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SUMMARY AND CONCLUSIONS 

The state of Texas has used a stratified two-stage 
random sample to obtain a limited amount of highway 
performance data throughout the state. Highway seg
ments 3.2 km (2 miles) long were used and approxi
mately 1 percent of total statewide centerline kilo
mete1·s was sampled. Information on construction, 
traffic, climate roughness, visually cleterminecl con
clition, deflection, rut clepth, and skid resistance was 
obtained for each of the sampled highway segments. 
District and statewide estimates of serviceability index 
for 1974 and 1976 were indicated. 

To examine the method and size of sampling survey 
currently used in Texas, sim\llation techniques were 
used on a complete set (mass inventory) of data avail 
able for one highway dish'ict, district 21. The precision 
(as measured by standard error) of the two-stage 
sampling method was shown to ·be superiol' to that of 
simple random sampling. In addition, a procedure of 
variance minimization and a utility method both indicated 
that about a 2 percent sample of total centerline kilo
meters appears to best minimize sampling erroi·. The 
analysis further shows that, for Texas conditions, ap
proximately two highway segments for each highway 
type should be sampled .iJ1 each sampled county. The 
above information was determined by using four types 
of data: serviceability index, pavement rating score, 
surface curvature index {deflection), and skid number. 
For two of these data types, the estimates provided by 
the portion of the original state,vide sample in district 
21 are generally in reasonable ag1·eement \vith the 
population means obtai,ned for that district even though 
the sample sizes used are about half the optimum size. 

The information p1·ovided by the sample sizes cur
rently used rn Texas is most i•eliable for statewide data 
estimates and next most reliable for district estimates. 
Current instrument, pe1·sonnel1 and sampling errors 
make small year-to-year variations in district data 
difficult to detect, but reductions in all three error 
sources are continuing to be made. 

Some highway-oriented govermnent agencies may 
wish to conduct a sampling survey that conforms to a 
selected precision. Thus, a determination of optimum 
sample size may not be necessa1•y fo1· such agencies. 

A sampling survey will not answer all of the im
portant questions about the conclition and performance 
of a highway network, but it can p1·ovide a significant 
amount of valuable relatively inexpensive information. 
To that end, the information contained in this paper 

could be used by any state or other government agency 
in planning a sampling survey. 
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Laboratory Testing of a Full-Scale 
Pavement: The Danish Road
Testing Machine 
Per Ullidtz and Christian Busch, Institute of Roads, Transport, and Town 

Planning, Technical University of Denmark, Lyngby 

Full-scale pavements can be tested under controlled climatic conditions 
and with a controlled groundwater level by using the Danish road-testing 
machine. The response of the pavement in terms of stresses, strains, and 

deflections can be monitored during performance tests of a maximum ten· 
thousand 65-kN wheel loads/day. A qualitative evaluation of pavement 
response during the first two test series (0.5 million loads) has confirmed 



that the machine is well suited to simulating heavy traffic loading. The 
response of the pavement was reasonably well predicted from linear elas
tic theory, considering the large scatter in the measured values and in the 
elastic parameters of the materials. No cracking was observed during the 
two performance tests although both Danish and Nottingham criteria 
predicted extensive cracking. Subgrade criteria (normal stress and strain) 
derived partly from the AASHO Road Test agreed fairly well with a de
crease of the present serviceability index to about 2.5, but this deteriora
tion was not associated with any appreciable permanent deformation 
of the subgrade. Finally, prediction of pavement performance in terms 
of rutting and present serviceability index was attempted by using a 
simulation program developed at the Technical University of Denmark. 
Reasonably good agreement was found for both of these performance 
criteria. 

Mechanistic (or theoretical) design procedures are 
needed in order to design pavement structures if the 
materials, loads, or climatic conditions are different 
from those on which the empirical design methods are 
based. Because an increasing amount of road construc
tion is taking place in the less developed countries and 
resources of traditional road-building materials are 
dwindling in many industrialized countries, the need for 
a mechanistic design procedure is growing. The ideal 
mechanistic design procedure should be capable of pre
dicting the response as well as the performance of pave
ment structures from measured fundamental properties 
of the materials. 

To check the validity of different design procedures
or to develop new procedures-a large numbe1· of road
testing machines (RTMs) have been developed. Most of 
these have been of the roundabout type, with limited fa
cilities for controlling climatic conditions or the mois-

Figure 1. Cross section of road-testing machine. 

l 

Figure 2. Longitudinal section and plan of road-testing 
machine showing climate chamber and arrangement of 
hydraulic motors. 
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ture condition of the subgrade. Recently, some linear 
tracked RTMs have been devel oped; of these, the Danish 
RTM is believed to be one of the most sophisticated (1). 

