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Table 2. Size-independent stiffness parameters. 

Parameter 

Item London Clay Kaolin Clay 

Pu (N/mm 2
) 0.33 0.0095 

K 0 (N/mm3) 0.32 0.031 
Kr (N/mm3

) 0.038 0.001 
!lo (N/mm) 20.0 6.6 
gf (N/mm) 1.0 2.6 
X(l/mm) 0.53 2.1 

The nonlinear Winkler-spring-plus-shear-spring model 
has been used successfully in soil-supported flex
ible beam analyses, following Kerr <llr augmented by 
an edge shear resistance along the beam length, and 
also for the prediction of the response of rigid 
plates and footings to eccentric loads (10) and as 
an improvement on the conventional p-y analysis of 
laterally loaded piles (11). 
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Nottingham Pavement Test Facility 

S.F. BROWN AND B.V. BRODRICK 

The Nottingham pavement test facility was developed for the experimental 
study of pavement structures under wheel loading. A description is given of 
its mode of operation and capabilities. It is located in a laboratory and allows 
pavement sections 4.8x2.4 m to be subjected to moving wheel loads up to 
15 kN at contact pressures comparable with actual commercial traffic and at 
speeds up to 16 km/h. Electronic controls allow a lateral distribution of wheel 
passes while loading may be either unidirectional or bidirectional. Controlled 
temperature and moisture conditions can be achieved. Each pavement under 
test is instrumented to measure transient stress and strain. Permanent strains 
and surface deformations are measured at intervals during loading. Typical 
tests continue until 100 000 wheel passes have been applied. The main 
objective of the research for which the facility has been developed is the 
provision of data for comparison with theoretical predictions of pavement 
response to load as part of an effort to produce analytically based methods 
of pavement design. 

In developing workable procedures for pavement 
design based on the use of theoretical concepts, 
data from controlled, realistic pavement tests play 
an important part in the validation exercise. 
Philosophically, we must demonstrate that theoreti
cal models work in a controlled situation so that 
their use in the more variable real environment can 
be approached with confidence. 

The pavement test facility at Nottingham grew out 
of an earlier dynamic plate loading and test pit 

facility (!.) through a need to apply rolling wheel 
loads so that the stresses generated in the struc
tures were representative of those expected in real 
pavements. The earlier work had demonstrated that 
linear elastic theory was valid, but the equipment 
could not provide data for tackling the extension of 
this to the prediction of pavement performance and, 
in particular, the development of permanent deforma
tion. 

Although some full-scale trials, such as that at 
Brampton (~) , had produced data on rutting that was 
used for comparison with theoretical predictions, a 
laboratory-based test facility was considered more 
helpful in checking the details of computational 
procedures and for understanding the mechanisms of 
deformation. This is possible by use of more de
tailed in situ instrumentation than is generally 
available with full-scale trials and the exercise of 
greater control over materials and test conditions. 
Nonetheless, the full-scale trial still has a valu
able role to play in extending theory to practice. 

The design of the pavement test facility was, to 
some extent, dictated by the available space. A 
test pit 2.4 m on each side by 1.5-m deep was 
doubled in size to occupy almost the full length of 
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the laboratory. A linear wheel-loading device was 
the only practical solution, although rapid reversal 
of direction and quick acceleration to test speed at 
either end of the travel were needed. These were 
made possible by use of a hydraulic motor with 
suitable servocontrols. 

A general view of the facility is given in Figure 
1. It moves a loaded wheel in a straight line at a 
constant speed over a semifull scale pavement struc
ture. Each test pavement contains instrumentation 
to measure stresses and strains and these, together 
with surface profile data, provide the necessary 
information for comparison with theoretical predic
tions. Wheel speed and load, temperature, direction 
in which the load is applied, and lateral distribu
tion of the wheel path can all be controlled. The 
facility is contained in a temperature-controlled 
room that has insulated walls and a low, false 
insulated ceiling. 

