5000 
(arching) underregistration due to soil 

arching over the diaohragm. 
Stress concentrations at cell Can cause a stiff cell to overregister d2/D2 < 0.25-0.45 
comers unless the active area is small 

comoared to the overall cell area. 
Point loads If the active area is not sufficiently d/D50 > 10 to 50 

large compared to the soil particle 
size, non-uniform load distribution 
can cause registration errors. 

Lateral stress rotation The presence of a stiff cell in the Use correction factors. 
soil causes a portion of the lateral 
stresses to be registered as normal 
stresses. 

Cross-sensitivity Lateral compression of a cell Change strain gauge 
register as a normal stress. arrangement or add outer 

rings. 
Stress-strain behavior of Cell readings are influenced by the Calibrate cells under field 
soil during calibration soil stress-strain response and the conditions. 

calibration conditions, i.e.,~ or 
triaxial conditions. 

Placement effects Non-uniform conditions in the Use consistent, 
vicinity of the cell can cause reproducible placement 
erroneous response. procedures for calibration 

and field installations. 
Proximity of structures and Interaction of stress fields can cause Use adequate spacing. 
other stress cells measurement errors. 
Dynamic stress Cell response time, differences Use resistance or 
measurements between cell and soil density, and semiconductor strain gages, 

differences between cell and soil stiff cells, and dynamic 
impedance can cause errors. calibration. 

Note: D50 = mean grain size of soil 

STATIC OVERBURDEN PRESSURE 
MEASUREMENTS IN INSTRUMENTED 
RETAINING WALL TESTS 

Influence of Placement Condition 

As indicated in Table 1, instrumented retaining wall test EP 10 
was the first test in which embedded Kulite pressure cells were 
installed. In that test, the vibrating plate was used to compact the 
moist Yatesville silty sand backfill soil. The walls of the facility 
were lubricated with alternating layers of grease and plastic to re
duce shear stresses between the compacted soil and the walls. Mea
surements on the instrumented wall indicated that this treatment 
effectively reduced the friction coefficient to about 0.02 (5), so that 
the vertical stress, for practical purposes, was equal to the depth 
times the unit weight of the backfill. This condition permitted in 
situ calibrations of the embedded pressure cells to be obtained. 

The backfill placement procedures were similar for all the tests 
with embedded pressure cells. The backfill was placed in hand
raked, loose lifts of sufficient thickness to produce compacted lifts 
150 mm thick. The Kulite cells were placed after three lifts of 
backfill had been compacted. Thus, they were located about 450 
mm above the facility floor. After cell placement, backfill place-

ment and compaction continued in lifts until a total of 2.0 m of 
backfill had been placed, resulting in 1.5 m of backfill over the 
cells. 

Three different cell placement conditions were used in test EP 
10: recessed, flush, and projecting. These conditions, as well as 
the in situ calibrations, are shown in Figure 3(a). According to 
the best-fit lines in Figure 3(a), the recessed placement condition 
yielded the lowest registration ratio (0.69), the flush placement 
condition yielded a higher registration ratio (0.82), and the pro
jecting placement condition yielded the highest registration ratio 
(1.25). The trend of higher registration with greater cell projection 
was expected. 

Figure 3(b) shows the secant registration ratios plotted versus 
overburden stress. The reason for the very low registration ratios 
at low overburden pressures is not known. 

Since flush placement yielded the registration ratio closest to 
unity, the flush condition was used for the remaining instrumen
tation retaining wall tests that were backfilled with moist Yates
ville silty sand. This is consistent with the method used by Hadala 
(10) for clay soil. For the cohesionless Light Castle sand, the cells 
were placed on the top of the previously compacted lift, and sub
sequent backfilling progressed as if the cells were not present. 
This is consistent with the method used by Hadala (1 O) for sand. 
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FIGURE 3 Measured pressures and registration ratios 
for test EP 10. 

Influences of Soil Type, Soil Water Content, and 
Compaction Plant 

The in situ calibrations for instrumented retaining wall tests EP 
12 through EP 14 are shown in Figure 4 and those for tests EP 
15 and EP 16 are shown in Figure 5. Cell placement conditions, 
the presence of clods in the backfill, compaction-induced lateral 
pressures, and soil modulus may have all influenced pressure cell 
registration. These factors are discussed in the following 
paragraphs. 

The backfill for test EP 12 was moist Yatesville silty sand that 
was compacted with the vibrating-:-plate compactor. Figure 4(a) 
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shows that the response was approximately linear for each cell 
but that the registration ratio varied among the three cells in
stalled. The registration ratio for cell 53 was consistently about 
35 percent higher than the average registration ratio for all three 
cells. This occurred even though care was taken to install all three 
cells using the same flush placement condition. This could have 
occurred because of small, undetected differences in cell place
ment conditions. However, it is also possible that clods within the 
Yatesville silty sand backfill protected the diaphragms of cells 50 
and 54 from the full overburden load. The vibrating-plate com
pactor did not impose a large contact force and was not well able 
to break down clods into a uniform backfill material. Thus, even 
though the active diaphragm size criterion is easily satisfied 
(d!Dso = 450 » 10 to 50), the presence of clods in the backfill 
can control the transfer of stress to small diaphragms, Dunnicliff 
(11) makes the general recommendation that embedded pressure 
cells be 230 to 300 mm in diameter. Cells of that size, which 
greatly exceeds the Kulite cell size, would have been less influ
enced by clods in the backfill. 

The backfill for test EP 13 was wet Yatesville silty sand that 
was compacted with the rammer compactor. Figures 4(c) and (d) 
show that the response is approximately linear for each cell and 
that the registration ratio is close to unity for all three cells. The 
rammer compactor applied a large force to the backfill and was 
able to break down clods in the wet Yatesville silty sand to form 
a uniform material. 

The backfill for test EP 14 was dry Yatesville silty sand that 
was compacted with the rammer compactor. Figures 4( e and (f) 
show a nonlinear cell response, with decreasing registration ratios 
as the applied pressure increases. Over the applied stress range, 
the registration ratios generally exceeded unity. Two aspects of 
the data in Figures 4 (e) and (f) are especially interesting. 