The Danish RTM can be used for fatigue testing oC 
full-scale pavement structures under controlled climatic 
conditions and with a controlled groundwater level. Dur
ing fatigue testing, critical stresses and strains in the 
structure as well as deflections, temperatures, and 
pore-water pressure can be monitored. 

Cross-sectional and longitudinal views of the Danish 
RTM are shown in Figures 1 and 2; r espectively. The 
device consists of (a) a test pit with automatic water
level control , (b) a wheel-loadirjg sys tem , (c} a climate 
chamber, and (d) a system of transducers, amplifiers, 
and a data logger for measuring and recording stresses 
and strains. 

The test section of the concrete pit is 9 m long, 2. 5 m 
wide, and 2 m deep. Finite-element calculations have 
shown that there is no perceptible influence from the 
stiff boundaries on the critical stresses or strains at 
the centerline of the pit. 

The wheel load is hydraulically applied and may con
sist of a single or a dual wheel. The maximum dual 
wheel load is 65 kN and the maximum velocity is ap
proximately 25 km/h, which makes it possible to simu
late heavy truck traffic. As many as 10 000 wheel loads 
can be applied in a 24-h day. This corresponds to ap
proximately 60 000 passages of a standard 80-kN axle 
load. During fatigue testing, the lateral position of the 
wheel can be automatically changed to give a desired 
lateral wheel-load distribution. 

The RTM is enclosed in a climate chamber that is 
27.5 min length, 4 m wide, and 3.8 min height. Be
cause of the large size of the chamber, ordinary con
struction equipment can be used. Heating and cooling 
aggregates make possible a temperature range of -10° C 
to +40° C. 

The main difference between conditions in situ and in 
the RTM is the time scale during performance (fatigue) 
testing. If the loads of, say, a 10-year period are ap
plied in only 1 year, long-term changes in the materi
als-e.g., hardening of the bitumen-are not allowed to 
take place. Moisture movements during freezing and 
thawing pose a special problem in this connection since 
accelerated testing is not possible. 

Other differences between in situ and RTM conditions 
are hydraulic load application, loads passing in both di
rections, time between loadings, and variations of ma
terials, but these, like the boundary conditions, are be
lieved to have only limited influence on the response or 
performance of the pavement structure. 
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INSTRUMENTATION 

For a simple two-layer road structure, such as the bi
tuminous base on a subgrade of silty sand used for the 
first three test series in the RTM, the stresses or 
strains usually assumed to be critical to the service 
life of the structure are at the asphalt-subgrade inter
face. The horizontal strain at the bottom of the asphalt 
layer should be limited to avoid cracking, and the ver
tical stress or strain at the top of the subgrade should 
be limited to avoid excessive permanent deformation. 
To predict the performance of the pavement, therefore, 
these values should be measured. 

To find out whether the response of the pavement can 
be accurately predicted from layered elastic theory, 
stresses and strains at other depths as well as the de
flection of the structure are also of interest. In this 
connection, the temperature of the asphalt layer and the 
negative pore pressure of the subgrade soil (suction) 
must be known in order to determine the elastic param
eters of the ma.tel"iali:;, To measure these values, the 
test section was instrumented as shown in Figure 3 (de
flection and suction gages are not shown). 

Figure 3. Instrumentation of test section. 

I 0 I 2 .3 

Figure 4. Excess stress distribution in diaphragm plane. 

The pressure cells are of the diaphragm type, and the 
strains in the diaphragm, when it deflects under stress, 
are measured by strain gages. The cells are made of 
titanium. A major problem with pressure cells is that 
the presence of the cell alters the stress field in the 
soil , In Figure 4, the changes from a uniform distri
bution caused by cells with 1- and 2-mm diaphragms are 
shown. The changes are seen to be highly dependent on 
the soil modulus E. 

Theoretical considerations showed that the error in 
cell registration, compared with calibration under hy
drostatic pressure, would be in the range of 0 to +10 
percent for the soil moduli to be expected in the sub
grade. 

After completion of the pavement structure, an at
tempt was made at in situ calibration of the pressure 
cells. Dynamic plate loading tests in which a falling
weight deflectometer was used were carried out at dif
ferent distances from the cells to obtain the stress dis
tribution at the depth of the cells. From this stress 
distribution, the total vertical force on the horizontal 
plane through the cell can be found; this force must be 
equal to the force applied on the pavement surface. 
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Figure 5. Soil strain 
cell. 

Figure 6. Installation 
procedure for soil 
strain cell. 

