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Theoretical Response of Multilayer Pavement 

Systems to Dynamic Nondestructive Testing 

TREVOR G. DAVIES and MICHAEL S. MAMLOUK 

ABSTRACT 

Nondestructive testing of highway and airport pavements has become increasingly 
popular. Although dynamic loading devices have become the method of choice 
because their field operation is relatively simple, fast, and economical, anal­
ysis of the test data remains problematic. Using a rigorous elastodynamic for­
mulation, it is demonstrated in this paper that the dynamic phenomena of reso­
nance and inertial damping within the subgrade may result in significant 
differences in pavement response to static and dynamic loading. Because static 
analyses are currently used to analyze the latter, significant errors may arise 
in back-calculating layer stiffnesses, particularly because the iterative 
schemes used in such analyses are ill-conditioned. Examination of the data 
obtained from a study of the response of four-layer flexible pavements to exci­
tation by the Road Rater device for a wide range of frequencies suggests that 
no simple correlation between dynamic and static deflections can be developed. 
Some improvement in current practice may be effected by carrying out tests over 
the entire operating range of frequencies to ensure that the measured deflec­
tions are not corrupted by spurious subgrade resonances. 

Nondestructive testing has been extensively used in 
the last few decades for evaluation of the load­
deformation response of highway and airfield pave­
ment systems. The results of such surveys have sig­
nificant impact on the operation and maintenance of 
these facilities and, therefore, accurate interpre­
tation of the test data is important. 

Nondestructive testing can be divided into two 
main types: seismic techniques (associ a ted with time 
measurements) and surface loading tests (associated 
with deflection measurements). Extraction of layer 
stiffnesses from these data is the crux of the prob­
lem, which has not yet been fully resolved. 

The seismic techniques normally employed in high­
way engineering are based on measurement of the 
velocities of the Rayleigh waves (surface waves) of 
the pavement system (1,2). Such techniques have not 
gained wide acceptance,- partly as a consequence of 
the relative sophistication required in field opera­
tion and in interpretation of the test data. Surface 
loading tests, on the other hand, have been exten­
sively used by many highway agencies because of 
their simplicity and their ability to model real 
traffic load intensities and durations. Thus the 
stiffnesses computed from surface deflection mea­
surements are more r.e11rl ? i· ~>'~ c;;e::'::ative of field 
conditions. 

Surface deflection measurement devices can be 
categorized as s tatic (e.g., Benkelman Beam, Cali­
fornia Traveling neflectometer) and dynamic [e.g., 
Dynaflect, Road Rater, various vibratory devices 
(3), falling weight deflectometer]. The 1Jynaflect, 
the Road Rater , and the vibratory devices impart 
steady-state dynamic (harmonic) loading to loading 
plates, whereas the falling weight deflectometer 
imparts an impulsive load developed by a weight 
falling on a spring-loade d single plate. Most of the 
vibratory devices are capable of generating a wide 
range of loading frequencies and for that reason are 
preferred to the single frequency Dynaflect. Al­
though the falling weight deflectometer simulates 

traffic loading somewhat better than do harmonic 
loading devices, a high degree of correlation be­
tween the test data obtained from the Road Rater and 
the falling weight deflectometer has been reported 
( 4). 
- Analyses o f t he data. obta i ned f rom dynamic load­

i ng d e v i c es have h itherto been based on e ither 
e mpi r i c al a ppr o aches or e l astostatic and v iscoelas­
tostatic models <2.-2.l. Obv i ously, empirical correla­
t ions are r estr ic t ed to cond it ions similar to those 
in which such correlations were originally devel­
oped, and, in the static analyses, the inertia of 
the pavement is neglected. In other words, it is 
assumed that the dynamic response of pavement struc­
tures is no different from the static response. 

Experimental work performed by others emphasizes 
the difference between static and dynamic responses 
of pavement systems. For example, Hoffman and Thomp­
son (il operated a circular plate Road Rater at 
peak-to-peak loads of 2, 4, 6, and 8 kips and driv­
ing frequencies of between 6 and 30 Hz at 2-Hz in­
tervals for each load. The results of those tests 
a re shown in Figure 1 for three pavement sections 
with various layer thicknesses and material proper­
ties. The experimental results show that resonant 
frequencies (natural vibration frequencies) of 10, 
18, and 16 Hz existed for the three pavement sec­
tions, respectively. These resonant frequencies were 
almost independent of load intensity and were within 
the normal range of operating frequencies. The reso­
nant frequencies were different from one pavement 
section to another depending on layer thicknesses 
and material properties. The resonant frequencies of 
the pavement systems cannot be explained by any 
static analysis. 

In this paper, an elastodynamic solution is used 
to show that the static and dynamic responses of 
pavements may be significantly different even at low 
frequencies (Figure 2) • This rather complex approach 
is necessary because one-degree of freedom approxi­
mations [e.g., Weiss (10)] cannot reproduce all 
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facets of the dynamic behavior of multi-degree of 
freedom pavement systems. 