1. The nonlinear response: The nonlinearity could be caused by 
lateral stress rotation or by changes in the soil stiffness. The lateral 
earth pressures measured at the instrumented wall are shown in 
Figure 6. The pressure distributions are approximately linear for 
tests EP 12 and EP 13, and lateral stress rotation would not be 
expected to induce nonlinearity in the registration ratios for these 
tests. The lateral pressure distribution for test EP 14, on the other 
hand, is strongly nonlinear, with significant compaction-induced 
lateral earth pressures evident in the upper portion of the plot. 
Rotation of the compaction-induced lateral earth pressures owing 
to the presence of the rigid pressure cells would be expected to 
cause nonlinearity in pressure cell registration. It is also possible 
that increases in the soil stiffness as the stress level is increased 
could cause a decrease in the registration ratio. However, as shown 
in Table 2, if the soil-cell stiffness ratio is low, the cell response 
should not be very sensitive to changes in soil stiffness. For this 
reason, lateral stress rotation is probably the larger contributor to 
the nonlinear registration shown in Figures 4(e) and (/). The type 
of nonlinearity shown in Figure 4( e) is similar to that reported by 
Kohn et al. (9) for Ko unloading in laboratory calibration tests. 
The cause Qf the curvature is probably the same in both cases: 
rotation of high lateral stresses at low vertical stresses. 

2. The difference between the responses of the two cells: The 
registration ratios for the two cells used in test EP 14 differed 
from their average value at any applied stress level by about 20 
percent. Like test EP 13, the Yatesville silty sand backfill used in 
EP 14 was compacted with the rammer compactor; however, the 
backfill was relatively dry, so that the clods were more difficult 
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FIGURE 4 Measured pressures and registration ratios for tests conducted 
in Yatesville silty sand. 

to break down for test EP 14 than for test EP 13. Thus, the pres
ence of clods could have contributed to the difference in registra
tion for the two cells used in test EP 14. 

The backfill for test EP 15 was dry Light Castle sand that was 
compacted with the rammer compactor. Figures 5(a) and (b) show 
nonlinear cell responses, with increasing and then decreasing reg
istration ratios as the applied pressure increases. Over the applied 
stress range, the registration ratios generally exceeded unity. The 
reason for the observed variations in registration ratios is not 
known, particularly for the increasing registration ratios at low 
stresses. The decreasing registration ratios at higher stresses could 
have been due to compaction-induced lateral stress rotation or 
increases in soil stiffness, as described for test EP 14. It is also 
possible that the cell placement condition (i.e., nonuniform soil 
conditions in the immediate vicinity of the cell) could have 
changed during compaction of the overlying lifts. In addition to 
the observed nonlinearity, there was a significant difference be
tween the registration ratios of the two cells, up to about 15 per
cent difference from their average value. The difference was 
smaller than that for tests EP 12 and EP 14, but it was still sig
nificant. For the Light Castle sand, the active diaphragm size cri
terion was also easily satisfied (d/D50 = 120 >> 10 to 50), but, in 

contrast to tests EP 12 and EP 14, no clods formed. Care was 
exercised to achieve the same placement condition for both cells: 
The difference in registration ratios is not easily explained. The 
most likely explanation is that, because of their small size, the 
Kulite cells are sensitive to relatively small differences in place
ment condition that are difficult to detect. 

The backfill for test EP 16 was dry Light Castle sand that was 
compacted with the vibrating-plate compactor. Figures 5(c) and 
(d) show nonlinear cell responses, with increasing and then de
creasing registration ratios as the applied pressure increases. The 
response was similar to that for test EP 15, and the same com
ments apply. 

DYNAMIC PRESSURE MEASUREMENTS DURING 
COMPACTOR OPERATION 

In addition to the sources of error and uncertainty to which static 
earth pressure measurements are subject, dynamic measurements 
during compactor operation can be influenced by differences be
tween the density and impedance of the soil and the cell, rate
dependent variations in the soil stress strain properties, and dif
ferences between the cell placement condition during dynamic 
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FIGURE 5 Measured pressures and registration ratios for tests conducted in 
Light Castle sand. 

loading and subsequent static loading from overlying fill lifts. In 
addition, since the compactor loads a finite area on the lift surface 
a short distance above the cell, the problems of stress distribution 
with depth and nonuniform pressure distribution at the contact 
must be considered. Also, the position of the cell relative to the 
compactor base plate may not be exactly known at the time of 
the measurements. All of these factors may have influenced the 
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FIGURE 6 Horizontal earth pressures measured 
for tests EP 12 through EP 16. 
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accuracy of the pressure cell readings as a means for determining 
dynamic compactor forces. The following paragraphs describe the 
dynamic measurements and discuss the influences that these fac
tors may have had on the results. 

Data Acquisition and Data Reduction Procedures 

In all cases, measurements were taken during compactor operation 
on the next lift after cell placement so that the cells were at a 
depth ·of about 150 mm below the compactor base plate. The in
strumentation on the compactor and the embedded pressure cell 
were monitored with a high-speed data acquisition system. 

Because the pressure cells were located one lift below the com
pactor base plate and because the cells measured pressure over a 
small area in comparison with the compactor base plate area, an 
analytic procedure is necessary to convert the pressure cell read
ings to a compactor contact force at the surface. The compactor 
base plates are relatively rigid, and the pressure distributions are 
not expected to be uniform. In fact, the pressure distributions de
pend on the characteristics of the soil being compacted, as shown 
in Figure 7. For a cohesionless soil, the pressure may be greatest 
beneath the center of the loaded area. For a cohesive soil, the 
pressure may be lowest beneath the center of the loaded area. 
Since the shapes of the pressure distributions were not known and 
to adopt a consistent procedure for all of the tests, the Boussinesq 
theory was used to obtain the uniform pressure distribution at the 
surface that would have caused the observed pressure cell reading. 
The compactor force from the pressure cell readings was then 
calculated by multiplying the computed uniform pressure at the 
surface by the compactor base plate contact area; these values 
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FIGURE 7 Contact pressures acting on the base of a smooth, rigid footing 
on different materials [after Terzaghi and Peck (12)]. 

were 1450 cm2 for the vibrating-plate compactor and 550 cm2 for 
the rammer compactor. 

Even though an effort was made to operate the compactors di
rectly over the pressure cells as the measurements were being 
taken, there was some uncertainty in the relative locations of the 
compactors and pressure cells. To account for this uncertainty, the 
Boussinesq calculations were performed by considering the pos
sibility that the pressure cell could have been away from the center 
of each compactor base plate by as much as 50 mm. This resulted 
in a range of estimated compactor forces for each pressure cell 
reading. 