Figure 7. H-gages. 

Figure 8. Asphalt 
gages glued to cores. 
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To determine the total force from the stress dis
tribution, an integration was performed in which it was 
assumed that the Boussinesq stress distribution could be 
used and that the ratio between the observed and the ac
tual stress was a constant (a) independent of the distance 
from the load because the cross sensitivity of the cells 
is negligible (<4 percent). By varying the depth in the 
Boussinesq expression, a "best" a-value (error factor) 
and equivalent depth were determined on the criterion 
that t (observed s tress - a x calculated stress) 2 should 
be minimized. This resulted in equivalent depths that 
compared well with equivalent depths determined from 
the elastic moduli of the materials, but it also resulted 
in widely scattered error factors: from 0.9 to 3.5. For 
high asphalt temperatures, the mean error factor (six 
gages) was 1.45 and the standard deviation 0.39 . The 
error factors were also found to be highly dependent on 
the temperature of the asphalt layer, which indicated 
that the procedure used for installing the gages-in dug
out holes after completion of the subgrade-was rather 
unsuccessful even though great care had been taken to 
fill back exactly the amount of soil dug out minus the 
volume of the cell. It should be noted that this calibra
tion is correct only if the stress follows a Boussinesq 
distribution. 

Strains in the subgrade were measured by linear vari
able differential transformers (LVDTs) as the relative 
change in length over a reference length of 100-150 mm. 
Finite-element calculations were made by using the net 
shown in Figure 5 to determine the influence from the 
cell on the strains in the soil. It was found that the re
sults were much influenced by the assumption of either 
full friction or no friction between cell and soil. With 
full friction the cell would underestimate the strains by 
approximately 30 percent, whereas with no friction it 
would overestimate by 40 percent. 

The effect of the installation procedure, shown in 
Figure 6, could not be evaluated, but it is hoped that the 
unsuccessful backfilling of soil found with the pressure 
cells will be of less importance to the strain cells be
cause holes drilled through the upper reference plate 
ensure that most of this plate rests on undisturbed soil. 
A pair of electromagnetically coupled coils (BISON) were 
tried because they are much simpler to install, but they 
were found not to be suited for measuring dynamic 
strains because the signal induced by the metal masses 
of the loading vehicle was larger than the strain signal. 

The strains at the bottom of the asphalt layer were 
measured by .strain gages mounted on an aluminum strip 
anchored to the asphalt by two steel bars, or H-gages 
(see Figure 7). These gages functioned immediately 
after completion of the pavement, but they quickly de
teriorated. After completion of the first test series, 
two gages were recovered by drilling and were found to 
be extensively corroded. A new attempt at measuring 
the strains was made by cementing strain gages to the 
cores drilled from the paveri1ent (see Figure 8), and re
fitted in the pavement with araldite. These gages worked 
satisfactorily at the beginning of the second performance 
test, but the araldite eventually failed. 

Deflections were measured by using a geophone or an 
accelerometer and one or two analog integrations of the 
signal, respectively. The geophone is the sturdier and 
cheaper of the two instruments. Because the signal is 
proportional to the velocity of the instrument and thus 
needs only one integration, the drift on the signal is 
much less than that of the accelerometer. Because the 
geophone does not respond to low frequencies, however, 
it is not very well suited for measuring deflections under 
a slow-moving wheel, a condition in which the acceler
ometer can be used, even if with some difficulty. The 
geophone on the other hand is an excellent deflection 
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gage in connection with dynamic plate loading tests. 
Both psychrometers and agricultural tensiometers 

were installed in the subgrade at different depths. The 
tensiometers showed that the suction (measm·ed in mil
limeters) water column was equal to the height of the 
tensiometer above groundwater level. The suction val
ues were too low (maximum 1. 5 m of water) to be mea
sured with the psychrometers. 

Finally, 10 thermocouples were installed to record 
temperature at different depths. 

All signals from stress and strain transducers were 
amplified on direct-current amplifiers with peak detec
tors. The peak signals were monitored by a scanner, 
digitalized, and fed into a programmable desk-top cal
culator, which would divide each s ignal by the appro
priate sensitivity and am1Jlification and print out the re
sult in the desired unit (megapascals or microstrain). 
A maximum of 30 signals/wheel passage could be moni
tored. If the shape of the signals was needed, an analog 
record of 12 signals could be made by a UV recorder. 

EQUIPMENT 

The elastic moduli of the materials in the pavement struc
ture were evaluated in situ by using the falling-weight 
deflectometer (FWD) and the lightweight deflectometer 
(LWD). These determinations were supplemented 
by tests on samples of the materials that used an 
LWD with test tank, a triaxial apparatus, and a bending 
machine. Rutting and longitudinal roughness were mea
sured by a profilometer. This equipment and the inter
pretation of the test results are briefly described below. 