PAVEMENT CONSTRUCTION AND INSTRUMENTATION 

Pavements may be constructed by using different 
materials and thicknesses although, to date, all 
tests have involved a single silty clay subgrade and 
structures either of full-depth asphalt or thin 
asphalt surfacing over a granular base. A roller 
shutter door adjacent to the facility provides 
access during construction and excavation of pave
ments. 

The rectangular concrete-lined pit shown in 
_, - -----'-r. .iyure t'..1..U .... V U •t,,.. l l '-

Figure 1. General view of pavement test facility. 

Figure 2. Longitudinal section of test pit. 

pav•m•nt construction 
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compaction of the subgrade. Provision has not yet 
been made for control of the level of the water 
table. Pavement construction is arranged so that 
the finished surface is level with the laboratory 
floor. Reference levels along each side are pro
vided by a pair of accurately positioned angle 
irons, which are used to take measurements uf :;ur
face deformation. 

Figure 3 shows a plan view and section through a 
typical instrument layout for one of the three-layer 
structures. The instruments are being installed as 
the pavement is constructed (1_,_~). 

Transient stresses are measured with Nottingham 
pressure cells that operate on the strain-gauged 
diaphragm principle <2>· Resilient and permanent 
strains are measured with Bison strain coils that 
consist of two, free-floating, carefully aligned, 
wire-wound discs (~) . The spacing between these 
discs is converted to a voltage related to the 
strength of their electromagnetic coupling when one 
coil is energized. Displacement transducers and 
bonded foil-strain gauges have also been used to 
supplement the strain coils. Temperatures within 
the pavement are monitored by using copper con
stantan thermocouples. An automatic data acquisi
tion system prints out the transient stresses and 
strains; permanent strains are read manually from 
the Bison control box and transverse surface pro
files are determined with a profilorneter (}). 

PAVEMENT TEST FACILITY 

The facility can be divided into four major compo
nents: 

1. A moving carriage that supports the loading 
wheel, 

2. A framework to support and guide the carriage, 
3. Drive arrangements for longitudinal and trans

verse movements of the carriage, and 
4. Electronic control systP.ms. 

Closed-Loop Servocontrol 

The load applied by the wheel together with its 
speed and position are all controlled by using the 
servohydraulic principle illustrated in Figure 4. A 
command signal is fed· to the amplifier·, and this 
causes a positive drive at the control, or servo
valve, that operates an actuator (e.g., a ram or 
motor). The actuator directly or indirectly drives 
a transducer that supplies a feedback signal that 
opposes the command signal at the amplifier input. 

E ... 
.:. 
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Figure 3. Typical instrumentation layout. 
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Figure 4. Basic principle for servocontral with negative feedback. 
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Because the amplifier has a finite gain, the two 
signals cannot reach equilibrium and an error volt
age is produced at the output. A change in the 
command signal will result in a proportional error 
voltage that controls the movement of a spool within 
the valve. This connects pressurized fluid (hydrau
lic oil) to one of two output ports either fully to 
the actuator or with some flow diverted to the 
return line. In the case of the pavement test 
facility, the actuators for load control are dou
ble-acting rams, and wheel speed and direction are 
derived from a hydraulic motor. 

Loading Carriage 

The loading carriage has a rigid aluminium chassis 
with vertical and horizontal bearings mounted on 
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each side that allow it to run along the reaction 
and guide beams. A servohydraulic loading system is· 
built into the carriage and operates two rams that 
lever the wheel up or down about a pivot (Figure 
5) . The feedback is obtained from a strain-gauge 
bridge on the levers. Holes were drilled near the 
gauges to increase the strain at this location and 
hence provide larger electrical output. 

The servovalve that controls the rams is served 
hydraulically by short rigid pipes and is protected 
by filters on the high and low pressure lines. An 
accumulator is fitted to absorb surges. The car
riage has to be supplied with hydraulic power while 
it moves over a distance of some 7 m. This is 
accomplished by using flexible hoses carried by a 
swinging arm (Figures 1 and 5) that also supports 
the electrical cables. The hoses are connected to 
the carriage by quick-release swivel couplings. 