The foregoing procedure can be performed by using a registra
tion ratio of unity or a registration ratio obtained from Figures 4 
and 5. The influence of using different values of the registration 
ratio is discussed in the next section. 

Comparison of Estimated Compactor Force from 
Embedded Pressure Cell Measurements to Compactor 
Force from Direct Instrumentation 
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Figure 8(a) shows a typical force versus time trace for the 
vibrating-plate compactor operating on the Yatesville silty sand. 
Both the compactor force from the direct instrumentation and the 
range of estimated compactor forces from the embedded pressure 
cell readings are shown. In Figure 8(a), a registration ratio of unity 
was used to obtain the force from the embedded pressure cell 
readings. The peak compressive force from the direct instrumen
tation is about 6.3 kN in this case. The peak compressive force 
estimated from the pressure cell measurements is about 8.0 kN. 
Use of the registration ratio for cell 54 in test EP 12 from Figure 
4(a) would have resulted in even greater disparity between the 
force traces in Figure 8(a). One possible reason that the estimated 
force from the pressure cell exceeds the force from the direct 
instrumentation is that a standing wave could have developed at 
the pressure cell location from wave reflection off the floor of the 
instrumented retaining wall facility. Other reasons for the differ
ence include the sources of error for dynamic applications of em
bedded earth pressure cells mentioned previously. Other interest
ing features of the data in Figure 8(a) include the following: 

0.12 0.13 0.14 0.15 

• The time lag between the force pulse at the surface and the 
force pulse at the pressure cell location: The time lag is about 

(b) Time (sec) 

FIGURE 8 Vibratory compactor forces (a) and rammer 
compactor forces (b) measured from direct instrumentation and 
using embedded pressure cells. 
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0.001 sec, and the depth to the cell is about 150 mm. This cor
responds to a compressive wave -vefocity of about 150 m/sec in 
the Yatesville silty sand backfill of test EP 12. 

• The development of a tensile force during each compactor 
cycle: A small tensile stress, or "suction," between the smooth 
base plate of the vibratory compactor and the moist Yatesville silty 
sand during rapid unloading could account for the tensile force. -
The pressure cell readings appear truncated at about the zero pres
sure level. 

Figure B(b) shows a typical force versus time trace for the ram
mer compactor on the Yatesville silty sand. Again, a registration 
ratio of unity was used to obtain the force from the embedded 
pressure cell readings. In this case, the peak compressive forces 
from the direct instrumentation and the embedded pressure cell 
readings are similar, about 31.1 or 35.6 kN. The time lag is about 
0.0007 sec, and the compressive wave velocity is about 210 m/sec. 

Figure 9(a) shows a comparison between the estimated forces 
from the pressure cell readings and the forces from direct instru
mentation for all the measurements made as part of the research 
described here. The comparison in Figure 9(a) is based on a reg
istration ratio of unity. It can be seen that the data fall into three 
groups. For the rammer compactor operating on the Yatesville 
silty sand, the estimated forces from the pressure cells readings 
tend to be slightly less than the forces from the direct instrumen
tation. For the rammer compactor operating on the Light Castle 
sand, the estimated forces from the pressure cells readings are 
significantly greater than the forces from the direct instrumenta
tion. The difference between these two groups could be accounted 
for by different pressure distributions on the rammer compactor 
base plate, as suggested by Figure 7. The high pressure expected 
under the base of the relatively rigid rammer base plate when 
operated on cohesionless Light Castle sand could explain the high 
estimated compactor forces from the pressure cell readings in this 
case. 

For the vibrating-plate compactor, the data for both the Yates
ville silty sand and the Light Castle sand seem to fall into the 
same group. The base plate of the vibrating-plate compactor is 
much larger than that of the rammer compactor, so contact stress 
distribution effects are not expected to· be significant for the 
vibrating-plate compactor as they are for the rammer compactor. 
As mentioned previously, the occurrence of a standing wave at 
the pressure cell locations could have contributed to the apparent 
overregistration of the embedded pressure cells in this case. 

Figure 9(b) shows a comparison between the estimated forces 
from the pressure cell readings and the forces from direct instru
mentation when the registration ratios from Figures 4 and 5 are 
used to reduce the data. It can be seen that the correspondence 
between the forces determined by the two methods is slightly 
improved for the rammer compactor on the Light Castle sand, not 
significantly changed for the rammer compactor on the Yatesville 
silty sand, and made worse for the vibrating-plate compactor on 
both soil types. This result suggests that not much is to be gained 
by using registration ratios different from unity for obtaining dy
namic forces from embedded pressure cell readings. 

SUMMARY AND CONCLUSIONS 

As part of a research program to study lateral earth pressures on 
retaining walls, dynamic compactor forces were measured by two 
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methods: (a) a direct instrumentation method that is thought to 
yield reliable measurements of dynamic compactor forces and (b) 
taking measurements of embedded earth pressure cell responses 
that are converted to estimated compactor forces at the ground 
surface. Comparison of the compactor forces obtained by the two 
methods disclosed the following: 

•Reflection of seismic waves from the boundaries of the back
fill can create a standing wave at the embedded pressure cell lo
cation. In the case of the vibrating-plate compactor, this effect 
appeared to increase the estimated compactor force above that 
measured by the direct instrumentation method. 

• The pressure distribution beneath the base of the compactor 
can influence the embedded pressure cell readings. In the case of 
the rammer compactor operating on Light Castle sand, this effect 
appeared to increase the estimated compactor force above that 
measured by the direct instrumentation method. 
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• Use of a registration ratio of unity resulted in estimated com
pactor forces that were generally in as good, or better, agreement 
with the forces measured by the direct instrumentation as when 
in situ registration ratios were used. 

During the in situ calibration studies, several factors that can 
influence the response of embedded pressure cells to static loads 
were identified: 

• The presence of clods in the backfill can influence pressure 
cell response, even when the diaphragm size to soil particle size 
criterion is well satisfied. In general, pressure cells the size of the 
Kulite cells used in the study may be too small to yield consistent, 
reproducible results when used in field or model-scale studies. 

• Compaction-induced lateral earth pressures can cause nonli
nearity in pressure cell response because of the rotation of lateral 
stresses. This is similar to the nonlinearity seen in K 0 unloading 
during laboratory calibration studies. 