The FWD is a dynamic plate loading apparatus where 
the load pulse is produced by a weight falling on a sys
tem of springs (2). 

The duration of the dynamic load pulse is 26 ms with 
a peak force magnitude of 50 kN. For asphaltic mate
rials, whe1·e the duration of the load pulse influences 
U1e modulus, the FWD impact corresponds to vehicle 
velocities of 40-60 km/h. 

On a linear elastic semi-infinite half space the modu
lus of the material will be equal to the surface modulus 
Eo, calculated from Boussinesq's equation(~: 

Eo = 2(1 - V
2 )ooafd0 (I) 

where 

u = Poisson's ratio, 

Figure 9. Lightweight deflectometer. 

CJo = uniformly distributed stress at the surface (con
tact pressure), 

a = radius of the loaded area, and 
d0 = deflection at the center of the load. 

If the material is nonlinear elastic or if the subgrade is 
layered, the surface modulus cannot be used as a ma
terials modulus. If the nonlinearity follows the simple 
relation E = C >< (ai/a')", the constants C and n can be 
determined from the surface modulus at different stress 
levels by using the following relation (_!): 

E0 =(I - 2n) x C x (o0 /o')" (2) 

If the modulus is constant with depth, the surface modu
lus Eo(r) at different distances r from the center of the 
load will be constant. For r > 2a, the surface modulus 
can be calculated from 

E0 (r) =(I - v2 ) o
0
a2 /[r x d0 (r)] (3) 

where do(r) is the sul'face deflection at distance r. 
Because the compression (or extension) of the ma

terial between the surface and a depth equal to the dis
tance from the load center is negligible, the surface 
modulus Eo(r) will reflect the surface modulus at a 
depth =-r. 

For two-layer systems, the moduli may be deter
mined from graphs based on surface deflections if the 
subgrade is either linear elastic or nonlinear with n = 
-0.25 or -0.5 (5). For more complex structures, a non
destructive determination of the moduli is still possible 
through a trial-and-error approach in which the moduli 
are estimated, the surface moduli calculated and com
pared with the measured values, and changes made to 
the original estimates until a reasonably good fit is ob
tained. Tests made directly on granular materials are 
avoided by using these nondestructive methods. This is 
important for two reasons: (a) The bearing capacity at 
the su1·face of a g1·anular material is low- :z.ero if the 
cohesion is zero-and (b) the moduli of granular mate
rials are stress dependent and will change when the sur
charge is removed. 

Because the critical strain at the bottom of an as
phalt layer is greatly influenced by the modulus of the 
material immediately below the asphalt layer, an LWD 
was developed (see Figure 9). The modulus of a granu
lar material can be measured directly by the LWD be
cause a surcharge can be applied around the loaded area. 
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The LWD works on the same principle as the FWD, but 
the peak force and the radius of the loaded area are 
much smaller. The LWD is thus particularly well 
suited for determining moduli within a shallow depth. 

Apart from in situ tests, the LWD can be used on ma
terial built into a test tank at varying moisture contents, 
degrees of compaction, etc. To find the elastic parame
ters or the constants in nonlinear elastic relations, cor
relations have been developed between these values and 
the surface deflections at varying contact pressures and 
surcharges (6). These correlations have been estab
lished through numerous finite-element calculations and 
can be used for linear as well as nonlinear elastic ma
terials ; the moduli can be dependent on either the major 
principal stress (in cohesive materials) or on the minor 
principal stress (in granular materials), 

Because of the problems encountered in reproducing 
in situ conditions of materials and loading in the labora
tory, emphasis was placed for the most part on in situ 
tests. Some laboratory tests have been carried out, 
however, partly to check on the in situ determined mod
uli and partly to get an estimate of Poisson's ratio. 

The subgrade has been tested in a dynamic triaxial 
apparatus by using a simple pneumatic loading system 
(7). In these tests, an attempt was also made to de
termine the plastic characteristics of the subgrade ma
terial. The same loading system has been used for 
monoaxial short-term creep testing on cylindrical as
phalt specimens extracted from the pavement section. 
Finally, three- and four-point bending tests have been 
carried out on prismatic asphalt specimens at tempera
tures between -20° C and +40° Cina frequency range of 
0.01-100 Hz (8). 