An analysis of the Road Rater device is pre­
sented. Similar results are to be expected for har­
monic loading devices such as the Dynaflect and im­
pulsive loading devices such as the fallinq weight 
deflectometer. 

INTERPRETATION OF DEFLECTION DATA 

Although empirical rules for assessing the integrity 
of pavements on the basis of nondestructive test 
data are commonly employed, in practice there is an 
increasing trend toward adoption of methods based on 
theoretical models of pavements. However, the in­
verse problem of determining material properties 
from pavement deflections caused by prescribed loads 
is difficult even if the assumption of linear elas­
tic behavior of isotropic layers is valid. Given 
limited data, no unique solution can be determined 
although in practice the range of admissible solu­
tions may be relatively narrow. The problem is com­
pounded because it is necessary to employ iterative 
schemes [e.g., Kilareski and Anani (7)] to solve the 
inverse problem. Although the stiff;;-ess of the sub­
grade can often be determined reasonably accurately, 
the iterative schemes employed in practice are nec­
essarily ill-conditioned and inevitably magnify the 
data and modeling errors. Thus , for the upper lay­
ers, the predicted stiffnesses may be considerably 
in error. 

In principle, nonlinear elastic models of pave­
ment structures (2) would appear to offer some im-

Transportation Research Record 1022 

provement over the simpler linear analyses commonly 
used. Unfortunately, there are grave difficulties in 
applying such analyses in practice. Among these are 
the uncertainties in determining the in situ stress 
state, selection of an appropriate constitutive law, 
and determination of the material parameters. Sub­
grade response may depend on whether loading takes 
place under drained or undrained conditions, which 
in turn is dependent on soil type and loading rate. 

Moreover, potentially grave modeling errors re­
sult from neglecting the inertial response of pave­
ments to dynamic excitation. In the following sec­
tions, a brief description of an elastodynamic 
algorithm for harmonic loading of horizontally 
layered strata is described. The deflections pre­
dicted by this model are quite different from those 
of an equivalent static analysis. Thus the solution 
of the inverse problem using a static analysis may 
be subject to significant error. 

METHOD OF ANALYSIS 

The governing equation for steady-state elastodynam­
ics (i.e., harmonic motion) is the well-known Helm­
holtz equation (11) 

2 2 2 2 Cµ grad(div ~) - Cs curl(curl ~) + p w u = 0 (1) 

where Si and Cs are the pressure and shear wave 
velocities, respectively; ~ is the displacement vec-

tor; and w is the circular 
tion. The displacement vector 
expressed in the form: 

frequency of excita­
in Equation 1 can be 

(2) 

in which u* are the (complex) amplitudes of the dis­

placement vector, t denotes time, and i is the unit 
imaginary number. The wave velocities are related to 
the stiffness and mass density of the solid by the 
equations: 

([E(l - µ)]/[(l + µ) (1 _ 2µ)p]}l/2 

(E/(2(1 + µ)p]}l/2 

(3) 

(4) 

where E, µ, and p are the Young's modulus, Poisson's 
ratio, and mass density, respectively. 

Clearly, integration of Equation 1 for any but 
the simplest boundary conditions is impossible by 
analytical means. The only closed-form solution 
available is for a point load excitation in an in­
finitely extensive homogeneous medium. Solutions for 
the present (layered) problem must therefore be ob­
tained by numerical means. I n this analysis, the 
usual assumptions of mate rial linearity and isotropy 
are invoked. Soil and pavemen t layers are assumed to 
be unbounded laterally but are underlain by a rigid 
(re£lective) bedrock layer at a finite depth, anfl 
full interface bonding (no slip) conditions are 
assumed at the layer interfaces. 

The numerical solution of T<ausel and Peek (12), 
which is used here, involves subdivision of the 
given layered system into thin artificial sublayers. 
For each sublayer, a stiffness matrix in the so­
called frequency-wave number (transform) domain may 
be found: 

[~:] . "' [!:] (5) 
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in which the superscript bar indicates transformed 

quantities1 P and U are interface forces and dis­
placements: subscripts 1 and 2 denote the upper and 
lower interfaces, respectively1 and (Kl is a matrix 
whose elements are simple algebraic functions of the 
mass densities and elastic moduli of the layer and 
the frequency of excitation. The simple form of [KJ 
follows from the assumption that the displacements 
vary linearly (in the direction of layering) between 
adjacent interfaces. It is important , therefore, 
that sufficiently thin layers be specified to pre­
serve accuracy. Stif fness matrices for each layer 
can then be assembled, in the finite element sense, 
to form a global stiffness matrix. The relative sim­
plicity of this approximate method, in comparison 
with the "exact" methods that involve numerical 
evaluation o f_ highly oscillatory infinite integrals 
(ll), renders the layered pavement structure problem 
t~ctable. 