• In field or model-scale studies, other factors can influence 
pressure cell response, including (a) variations in cell placement 
conditions that are difficult to detect and (b) changes in cell place
ment condition during compaction of successive overlying lifts. 
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Concurrent Tutorials and Applications 

E. J. MASTASCUSA AND MAURICE F. ABURDENE 

The use of tutorial programs running side by side with applications 
programs is an effective way to teach many facets of introductory 
instrumentation and measurements. Side-by-side tutorials were imple
mented for teaching the use of instrumentation in stand-alone and 
IEEE-488-controlled situations and the display and analysis of the 
data in various applications programs. The hardware and software 
needed are described. By this approach, tutorials can be written. by 
faculty, researchers, and students for teaching applications for which 
no commercial tutorials are available. Side-by-side tutorials have been 
implemented in Windows on International Business Machines (IBM) 
or IBM clone platforms by using the Borland C/C+ + compiler. Win
dows permits the authors of the lesson .to include code and code frag
ments that can be copied and pasted from the lesson program into the 
compiler program while both run simultaneously under Windows. The 
combination of Windows, an authoring system, and a Windows
compatible compiler permits the development of lessons that incor
porate important pedagogical principles. Students can be given varied 
repetitions while actively interacting with the lessons. Feedback can 
be immediate and effective. 

Personal computers present interesting possibilities for teaching 
modern laboratory instrumentation. In this paper we describe how 
we are using a combination of personal computers, computer
controlled instruments, a Windows environment, several different 
languages, and an authoring system to enhance how students learn 
instrumentation. This combination produces a unique learning en
vironment that allows students to proceed at an individual pace 
in an interactive environment and that frees instructors to focus 
on student problems in a way that enhances teaching effectiveness. 

The student experiment stations that we use include a number 
of interesting features. Each station consists of a computer, an 

. IEEE-488 card and software, and a set of instruments. Specifically, 
we have eight copies of the following in every laboratory space. 

• International Business Machines (IBM) 386 personal com
puters (PCs) with 180-megabyte (MB) disk, 8-MB RAM, 

•Software for the PC, including Borland C/C+ + software, 
•National Instruments IEEE-488 board (NI-488.2) ·and soft

ware (BASIC and C drivers), 
• Fluke Hydra or HP3421A data acquisition units, and 
• HP54601A digital storage oscilloscopes. 

Figure 1 shows the system. 
These are the standard instruments in three laboratories. Indi

vidual laboratories have specialized instruments. For example, the 
control systems laboratory has IEEE-488 digital-to-analog con
verters and power amplifiers to run pump motors and fans. Elec
tronics and circuits laboratories have function generators and 
power supplies on the IEEE-488 bus. These instruments customize 

Electrical Engineering Department, Bucknell University, Lewisburg, Pa. 
17837. 

each laboratory for a particular course or purpose, but the general 
learning environment is the same in all laboratories. 

Each laboratory has the same general software. The most crit
ical element of the software is the Windows environment that 
permits the use of authoring tools to produce multimedia lessons. 
The lessons run on the machine located directly beside the instru
ment. As the student progresses, it is possible to use multimedia 
lessons that interact with various kinds of software to control an 
instrument over the IEEE-488 bus. The software, the instruments, 
and the multimedia lessons all run at once to guide the student 
through the use of the instrument, the basics of the command set 
for an instrument, and the issuing of commands and the taking of 
measurements within a program. 

INTERACTIVE LESSONS 

An authoring system can be used to develop lessons about instru
ments. The lessons have several characteristics that enhance the 
effectiveness of student learning. Lessons can be self-paced. Fast 
students can go through the lessons quickly. Slower students can 
proceed at an appropriate pace to eliminate problems that can 
occur when trying to walk students through an operation in a 
lockstep fashion. 

Lessons can be at a depth appropriate to the student. For ex
ample, in discussing how to use a voltmeter, a pictorial represen
tation of a voltmeter, like that in Figure 2, is shown on the screen. 

In the computer lessons, this picture appears with a note that the 
student can click on any part of the pictorial representation for more 
information. The information is presented in a field that explains, 
for example, the function of the red input terminal of the voltmeter. 
Students are free to look at whatever information they need. 

Students can look at information on the screen in a nonthreat
ening environment. Students may be intimidated from asking an 
instructor about something they fear the instructor believes is very 
basic. A well-written multimedia lesson permits students to ex
amine basic material any time they feel the need to do so. 

In addition to flexible access to material, students can determine 
the degree of detail they require on the topic. Lessons can be 
constructed to give students the option of pursuing something in 
more depth by including option buttons within a lesson. For ex
ample, the voltmeter lesson will display a short discussion of how 
the voltmeter displays its readings when the student clicks on the 
light-emitting diode display portion of the sketch. Within the box 
displayed there is a ''More'' button, which, when clicked, displays 
a short discussion of how many digits that meter might have. 

RUNNING LESSONS WITH CONCURRENT 
APPLICATIONS PROGRAMS 

Multimedia lessons can also be written to teach students the basics 
of IEEE-488 commands. The National Instruments IEEE-488 
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FIGURE 1 Experiment station. 

board installed at Bucknell University has a Windows program, 
WIBIC, that permits the user to issue commands one at a time 
over the IEEE-488 bus. The program comes in a Windows ver
sion, so it is possible to run that program concurrently with a 
multimedia lesson in another window. 

Since we know the instruments attached to the computer and 
also the approximate knowledge level of the student, we can write 
lessons that will walk the student through particular commands 
for the instrument. For example, the data acquisition unit in our 
set of instruments has the following set of commands: 

'' *RS1\r\n'' 

"FUNC O,DCV,AUTO\r\n" 

''*TRG\r\n'' 

''LAST? 0\r\n'' 

This particular set of commands resets the data acquisition unit 
(DAU) (*RST) and then indicates that the function is a direct 
current voltage measurement (DCV) on channel 0 and that the 
DAU sho.uld be automatically scaled. Then, the measurement is 
triggered (*TRG), and the last value measured is readied for trans
mission to the computer {LAST). After that, the lesson guides the 
students through the commands to read the measured value. 

There is an unexpected advantage to this approach. The pro
gramming system displays the characters received from the in
strument, including the terminating characters in the string. Seeing 
the information transmitted back to the computer drives home to 
the students that it is a character string and not a number that is 
sent by the instrument. Later, when programming to receive mea
surement results, students find it much easier to accept the idea 
of a character string. 