The performance of the pavement structure with re
spect to rutting and longitudinal roughness was deter
mined by using a simple profilometer: The changes in 
surface level in relation to a 2-m-long aluminum rail 
were recorded directly on waxed paper. The slope vari
ance was calculated from the longitudinal profile by using 
the slope over 225 mm at 300-mm intervals. The 
present serviceability index was calculated from the 
slope variance and rutting values by using the AASHO 
Road Test equation for flexible pavements (~. 

MATERIALS TESTS 

A number of conventional tests were made on asphalt and 
subgrade materials. The subgrade consisted of a non
plastic sandy silt with approximately 50 percent sand 
and 50 percent silt. The subgrade was constructed in 
150-nun-thick lifts and compacted to 100 percent Proctor 
density (1700 kg/m3

) at approximately optimum moisture 
content (14 percent). At this density and t)loisture con
tent, the California bearing ratio was found to be 18 
percent and the capillary suction greater than 1 m. 

The asphalt layer was a base-course material made 
from a well-graded, naturally occurring gravel with a 
maximum grain size of 20 mm. The thickness of the 
compacted layer varied between 170 and 180 mm. Tests 
made on recovered bitumen after construction of the as
phalt layer showed that penetration at 25°C had dropped 
from the original 60 to 43. Three years later, after 
completion of the first test series, the penetration had 
dropped further to 27. The void content was rather 
large-11. 5 percent-and compaction was 98. 5 percent 
of the Marshall density of 2210 kg/m~ The bitumen con
tent was 3.65 percent by weight (standard deviation of 
0.10 from five tests). 

The modulus of the subgrade material was determined 
from dynamic triaxial tests, in situ FWD and LWD tests, 
and LWD tests in a test tank. The triaxial tests showed 
that the modulus depended on the cell pressure (crs), 
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whereas the FWD tests showed a dependence on the ma
jor principal stress. In both cases, however, the non
linearities were not very pronounced, the absolute value 
of the powers being in the range of 0.2 to 0.3. Thus, for 
the range of vertical and horizontal stresses to be ex
pected in the subgrade, the modulus was considered to 
be constant in the calculation of the pavement response. 

The minimum moduli were those that corresponded 
to a cell pressure of zero in the triaxial tests and to a 
contact pressure of 0.6 MPa in the FWD tests. The in 
situ LWD test made at a moisture content of 20 percent 
was carried out 800 mm below formation level. That 
the modulus of the subgrade decreased with depth was 
confirmed by FWD testing with different plate radii. 

After conclusion of the first test series, the ground
water level was raised to 0.3 m below formation level. 
The resulting subgrade modulus was determined from 
FWD tests on top of the asphalt and LWD tests made in 
boreholes. A modulus range of 62-82 MPa was found 
with the FWD and 62-66 MPa with the LWD. These re
sults agree well with the above-reported moduli at high 
moisture content. 

Poisson's ratio, determined from dynamic triaxial 
tests, was found to be in the range of 0.15-0.20 for the 
vertical and horizontal stresses to be expected at the 
top of the subgrade. For large bulk stresses, Poisson's 
ratio decreased to about 0.1. 

The modulus of the asphalt was determined through 
bending tests on prismatic specimens cut from the pave
ment. Results of tests carried out when the penetration 
of the bitumen was 27 are shown in Figures 10 and 11 
(8). The modulus is seen to be a function of tempera
ture, frequency, and maximum strain. Tests on speci
mens cut horizontally and vertically showed the asphalt 
to be isotropic although an analysis of the particle orien
tation showed a markedly horizontal orientation of the 
principal axes. 

Figure 10. Results of bending test on bars cut 
vertically and horizontally. 
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FWD tests carried out during the second test series 
gave asphalt moduli about 30-40 percent above the values 
obtained from bending tests. For comparison of calcu
lated and measured response during the second test 
series, the FWD-determined values were used. 

The Poisson's ratio of the asphalt, determined from 
short-term creep tests on cylindrical specimens mounted 
with strain gages, was found to be in the region of 0.3-
0.35 and to increase with increasing temperature. 

CALCULATION OF STRESSES AND 
STRAINS 

Three different methods were used to determine moduli 
and calculate pavement response and performance. To 
calculate the response of the pavement, a program de
veloped by Chevron for an n-layer, linear elastic sys
tem was used (10). To determine the influence of rigid 
boundaries, nonlinear stress-strain relations from plate 
loading tests, and errors of pressure and strain cells, 
an axisymmetric fin· e-e ement program (11) was used 
(this program is a modified version of a program de
veloped at the University of California). Finally, the 
method of equivalent thicknesses was used in an attempt 
to predict the performance as well as the response of 
the pavement. The method of equivalent thicknesses is 
much simpler than the other two methods and is there
fore very useful when a large number of calculations 
must be done (12-14). 