PAVEMENT PROPERTIES 

Material Damping 

Material damping refers t.o the internal energy dis­
sipation that occurs in real mate.i;ials subjected to 
dynamic loading . Granular pavement materials (e .q., 
gravels) exhibit hysteretic damping behavior mani­
fested by a frequency-invariant damping ratio; typi­
cal va.lues for the damping ratio for such soils are 
approximately 5 percent (14). This value is adopted 
in the numerical study that follows. It should be 
noted , however, that by far the major component of 
energy dissipation in pavements results from radi­
ation (geometric) damping; that is , the dispersion 
of energy from the source of excitation to the far 
field . Using the correspondence principle of visco­
elasticity, material damping can be easily incorpo­
rated in the ana.lysis by rep.lacing lCoung 's modulus 
in Equations 3 and 4 by its complex counterpart; 
that is, 

E * = E ( 1 + 2 i8) (6) 

where 8 is the damping ratio. 

Resilient and Dynamic Moduli 

The stress-strain relations of isotropic elastic 
materials are, in classical formulations, expressed 
in terms of fundamental material parameters (e.g., 
Young ' s moduJ.us and Poisson's ratio) . But in highway 
engineering it has become common to define state­
dependent parameters such as the resilient modulus 
and the dynamic modulus . 'l'hese parameters are often 
used to interpret the nonlinear and the time-depen­
dent response of pavement materials . The resilient 
modulus is obtained by subjecting a specimen to re­
peated stress reversals and measuring the recover­
able strain after a number of load applications, as 
shown in Figure 3. The resilient modulus, therefore, 
is the Young's modulus of the material after many 
load repetitions (i.e., the shake-down modulus of 
the material), which is normally different from the 
initial value. On the other hand, the dynamic modu­
lus is obtained by subjecting a finite specimen to 
harmonic loading: it is simply the ratio of the 
stress amplitude to the corresponding strain ampli­
tude as shown in Figure 4 . 

Clearly , the resilient modulus is relevant in 
analyses of pavement deflections in that field data 
reflect the current stiffness of pavements. However, 
the dynamic modulus i s irrelevant (except as noted 
later) to dynamic analyses of pavement deflections 
notwithstanding the apparently widely held contrary 

STRAIN 

RESILIENT 
MODULUS 

FIGURE 3 Definition of 
resilient modulus. 

TIME 

IE
0

i=~ 
~. 

FIG URE 4 Definition of dynamic 
modulus. 

3 

view. Clearly, because the elastodynamic equations 
of equilibrium cannot be recovered from the corre­
sponding static equations by substituting frequency­
dependent moduli, analyses based on such methods 
must be inconsistent and often yield completely 
erroneous results. Such analyses cannot, for ex­
ample, predict a resonant condition. 

Laboratory measured values of complex moduli can, 
however, yield valuable information on the funda­
mental material parameters (stiffness, internal 
damping) provided that these tests are properly 
interpreted (e.g., with due recognition of the iner­
tia of the specimen itself). Such data, combined 
with a rigorous elastodynamic theory for the pave­
ment structure, offer the greatest promise for real 
progress in evaluating the response of pavements to 
moving loads. 

ANALYSIS AND RESULTS 

The theoretical analysis of the twin-plate Road 
Rater device (Figure 5) involved idealization of the 
loading platens by two flexible circular plates 3 
in. in radius spaced 10.5 in. center-to-center. The 
geophones were assumed to be located 12 in. apart 
with the first one located midway between the two 
platens. Surface deflections were computed at each 
of the four geophones for a number of representative 

r~ 
DIRECTION 

OF TRAFFIC 

~ ~ GEOPHONE 
~!U_ . _..t!Q:.2----#QL_-~4 

~LOADING PLATE 

I 12 in. I 12 ln. I 12 in. ·I 

FIGURE 5 Schematic diagram of the 
Road Rater. 
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TABLE I Properties of Pavement Layers 

Thickness H(in.) Young's Modulus E(ksi) Poisson's Mass 

Layer Thin Medium Thick Soft 

Surface I 2 4 100 
Base 3 6 12 50 
Sub base 6 12 24 
Subgrade 150 150 150 

pavement structures (Table 1) for frequencies of 
excitation of 0 to 50 Hz, which broadly encompass 
the capability of the Road Rater. 

Figure 6 shows the displacement at the first geo­
phone as a function of layer thickness and stiffness 
under static and harmonic (25 Bz) loading conditions 
of unit stress intensity . For both static and dy­
namic loading conditions, deformations are greatest 
for the thin , soft pavements . Moreover , in all case~ 
the static displacements are greater than the dy­
namic displacements. For the thick, soft pavement , 
the static displacements are SO percent greater than 
the dynamic displacements . 