COMPUTER CONTROL IN C/C++: RUNNING 
LESSONS SIDE BY SIDE 

Once acquainted with an instrument in a "single-command" 
mode using the National Instruments program, the student is ready 
to use a programming language to control the instrument. The 
system can be programmed in BASIC and in CIC++. BASIC is 

FIGURE 2 Voltmeter. 
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an interpreter and runs in its own DOS environment. The CIC++ 
compiler can run in a Windows environment and has the usual 
abilities to cut and paste from other Windows applications running 
simultaneously. In this environment, one can write multimedia 
lessons in which the fundamentals of instrument control are taught 
in an interactive manner. 

Our instrument tutorials include the use of CIC++ to control 
instruments. In a Windows environment, the CIC++ compiler can 
run at the same time as the multimedia lesson. Students can size 
the lesson window and the compiler window so that the multi
media lesson and the compiler are running side by side on the 
monitor. The multimedia lesson can include program examples 
and program fragments for instrument control. Program examples 
and program fragments can be cut from the multimedia lesson by 
the student and pasted into the compiler editor window, compiled, 
linked, and run. 

The ability to provide students with sample programs and frag
ments at a controlled rate within the lesson is one advantage of 
this method. Also, it is possible to have students check and learn 
what happens when they make mistakes. The lessons can even 
direct the students to do something that is not correct so that they 
learn from it, with the multimedia lessons pointing out why some 
particular approach is incorrect. Again, in a nonthreatening envi
ronment monitored by a multimedia lesson, there are no grade 
implications when a mistake is made. Since the tutorial anticipates 
mistakes, students are more apt to experiment or to be embar
rassed less because they realize that mistakes are made often if 
the tutorial anticipates them. 

The multimedia lessons can include a wide variety of functions 
for use with the instruments. The cut and paste capabilities permit 
students to develop their own programs and applications rapidly 
and with some assurance of success. 

CONCLUSIONS 

The environment discussed in this paper permits students to learn 
how to use instruments manually and under computer control. The 
method has proved to be efficient because it permits an instructor 
to focus on students with problems and to let students who are 
proceeding well to continue at their own pace. It is also an effec
tive method when judged in terms of student learning. 

One feature of this approach is the structured repetition that is 
built into the system. When students use an instrument manually, 
they need to attend to several things; for example, they must reset 
the instrument, set the type of measurement, take the measure
ment, and interpret the results. Later, in the single-command mode 
with IEEE-488, they repeat essentially the same sequence of op
erations. Finally, they repeat that sequence of operations again in 
a program. The repetition provides a reinforcement to their learn
ing that ai.ds retention and improves understanding. Interest is 
piqued, and many students return to the laboratory to reuse and 
rerun the lessons. 

Also, this method is effective because it involves the students 
interactively in their learning. Students need to work with the 
instruments and to keep working through the lessons. Our expe
rience has shown that students find this approach more interesting. 

Finally, although this method has been presented for teaching 
how to use a data acquisition unit, it is applicable to other instru
ments. We are developing lessons for oscilloscopes, power sup
plies, and function generators. We have developed lessons to teach 
the CIC++ programming language that give the students the 
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background they need to program the instruments. The side-by
side approach has proven effective for teaching instrumentation 
and programming. 
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Development of Miniature 
Equipment for a Small 
Geotechnical Centrifuge 

H. G. B. ALLERSMA 

Geotechnical centrifuges are used worldwide to investigate structures 
whose behaviors are strongly dependent on the mechanical properties 
of soil. Although centrifuge research is cheaper than real scale testing, 
it is still expensive. The costs can be reduced significantly if the tests 
are performed in a small centrifuge. By using miniature equipment 
and advanced monitoring systems, many geotechnical problems can 
also be modeled in a small centrifuge. The preparation of a test takes 
relatively little time, so that the time interval between the idea and 
the results is short. An additional advantage is that tests with small 
soil samples can be reproduced very accurately, so that slight modi
fications of the test models can be visualized. A centrifuge with a 
diameter of 2 m has been developed at the University of Delft. The 
design concept was to keep the device as simple as possible and to 
keep the weight of the samples so low that they could be carried by 
one person. To enable the performance of a large variety of tests, 
several miniature devices were developed, such as a sand sprinkler, a 
two-dimensional loading system, an air supply system, a water supply 
system, and a vane apparatus. The limitation of space for sensors was 
neutralized by using image processing techniques to measure the de
formation of the soil in flight. Several research projects have been 
conducted in the centrifuge, for example, shear band . analysis and 
investigations of the sliding behaviors of spudcan foundations, the 
stabilities of dikes during wave overtopping, blowouts, and the sta
bilities of embankments during widening. 

Centrifuge research is helpful in investigating the behaviors of soil 
and other granular materials. For example, consider the behavior 
of a vertical cut in clay. It is well known that at some depth failure 
of the cut occurs. It is not possible to investigate the stability of 
this problem in a small-scale model at the 1-g condition, because 
the shear stresses are so low with respect to the cohesion that 
failure will never occur. In a centrifuge, however, the body force 
can be increased in an artificial way, so that even in a small model 
the same shear stresses that occur in the prototype can be realized. 
With this technique it is possible to use small-scale models to 
visualize the behaviors of large-size problems. Clay is a typical 
example of a material with a strong stress-dependent behavior, but 
materials like sand also behave differently under different stress 
levels. If tests are performed on small ·samples of wet sand, the 
results are strongly dependent on the capillary pressure because 
the cohesion caused by this pressure is of the same magnitude as 
the interparticle stresses. In several practical problems the simu
lation of the stress-dependent behavior is of importance for mak
ing reliable predictions. 

Faculty of Civil Engineering, Delft University of Technology, Stevinweg 
1, 2628CN Delft, The Netherlands. 

The late 1960s can be considered the beginning of a new era 
for centrifuge modeling. Several centrifuges were built for geo
technical work, and a wide variety of problems were studied by 
this technique (J). The tendency was to increase the size of the 
devices, so that the costs of the tests became very high. For several 
geotechnical problems, however, the use of a small centrifuge is 
adequate. By making an optimal choice between size and facilities 
and using up-to-date electronics and computer control, effective 
tests can also be performed in a small centrifuge. 