The basic principle of the method of equivalent thick
nesses is to transform a system composed of layers with 
different moduli into a semi-infinite space for which 
Boussinesq' s equations are valid. The two kinds of 
transformations used (see Figure 12) are as follows: 

1. For calculations of the stresses and strains above 
the interface or the compression of the upper layer, the 
system is treated as a semi-infinite space with modu
lus E1. 

2. For calculation of the stresses, strains, and de
flections at or below the interface (including the vertical 
stress and the horizontal strain at the bottom of the up
per layer ), the upper layer is trans formed to an equiv
alent layer with modulus E 2 but with the same stiffness 
as the original layer. 

For the stiffness to remain the same, the equivalent 
thickness of the transformed layer h, must be 

h, = h1 x -VcE 1 /E2) x Cl - vD/O - ~ll (4) 

Because the assumptions are not quite correct, a cor
rection factor is often introduced to obtain the same re
sults as one would obtain with exact elastic theory. 

Besides being very simple to use, the method of 
equivalent thicknesses can be used with nonlinear elas
tic materials. Finite-element calculations (4) have 
shown that a non.linear relation of the type E -; C x (a 1/a') 

Figure 12. Transformations used with 
the method of equivalent thicknesses. 
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has a negligible influence on the stress distribution. 
When the stress distribution is known, the modulus can 
be calculated at any point, and from this the strains and 
deflections can be found. 

Because the plastic characteristics of road-building 
materials can often be expressed by the above nonlinear 
relation, even the permanent (or plastic) deformations 
can be calculated. To do this, the separative method 
(15) is used-i.e., stress state and equivalent thicknesses 
are determined from the elastic parameters and from 
these the permanent deformations are computed by using 
the plastic stress-strain relations. 

DETERMINATION OF SERVICE LIFE 

If a structural design is to make sense, the limit(s) be
tween acceptable and unacceptable pavement conditions 
must be defined. The limit should preferably be based 
on the functional characteristics of pavements, such as 
safety, riding comfort, and effects on the environment. 
One of the most widely used criteria is the present ser
viceability index (PSI), a t'iding comfort criterion mainly 
in!luenced by the longitudinal roughness (slope variance) 
of the pavement surface. Roughness, expressed in cen
timeters per kilometer and measured with a "bump 
integrator", is a similar criterion, and for a regular 
sinusoidal pavement surface (without rutting or cracking) 
the approximate PSI value can be found by using 

PSI= 3.262 log [(2 x 105 )/roughness] - 7.25 (5) 

Rutting does not have much influence on riding comfort, 
but because of its importance in relation to safety it 
ought to be included as a separate criterion. When ruts 
measure 15-25 mm (depending on camber), ponding of 
water is a risk. 

Structural failure is often, but not always, related to 
functional failure. An indication of structural failure is 
increasing surface deflection under a given load-an 
easily measured factor that is often used as a design 
criterion. However, since overall surface deflection 
does not tell in which layer the failure is occurring, it 
is sometimes supplemented by a determination of the 
radius of curvature of the deflection bowl. An even bet
ter localization of failure can be obtained if several 
points on the deflection bowl are determined and the pre
viously described method of fitting computed to measured 
surface moduli is used. 

Prediction of pavement performance was attempted 
by using several diffe1·ent methods. Two methods were 
used to predict cracking of the asphalt layer: the Danish 
methods developed by Kirk (.!i, n, 18) and the Nottingham 
method (19). Both methods relate fatigue life, in terms 
of numberof load repetitions N, to critical tensile 
strain in the asphalt layer. Failure caused by excessive 
deformation in the subgrade was predicted by using five 
methods, some of which were based partly on the AASHO 
Road Test and all of which relate service life to either 
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critical vertical stress or vertical strain at the top of 
the subgrade. Rutting was calculated by using the Shell 
method (20) for the asphalt layer and the previously de
scribed nonlinear elastic theory with the plastic stress
strain relation for the subgrade. In the plastic stress
strain relation, two zones were used: A decreasing 
strain rate was assumed for strains below a critical 
level and a constant strain rate above that level (see 
Figure 13l. Finally, the PSI value was predicted by 
using a simulation program developed at the Technical 
University of Demuark (21). 

This program uses a modified random walk to gener
ate important input parameters at points with given spac
ing (0.3 m). Both materials and structural parameters 
are generated to given mean values and standard devia
tions. The increase of permanent deformation with 
number of load applications is calculated at each point 
and, from these values, mean rut depth and slope vari
ance are evaluated. A fatigue model is used to estimate 
crack propagation and, finally, the PSI value is calcu
lated. The program has facilities for using static (con
stant) or dynamic loading and for varying the climatic 
conditions with respect to temperature changes during 
the year and changes in the moduli of unbound layers 
caused by the spring thaw. 