Support Framework 

The carriage runs between two B. 2-m long, 200x200 
mm, I-section beams. Both beams are bolted at each 
end to bogies that run along rails set at right 
angles to the beams (see Figure 6). This arrange
ment allows lateral movement of the beams and car
riage but is not heavy enough to resist the upthrust 
of the carriage when wheel load is applied to the 
pavement. Two transverse portal frames provide the 
necessary reaction (Figures 1 and 6), and these are 
bolted to the floor 1. 2 m from each end of the 
beams. Small wheels are mounted on the beams so 
that the reaction can continue to be provided during 
lateral traversing of the wheel under load. 

Drive System 

Two main drives are necessary to fulfill the testing 
requirements. The first reciprocates the carriage 
over the pavement at a constant speed above the area 
that contains instruments, and the second sets the 
facility at various transverse positions across the 
pavement. 

Figure 6 illustrates the system used to move the 
carriage longitudinally. It involves a tensioned 
wire rope wrapped around a centrally located grooved 
drum and attached at either end to the carriage via 
pulleys mounted on the support frame (Figure 6). 
The drum is driven by a hydraulic motor to which it 
is connected by a flexible coupling. A remote oil 
pump supplies pressurized oil to the motor, which is 
relatively small (compared with an equivalent elec
tric motor) and has a high acceleration capability. 

The control system is shown schematically in 
Figure 7. There is a manual control facility in 
which the wheel position feedback signal is used to 
place the wheel at any point along its travel. 
During testing, an automatic mode is operative and 
the velocity feedback from a tachogenerator is used 
to end the acceleration phase and then hold the 
wheel speed constant until deceleration is initiated 
by feedback from the position transducer. Reversal 
of direction is initiated when the velocity output 
approaches zero. 

The wheel position is monitored by the arrange
ment shown in Figure B. This involves a linear 
variable differential transformer (LVDT) displace
ment transducer attached to a screw thread driven by 
a pulley that is connected to the moving carriage by 
a long belt. A tachogenerator is axially coupled to 
the motor shaft (Figure 5) to provide a velocity 
feedback that is directly related to the speed of 
the wheel. The command signal in Figure 7 is tra
pezoidal and provides acceleration, constant veloc
ity, and deceleration before reversal of direction. 
This motion is also used to move the swinging arm 
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Figure 5. Arrangement of wheel-loading system. 
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Figure 8. Wheel position feedback transducer. 

Figure 9. Swinging arm driven by gearbox coupled to grooved drum. 

that carries the hoses and cables to the carriage in 
synchronization with the carriage movement. This is 
done by a chain drive and geared connection between 
the pivot for the arm and the grooved drum, as can 
be seen in Figure 9. 

The main beams and carriage can be moved across 
the pavement by long stroke rams attached to the end 
bogies (Figure 10). A similar arrangement to the 
wheel position feedback transducer is used to con
vert the lateral position of the assembly to a 
voltage, but in this case a toothed wheel driven by 
a fixed chain is used to reduce the lateral movement 
of the facility to a small displacement. An oil 
pump was provided for each ram to avoid long lengths 
of connecting pipe. This results in a positive 
movement of the rams when the oil pumps are switched 
on and reduces the risk of skewed movement. When 
the desired position is reached (as indicated by the 
position transducer), the pumps are switched off. 
During testing the lateral movement of the test 
facility is fully automated and is initiated after a 
set number of load applications have been completed 
at any one position. 

Electronic Control Systems 

The wheel speed and load and the lateral traversing 
program are all controlled electronically. Wheel 
speed is set on a pass controller, which can be 
operated in either a manual or automatic mode 
(Figure 11). Under manual control, a position 
potentiometer controls the location of the wheel in 
situations that require static loading or when the 

Figure 10. Traversing facility. 
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wheel is moved to the end of the track during mea
surements on the pavement surface. A potentiometer 
is used to set the velocity level for automatic 
operation. 