In 1988 the development of a small geotechnical centrifuge 
with a diameter of 2 m was started at the Geotechnical Laboratory 
of the University of Delft. The device was operational in 1990. A 
test device with dimensions of 300 X 400 X 450 mm and a 
weight of 300 N can be accelerated up to 300 g. A small geo
technical centrifuge is relatively cheap to operate, and the devel
opment of the equipment did not take as long as it did for a large 
centrifuge. To enable the performance of advanced tests in flight, 
the carriers of the centrifuge were made large enough to contain 
computer-controlled devices. Because the costs of operation are 
low, the device is suitable for use in performing trial-and-error 
tests. Modification of the centrifuge for different tests is simple, 
so that a flexible operation is obtained. The test containers and 
actuators are, in general, so small that tests can be conducted by 
one person. This is convenient during the preparation of the tests 
and leads to good reproducibility of the soil samples. This is im
portant if the results of similar tests must be compared. A disad
vantage of a small centrifuge is the limitation in the sensors that 
can be used during a test. This restriction, however, can be com
pensated for partly by using image processing techniques of video 
images taken with the onboard video camera. 

Miniature devices have been developed for performing ad
vanced tests in flight, such as loading, displacing, and controlling 
the supply of sand, water, and air. The devices operate under soft
'¥:are control, which runs in a small computer located in the spin
ning part of the centrifuge. The signals from load cells, pressure 
transducers, and other sensors are received by the onboard com
puter without interference from the slip rings. Information is ex
changed with the outside world via slip rings by using the RS232 
protocol. The test devices are driven by small direct current mo
tors, which are manipulated by the onboard computer. 

Several devices have been developed to prepare sand and clay 
samples. To improve the reproducibility, sample preparation is au
tomated as much as possible. A special centrifuge has been built 
to consolidate clay slurry to obtain a very soft normally consoli
dated clay. 

In 1993, five different research projects were conducted in the 
centrifuge: shear band analysis and investigations of the sliding 
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behaviors of spudcan foundations, the stabilities of dikes during 
wave overtopping, blowouts and cratering, and the stabilities of 
embankments during widening. Each project was carried out as a 
6-month study. The centrifuge was in operation almost every day; 
hence, the flexibility is demonstrated by the fact that tests with 
three very different models were performed on some days. 

SMALL GEOTECHNICAL CENTRIFUGE OF THE 
UNIVERSITY OF DELFT 

Mechanical Parts 

The geotechnical centrifuge at the University of Delft was de
signed by the Geotechnical Laboratory of the Department of Civil 
Engineering and was built by the mechanical workshop of the 
university. The electronic systems were designed and built by the 
Geotechnical Laboratory. The advantage of the in-house design is 
that the system can be expanded and modified under internal 
supervision. 

The centrifuge frame is fixed to the floor and bears the vertical 
axis and the protection shield (Figure 1 ). A beam with a length 
of 1500 mm is connected to the axis, so that it can be rotated in 
the horizontal plane. 1\vo swinging carriers are connected to the 
beam by means of brackets. The carriers are formed by two plates 
separated by 450 mm and connected to each other by four cylin
drical steel beams. The surface of each plate is 400 X 300 mm. 
Because the weight of the beam and carriers is large, imbalance, 
which can occur during tests, has not had a significant effect on 
the stability of the centrifuge. 

The potential danger from the spinning part of the centrifuge 
is minimized by a steel protection shield (thickness = 5 mm) that 
forms a large cylindrical box. A second shield located 50 cm out
side of the first one is made of wooden plates. The gap between 
the two shields is filled with concrete blocks and granular mate
rial. This fill gives additional safety against flying objects, and the 
weight stabilizes the device. 

protection 
shield 

FIGURE 1 Small centrifuge of the 
University of Delft: top, photograph; bottom, 
schematic drawing. 
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The centrifuge is driven by an 18-kW electric motor via a hy
draulic speed control unit. The hydraulic speed controller is ma
nipulated by a step motor, which is interfaced to the speed control 
computer. A computer program has been developed to adjust the 
speed of the centrifuge by using a tachometer signal. Several op
tions are available for controlling the speed. It is possible, for 
example, to make the acceleration dependent on time or on other 
test parameters, such as the pore water pressure in a clay sample. 

Measuring Facilities 

The system's electronics enable the performance of computer
controlled tests in flight (Figure 2). To minimize the number of 
slip rings that are needed, the primary control units are placed in 
the spinning part of the centrifuge. The control unit contains a 
small single-board computer (180 X 120 X 25 mm, a 486 central 
processing unit, 66 MHz, 16-megabyte random-access memory, 
and 3 megabyte flash read-only memory), a 12-bit analog-to
digital (AD) converter with a 16-channel multiplexer, two voltage
controlled outputs of 8 A each, and two 16-bit counters. The sig
nals from the sensors are conditioned by amplifiers. Eight power 
slip rings are available to feed the electronics and the actuators. 
Twelve high-quality slip rings are used to transmit the more sen
sitive signals, for example, two video lines and the RS232 con
nection between the onboard computer and the personal computer 
(PC) in the control room. During a test the relevant parameters 
are sent to the PC in the control room. There the data are displayed 
in graphic form and are stored on a hard disk. 

A special feature is that several phenomena can be measured 
by using the video images. By this technique the video images of 
the in-flight test are captured by the frame grabber in the PC and 
processed until the relevant parameters are isolated. Image pro
cessing can be used to visualize and digitize the surface defor
mation of clay and sand samples or to digitize the consolidation 
of a clay layer (2-4). This technique has proven to be very useful 
in several research projects. 

TEST EQUIPMENT 

Several devices have been developed by the Geotechnical Labo
ratory of the University of Delft for use in performing tests in 
flight. All details of the mechanical equipment, the electronic sys-

centrifuge 

FIGURE 2 Electronic control and 
measuring system. 
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tern, and control software are designed by the laboratory. The 
following devices are available: 

• Two-dimensional loading system, 
• Sand sprinkler, 
• Vane apparatus, 
• Gas supply system, and 
• Water supply system. 