RTM TESTING 

Three test series were run on the first pavement in the 
RTM. The first two series consisted of response and 
performance tests, and the third was a freeze-thaw test. 

In the response test during the first series, stresses, 
strains, and deflections were measured at temperatures 
of 0.5°C, 10°C, 20°C, and 30°C; at wheel velocities of 
2.5, 5, 10, and 20 km/ h; and at wheel loads of 10, 20, 
30, and 40 kN. For some of these combinations, the ef
fects of single versus dual wheel load, lateral wheel po
sition, and tire pressure were also examined. The mea
sured quantities were then compared with values calcu
lated by using layered elastic theory. 

During the first performance test, loading was done 
in two tracks 1 m apart by using a 20-kN and a 30-kN 
load, respectively. The tests were made at a tempera
ture of 30°C and a wheel velocity of 20 km/h. In each 
track, a lateral wheel-load distribution that approached 
a normal distribution was used and, for each 30-kN 
load, five loads of 20 kN were applied to get equal dam
age in the two tracks if the AASHO load-equivalency fac
tors were applicable. The groundwater level was kept 
at the bottom of the pit during this first test series but 

Figure 13. Permanent strain model. PLASTIC STRAIN 
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was then raised to 0,3 m below formation level for the 
second and third series. 

In the second series, response tests were repeated 
at 10, 20, and 30 kN at temperatures of 10°C and 30°C, 
and measured and calculated values were again com
pared. This time, the performance test was carried 
out at a temperature of 25°C at the centerline of the pit, 
which made it possible to follow changes in critical 
stresses and strains. Longitudinal roughness was mea
sured in addition to rutting, and the change in PSI values 
was calculated from the difference between these values 
and the original surface profiles. 

In the third test series, the pavement was frozen to 
a depth of approximately 0.5 m. This resulted in a frost 
heave of 40 mm and longitudinal cracking of the asphalt 
layer. During thawing, a brief performance test of 5000 
loads was made. It did not produce any additional crack
ing of the asphalt or any appreciable increase in per
manent deformation. 

ANALYSIS OF RESULTS 

The objectives of the first tests in the RTM can be sum
marized as (a) the running in of the machinery, (b) qual
itative and quantitative evaluation of pavement response, 
and (c) prediction of pavement performance. 

The main parts of the machinery were brought into 
line during the first two years, but improvements are 
still being made, especially in the system for measuring 
and recording stresses, strains, and deflections. 

The qualitative evaluation of pavement response con
firmed that the RTM is well suited to simulating heavy 
traffic loadings. The variations of stresses and strains 
with variations in, for instance, wheel load, velocity, 
and tire pressure were the same as those measured in 
situ under heavy traffic. The performance in the RTM 
should also be compared with the performance of in situ 
pavements, but this has not yet been possible. 

The quantitative evaluation of pavement response con
sists of (a) evaluation of the accuracy of the measured 
values and (b) comparison of measured and calculated 
values. To measure the critical vertical stress and 
strain in the top of the subgrade, four pressure cells 
and four strain cells were installed. The typical coef
ficient of variation for both measured quantities was 
about 0.25. Even larger deviations were encountered 
for lower levels; the two lowest pressure cells typically 
showed a difference of a factor of four. Most of the 
variations are likely to be caused by an inappropriate 
installation procedure, as indicated by the in situ cali-
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bration of the pressure cells, but part of the variation 
is definitely the result of varying materials and struc
tural characteristics and thus cannot be avoided. Severe 
problems were encountered in attempting to measure the 
horizontal strain at the bottom of the asphalt layer, and 
this was only achieved in a few of the tests. For this 
quantity, a coefficient of variation of up to 0.8 was found. 

These large variations in the measured values must 
be kept in mind in comparing measured and calculated 
quantities. Figure 14 shows the variation with distance 
from the center of the load of the measured vertical 
stress and strain at the top of the subgrade. The stress 
and strain were measured in FWD tests at a peak force 
of 30 kN and an asphalt temperature of 30°C. Superim
posed on the measured values are calculated values 
found by using the Chevron program and the method of 
equivalent thicknesses. The agreement between the mea
sured and calculated values is seen to be reasonably 
good. The variation of the measured vertical strain, 
however, indicates a horizontal variation of the subgrade 
1nodulus, which Vlas not included in any of the theoretical 
methods. 