The command signal for load control follows the 
velocity pr.ofile so that the load increases during 
acceleration, is held constant when the wheel speed 
is constant, and then decreases during decelera
tion. Again, a potentiometer (Figure 11), applied 
under the automatic operation mode, is used to 
preset the load. If the load is to be applied while 
the wheel moves only in one direction (as happens on 
an actual highway), then a switch on the load servo
control is operated (see Figure 7). This negates 
the signal for load application in one direction. 

A counter on the pass controller is connected to 
the traverse-control electronic system shown in 
Figure 11. This unit was designed to control move
ment of the test facility to preset positions when 
the count reaches a predetermined number of passes 
at each of nine positions. These can be selected in 
any order. The number of passes are dialed into 
each position by using thumb wheel switches. For 
the experiments to date, a normal distribution of 
load applications over a tracking width of 600 mm 
has been used. Each position ensures a 75-mm over
lap of the tire, which has a contact patch of 150 mm 
width. A complete traverse generally takes 1000 
passes. The total number of passes for most tests 
has been 100 000 and loading has been stopped after 
1000, 2000, 5000, 10 000, etc. passes to facilitate 
permanent strain and surface deformation measure
ments. Full details of the electronic systems are 
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Figure 11. Electronic control systems. 
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available in the relevant research reports <i,1>· 
SUMMARY OF SPECIFICATIONS AND PERFORMANCE 

In five years, 11 pavements have been tested, and 
some of these have received two sets of multitrack 
tests together with single track tests when the 
traversing facility is not used. Although the 
maximum number of passes for each multitrack test 
was limited to 100 000, the test facility has com-

n11rinn +-hie: 

time, modifications have continually taken place, 
but Figure 1 shows the tes t facility in, what will 
probably be, its final form. Improvements have also 
been made to the data-acquisition facilities that 
are now largely automatic (7). 

The specification of the - facility is shown below: 

Facility 
Load range 
Tire pressure 
Contact area at 10 kN 
Contact stress at 10 kN 
Speed range 
Length of travel 
Length of assembly 
Temperature range 

Specification 
0-15 kN 
570 kPa 
0.02 m2 

500 kPa 
0-16 km/h 
6.7 m 
8.2 m 
20•-25•c 

A likely development in the future will provide 
for an extension to the testing temperature range 
that is currently restricted to ambient conditions 
and above. 

The pavement test facility has, to date, been 
used on two projects, the results of which have been 
reported elsewhere <i,1,J~). Although these were 
primarily concerned with permanent deformation, 
detailed in situ measurements were also obtained of 
transient stress and strain for comparison with the 
theoretical predictions. An investigation was also 
carried out into the potential of fabric inclusions 
below granular layers in permanent road construction. 

A typical pavement test takes about 10 weeks to 
complete. Six weeks are needed to construct and 
instrument the structure and four weeks to perform a 
test that involves 100 000 passes. To date, opera
tions have been restricted to normal working hours, 
partly because of the need to interrupt loading for 
permanent strain and deformation measurements. 
However, in principle, there is no reason why 24-h 
operation should not be performed as the equipment 
has numerous safety devices. The carriage drive 
system is protected by a wire cage (Figure 1) and 
the hydraulic pump may be shut down in various 
ways. These include the operation of a discrepancy 
detector between the position transducer and the 
tachogenerator that operates in the event of the 
cable breaking, an overshoot detector that operates 
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if the carriage velocity is too high near the end of 
its travel, and limit switches that are tripped if 
the carriage reaches the end of the support frame or 
the hose support arm overtravels. In addition, an 
emergency stop button on the pass controller (Figure 
11) may be operat-.en manually • 

The Nottingham pavement test facility has been 
developed at low cost and provides an extremely 
useful means of carrying out realistic pavement 
experiments. The scale of the tests is large enough 
to provide data that can be used to validate theo
retical computations of pavement response to load. 
Once a test is under way, it c a n be performed by a 
single operator, although other staff are needed 
during the construction and excavation phases. It 
is considered essential that data from tests of this 
kind are processed rapidly and that the projects 
involved have a theoretical and materials testing 
dimension to them. 
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