Two-Dimensional Loading System 

The two-dimensional loading system (Figure 3) can be considered 
a universal tool that can be used for several tests. 1\vo guiding 
systems based on linear ball bearings and axes of tempered steel 
guarantee a low friction translation in two perpendicular direc
tions. The system is driven by two miniature de motors. The trans
lation is achieved by means of a screw spindle with a translation 
of 1 mm/revolution. The number of revolutions is counted by 
means of small pulse generators, which also detect the direction 
of rotation. One revolution is equivalent to 200 pulses. A special 
interface has been built to make it possible for the pulses to be 
used in the control program to determine displacements in the two 
perpendicular directions. The loads in the two perpendicular di
rections are measured by means of load cells. The outputs of the 
load cells are multiplied and can be used in a computer program 
via the multiplexer and the analog-to-digital converter. Sufficient 
information is available so that load- or displacement-controlled 

L=linear bearing 
lc=load cell 
p= pulse 111heel 
111= DC 111otor 

FIGURE 3 Two-dimensional 
loading device mounted in the 
centrifuge: top, photograph; 
bottom, schematic drawing. 
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tests can be performed. Furthermore, the device can be used as a 
simple robot to manipulate a test during flight. Loads of more 
than 5 kN can be applied by the system. The accuracy of the 
measurement of the displacement (determined by 100 g by image 
processing) is greater than 0.1 mm, and the maximum displace
ment is about 50 mm. Up to now the device has been used at 
gravitation levels of more than 150 g. The weight of the two
dimensional loading device is approximately 10 kg. It takes about 
10 min to install the loading system in the centrifuge. As an ex
ample, the typical output of a test with a spudcan foundation on 
sand is shown in Figure 4. In this test series the sliding resistance 
of the foundation element at different vertical loads is investigated 
to make predictions about the behavior of offshore platforms dur
ing heavy storms. Spudcans with diameters of more than 14 m 
can be simulated. Tests with other systems can be performed, for 
example, anchors, bulldozers, footings, and excavations (3). 

Sand Sprinkler 

A computer-controlled sand sprinkler has been developed to make 
embankments in flight. The device consists of a hopper, which 
can be translated easily by means of linear ball bearings and axes 
of tempered steel (Figure 5). The weight of the device is approxi
mately 10 kg. The translation (range is 150 mm) is realized by 
means of a small de motor. The position of the hopper is detected 
by means of a pulse wheel and a 16-bit counter, which can be 
accessed in the program of the control computer. The sprinkler 
system is designed in such a way that no close seals are required. 
An axis is located in the outlet of the hopper in such a way that 
the granular material flows only when the axis is rotated. This 
mechanism has proven to be reliable up to 120 g. 

The axis of the sprinkler system is also driven by a small de 
motor, and the amount of deposited sand is detected by counting 
the number of revolutions by means of a pulse wheel. Several 
options can be assessed in the control program. It is possible to 
sprinkle sand layer by layer or at one particular location. The 
disturbing effect of the Coriolis force is minimized by means of 
hinged sheets, which guide the sand grains. On the other hand, 
the Coriolis effect can be used to build an embankment with a 
gradient in height over the width of the sample box. This can be 
used to investigate time effects in the failure of clay under em-
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FIGURE 4 Typical output of a sliding test of a 
spudcan footing on sand. 
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FIGURE 5 Sand sprinkler system. 

bankments. Optionally, the control program of the sand sprinkler 
also reads the outputs of pressure transducers, which can be placed 
in the clay layer. The pore water pressure is plotted on the screen. 
An automatic link can be made between the pore water pressure 
and the sand supply scheme. The creation of a dike during sand 
supply and the deformation of the clay can be monitored by a 
video camera. The deformation of the clay is made visible by 
means of a grid. Software has been developed by the laboratory 
(2) to digitize the coordinates of the nodes of the grid automati
cally by means of image processing. In principle it is possible to 
make an automatic link between the sand supply program and the 
image processing system, so that an embankment can be built in 
flight; the images provided by the video camera are used to control 
the sand supply. The sand sprinkler system is used to investigate 
the stabilities of dikes and different methods of widening of em
bankments that are founded on soft soils. Since the centrifuge has 
two swinging platforms, the loading system and the sand sprinkler 
can both be mounted in the centrifuge. In this way the centrifuge 
can be used efficiently. 

Vane Apparatus 

To correlate the test results with calculation methods, information 
about the properties of the soil types used is required. In the case 
of clay, how the undrained shear strength changes with the depth 
during the test must be known. Information about the shear 
strength can be obtained by means of a vane apparatus (Figure 
6). By this technique a shaft with four blades is pushed into the 
clay sample. The shaft is then rotated, and the torque required to 
rotate the vane in the clay is measured and recorded. The typical 
course of the torque during rotation of the vane is also shown in 
Figure 6. The undrained shear strength is calculated from the 
maximum torque and the surface area of the cylindrical soil unit 
that is rotated by the vane. It appeared that the measured values 
are dependent on several factors. Therefore, the vane apparatus 
has been automated in such a way that the depth (range, 100 mm) 
and the penetration speed can be adjusted in flight. The time be
tween penetration and rotation and the rotation speed of the vane 
can also be varied. The position of the vane can be adjusted over 
a range of 250 mm during flight, so that several tests can be 
performed without stopping the centrifuge. Three miniature de 
motors are used to control the device. A special sensor has been 
developed to measure the torque. The weight of the vane appa
ratus is approximately 3 kg, and the outside dimensions are 180 X 

150 X 200 mm. 

1: 
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FIGURE 6 Top, miniature vane apparatus; bottom, typical 
output of a vane test .. 

Gas Supply System 

In some tests a gas supply to a soil sample is required. Since the 
small centrifuge is not equipped with fluid slip rings, the gas must 
be stored in the spinning section of the centrifuge. To make the 
storage as compact as possible, two high pressure (200-bar) cyl
inders of 5 L each are mounted on the beam of the centrifuge 
(Figure 1). Before a test is started the cylinders are filled with air 
by means of a high-pressure compressor. A computer-controlled 
air supply system has been developed to regulate the gas flow 
from a distance. The system is shown schematically in Figure 7. 
The pressure of the supplied air is controlled by a conventional 
pressure regulator, which is modified in such a way that it can be 

cylinder 5 liter motor 
mot'or controlled controlled 
pressure reducer valve 

FIGURE 7 Air supply system. 
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driven by a small de motor. The output pressure of the regulator 
is detected by a pressure transducer and is used in the computer 
program to control the de motor. A modified valve, which is also 
driven by a small de motor, is used to start or stop the gas flow 
quickly. The gas flow per unit of time is measured by measuring 
the pressure drop in the gas cylinders during the test. A computer 
program has been developed to interactively control the gas sup
ply. During a test the cylinder pressure, the test pressure, and the 
gas flow are plotted on the screen. Flow rates of 10 Lisee can be 
reached. The gas in the high-pressure cylinders represents a lot of 
power, which can be used, in principle, for tests in which large 
loads or amounts of energy are needed. 

The gas supply system is used to simulate blowouts and cra
tering (Figure 8) in a sand layer with an equivalent thickness of 
approximately 20 to 30 m. 