Four kinds of performance prediction we.re atte mpted: 
(a) cracking of the asphalt laye1·, (b) excessive deforma
tion of the s ubgrade, (c) amount of permanent deforma
tion, and (ct) PSI. 

The two previously mentioned methods of crack 
prediction were used. For series 1, the prediction was 
based on calculated critical strains; for series 2, it was 
based on measured values plus and minus one standard 
deviation. There was some indication from the measured 
stresses and strains for test series 2 that crack initiation 

Figure 14. Measured and calculated stress and strain values. 
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might have taken place in the asphalt, but no visible 
cracks were detected nor did FWD tests in any of the 
test series show any decrease in the asphalt modulus. 
It can be concluded that either both fatigue criteria are 
somewhat conservative or the assumption of a standard 
(weighted) asphalt temperature is too simple a model of 
the real fatigue performance. 

Five different methods were used to test for excessive 
deformation of the subgrade. The only criterion that did 
not predict a fair amount of permanent subgrade defor
mation was that of Witczak (23). The actu·a1 permanent 
deformation of the subgrade was found to be 4 mm of a 
total pavement deformation of 11 mm. 

The AASHO-based criteria were somewhat conser
vative, perhaps because most of the damage during the 
AASHO Road Test was caused by longitudinal roughness 
(85 percent) and the variation in permanent deformation 
was therefore more important than the average deforma
tion. The first few tests, therefore, supported the cri
teria suggested by Witczak with respect to average per
manent deformation of the subgrade. If, however; a 
riding comfort criterion is accepted, the variations in 
permanent deformation may be more relevant than the 
average deformation. In Figure 15, four of the predic
tions used are compared with the experimental PSI val
ues. The agreement between observed and predicted 
life is seen to be better when a limiting value of PSI = 2. 5 
is used, but the scatter in the predicted values is con
siderable. 

The amount of rutting during the first test series was 
calculated as previously described. For the asphalt, the 
following relation between mixture stiffness E and bitu
men stiffness Sbu (both in megapas cals) was used: 

E = 63 x Sgd' (6) 

This relation was obtained from three-point bending 
tests that were carried out at high temperature and low 
frequencies before the first test series . Two calcula
tions were done, one us ing a s oftenini; point (ring a nd 
ball) of 57°C and a penetration index (PI) of 0 found in 
August 1973 before the first test series and another with 
a softening point of 65.5°C and a PI of 0.5 found in May 
1976 after completion of the first test series. In Figure 
16, the calculated rut depths are compared with the mea
sured values. The agreement appears to be reasonably 
good. Part of the discrepancy in predicting the rutting 
caused by the 20- and 30-kN wheel loads results from 
the fact that the real load distributions are not circular 
as assumed in the calculations. 

Finally, an attempt was made to predict the PSI value 
through a computer simulation of pavement performance. 
Parts of the input, such as the standard deviations of the 
materials and the structural characteristics, were not 
known and had to be estimated. 

Ten computations were done. The range of calculated 
values is shown in Figure 17 superimposed on the ex
perimental results. The predicted life is seen to be 
rather longer than the obse1·ved life. Cracking of the 
asphalt layer was not predicted in any of the simulations. 
A few additional simulations were carried out for yearly 
temperature variations between +20°C and -2°C and a 
spring thaw reduction of the s ubgrade modulus of 70 and 
90 percent. In neither case was any cracking produced, 
nor did the PSI value decline to 2. 5 within the first mil 
lion axle passages (30-kN wheel load) applied during the 
first !our years. This, at least, does nol contradict the 
results of the freeze-thaw test. 



Figure 15. Subgrade criteria versus PSI values. 61> 

Figure 16. Computed rutting versus measured 
rutting. 
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CONCLUSIONS 

The main conclusion of the first few test series is that 
the RTM appears to be well suited to simulating the ef
fects of hea:vy trafiic loadings and clhnatfc variations on 
full-scale pavement s tructures. As a result, a five
year research p1·ogram jointly sponsored by the National 
Danish Road Laboratory and the Technical University of 
Denmark has been initiated. In this research program, 
nonconventional pavement structures and materials will 
be tested under varying climatic conditions simultane
ously with more traditional structures. It is hoped that 
these tests will also contribute to the development of a 
predictive design p1·ocedure that will be supel'ior to the 
deterministic procedures currently being used. 
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Utility Decision Model for Pavement 
Recycling 
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A decision model developed by using utility theory to evaluate various 
techniques for recycling of pavement materials is described. The model 

is quantified by using subjective opinions of experienced engineers who 
are familiar with pavement rehabilitation. Limited objective field data 