Water Supply System 

In several geotechnical problems it is required to control water 
flow in the spinning centrifuge. It is not easy to control the water 
supply in the centrifuge because rather high pressures (and large 
amounts of energy) are required to overcome the acceleration. At 
present two systems are available. In the simpler system the water 
is circulated by means of an air jet (Figure 9 top). The air supply 
system is used to control the jet. The advantage of this system is 
that the water supply can be controlled smoothly from zero to 
maximum flow. The flow rate can be measured by means of a 
small turbine. A maximum flow rate of about 10 L/min can be 
obtained. 

The second system uses a small pump, which is commercially 
available as an accessory for electric drilling machines. In the 
centrifuge there is not enough electric power available to drive 
such a pump. Therefore, an air motor has been applied. An air 
motor delivers a lot of power per unit of weight and uses the air 
more efficiently than an air jet. The air motor has proven to be 
reliable up to at least 130 g. An additional advantage of an air 
motor is that no electric power drop can hang up the control com
puter. The speed of the air motor cannot be controlled smoothly 
from zero, so that a large water flow is generated at start-up. The 
water flow rate is measured by means of a small turbine. 

The water circulation system is used to investigate the stability 
of dikes during water infiltration, which can occur by wave over
topping. Figure 9, bottom, visualizes in two stages how a sand 
slope, which was covered with a thin clay layer, collapses. The 
darkest area shows sand that is saturated with water. 

FIGURE 8 Simulation of cratering in a sand layer with a 
height of 20 m. 
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SAMPLE PREPARATION DEVICES 

An important aspect of centrifuge research is sample preparation. 
To achieve good test results, the following are required: 

• The ability to use samples of different soil types, 
• The ability to vary sand densities, and 
• The ability to reproduce samples accurately so that results 

from different tests can be compared. 

Two different devices have been developed for use in the prepa
ration of clay or sand layers. 

Clay Preparation 

Up to now it was found that the best way to control the samples 
is to make artificial clay. By this technique clay powder (several 
types are commercially available) is mixed with water, and the air 
content is kept as low as possible. A technique in which an air
free slurry is obtained under normal atmospheric pressure has 
been developed. The device operates more or less automatically 
and is self-cleaning. The principle of the device is that the clay 
is added in a thin layer to a rotating water surface (Figure 10) so 
that no air is included because of differences in capillarities. The 
water with a very low clay content is pumped to a basin, where 
the clay is sedimented. The clay slurry, with a water content of 
approximately 100 percent, is homogenized in a mixer before it 
is put into the sample boxes. The best way to obtain a soft, nor
mally consolidated soil with a smooth and realistic gradient of 
water content and strength over the height of the sample is to 
consolidate the slurry in the centrifuge at the g level to be used 

. in the tests. The consolidation will take several hours or even days 
when a clay with low permeability is used. Because the centrifuge 
will be occupied all that time, no other tests can be performed. 
Therefore, a special centrifuge that is used only to consolidate the 
clay layers has been built. This centrifuge has a diameter of 1 m 
and can accelerate sample boxes with a weight of approximately 
200 N up to 200 g. The consolidation can be followed by pressure 
transducers via slip rings. 

To improve the reproducibility of the sample preparation, a 
technique of copying a grid on the surface of a black or a white 
clay without removing boundaries has been developed. A grid is 
plotted on a special sheet that is made waterproof by use of a thin 
cover. This sheet is placed in the sample box, which is filled with 
slurry. After consolidation the protective cover is removed. Be
cause of the water, the grid is copied onto the clay surface, and 
the special layer on the sheet becomes very smooth. A grid with 
a good contrast is required to derive the deformation of the clay 
by image processing. 

Sand Preparation Machine 

A computer-controlled device has been developed to prepare well
defined sand layers in the test containers (Figure 11). Since this 
device is completely automated, very good, reproducible samples 
can be obtained. The sand, which is stored in a hopper, can be 
sprinkled in a curtain by means of a rotating axis by following 
the same technique used for the in-flight sand sprinkler. The fall
ing height of the sand can be adjusted. The distance to the sand 
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FIGURE 9 Top, air jet pump; bottom, failure of a sand slope 
covered with clay because of water infiltration at the crest. 

surface is measured by means of an optical sensor, and the height 
of the test box is adjusted by a step motor to keep the falling 
height constant during raining of the sand. The sample box is 
moved back and forth by means of a second step motor, and a 
smooth acceleration in the turning points is used to prevent 
shocks. The sand supply system can be controlled in the computer 
program, so that only sand is sprinkled when the sample box is 
located under the outlet of the hopper. The wasted sand is trans
ported by a belt to a container. The sand level in the container is 
detected by a photo cell. Depending on the sand level, a vacuum 
cleaner is started, so that the wasted sand is transported back to 
the hopper. Special precautions are taken to prevent the fine ma
terial from being extracted from the sand used, because it was 
found that small changes in the composition have large influences 
on the mechanical properties of the sand. 

FIGURE 10 Clay-mixing device. 

Sand samples with a surface of 300 X 300 mm and a maximum 
thickness of approximately 150 mm can be made. The porosity, 
depending on the sand type, can be varied between 35 and 39 
percent. The porosity of the sand layers can be reproduced with 
an accuracy of less than 1 percent. The preparation of the sample 
with a thickness of 100 mm takes about 20 min. 

CONCLUSIONS 

The small geotechnical centrifuge at the University of Delft has 
proved to be successful in operation. The small size of the samples 
means that the machine is very flexible in operation and that tests 
can be performed in a short time after an idea has been formulated. 
Because of the application of state-of-the-art electronics, mea
suring techniques, and special tools, advanced tests can be per
formed in flight. Since the control computer is located in the spin
ning part of the centrifuge, only a few slip rings are required to 
interface the spinning equipment with the PC in the control room. 
The disadvantage of a small centrifuge-limited space for sen
sors-is partly overcome by using image processing techniques. 
A video camera is used to monitor the sample, getting displace
ments from the video image. Several different types of tests can 
be pyrformed in the small centrifuge, and several different types 
of tests can be performed on the same day. 
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conveying belt 

FIGURE 11 Sand preparation device. 

Much attentio~ has been paid to the techniques used to prepare 
reproducible samples. Reproducible sand samples can be prepared 
with the automated sand sprinkler device. In-flight consolidation 
of the slurry is the only way to produce a normally consolidated 
(soft) clay layer. A special centrifuge built to consolidate clay 
samples has increased the capacity of the main centrifuge. 
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