Typical data illustrating the influence of in­
creasing frequency on the deflections measured at 
the geophones are shown in Figure 7. These data are 

c::::J STATIC 

- DYNAMIC 

40VERTICAL 
DEFLECTION 

30'10-5 i~.) 

20 

FIGURE 6 Surface deflections at geophone I under unit static and 
25 Hz dynamic loading conditions. 

FIGURE 7 Dynamic-to-static surface deflection ratios for 
medium thickness, stiff pavement. 

10 
4 

Ratio Density 
Medium Stiff µ (lbm/ft3

) 

500 2,000 0.35 150 
100 200 0.40 145 
20 40 0.40 135 

8 16 0.45 120 

normal-ized with respect to the static deflections . 
For each geopbone, the dynamic deflections i n itially 
increase sharply with increasing ·frequency but 
thereafter decay. A medium thickness, stiff pavement 
was analyzed to obtain these data although similar 
results were obtained for pavements with the same 
geometry but consisting of medium stiffness and soft 
materials, respectively . 

The initial increase in deflection at low fre­
quencies is due to excitation of resonance in the 
subgrade (a phenomenon that is explored in more de­
tail subsequently), and the relatively .low deflec­
tions at higher frequencies are a manifestation o ·f 
i nertial effects. Neither of these phenomena can be 
reproduced by static anal,yses of this problem . Al­
though the trend of the results i s similar for pave­
ments o f different stiffnesses and geometries, tbe 
numerical data are sensitive to these parameters . 
Moreover, the deflections at different locations 
from the load are correlated only very approxi­
mately . This observation is evident from Figure 6, 
whic'h shows that the deflection ratios at a typical 
frequency employed in practice (25 Rz) are sensitive 
to both geophone location and layer geometry . 
Whereas for thick pavement the deflection ratios are 
virtually equal at all geophones, the static dis­
placement exceeds the dynamic displacement by ap­
proximately 30 percent. Consequently , pavement mod­
uli would be overestimated by a similar margin if 
deflection data were analyzed by a static analysis . 
Such an analysis of pavement deflections for the 
thin pavement (Figure 8) raises greater difficulties 
because the deflection ratios are not the same for 
each geophone. In most iterative-solution schemes, 
the stiffness of the subgrade, which is assumed to 
be primarily a function of the deflection at the 
outermost geophone, would be underestimated by ap­
proximately 35 per cent in this case . The relatively 
low deflection ratios at the geophones nearest the 
Road .Rater would in consequence yield anomalously 
high moduli for the upper pavement !aye.rs !despite 
the virtually identical static and dynamic deflec­
tions for these geophones} , 
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FIGURE 8 Dynamic-to-static surface deflection 
ratios at various geophone locations. 
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The effect of pavement stiffness on the dynamic 
response of pavements is shown in Figure 9. The 
plots for the soft, medium-stiff, and stiff pave­
ments exhibit similar trends. Most noteworthy is 
that the peak deflection ratios (at resonance) are 
virtually the same for each of the three pavements, 
but the resonance frequencies are distinctly differ­
ent. Examination of the data reveals that these res­
onant frequencies are proportional to the square 
root of the pavement stiffness and are, therefore, 
proportional to the wave velocities. Figure 10 shows 
the effect of the depth of subgrade on the dynamic 
response of the pavement. If the subgrade is shal­
low, marked resonances may occur and the dynamic 
deflections may greatly exceed those obtained under 
static loading conditions. The fundamental fr equency 
when the first resonant mode is exci ted is almost 
inversely proportional to the depth of the aubgrade, 
which lends credence to the supposition that reso­
nance occurs principally in the subgrade . The de­
flection ratios at resonance are greatest for the 
most shallow subgrade. Clearly, at resonance a 
static analysis of deflection data will yield erro­
neous results. In practice, if a resonance condition 
is suspected, perhaps because of fluctuating geo­
phone readings (~), then the Road Rater's frequency 
of excitation can be changed by the field operators. 
However, as Figure 10 shows, because the deflection 
ratios are unity at only one frequency, selection of 
an arbitrary frequency of operation will not in gen­
eral prove satisfactory. Finally, it is worth noting 
that second harmonics are excited at frequencies 
approximately twice that of the fundamental. These 
resonances are, however , relatively small. 
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FIGURE 9 Influence of pavement stiffness on the 
pavement resonant response recorded at geophone 
l. 
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FIGURE 10 Influence of suhgrade thickness on 
the pavement resonant response recorded at 
geophone l. 
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As a working hypothesis, the evidence of Figures 
9 and 10 suggests that resonance occurs when the 
frequency of excitation of the Road Rater satisfies 
the semiempirical equation: 

f = 0.4 CsfH (7) 

where H is the thickness of the subgrade and Cs is 
the shear wave velocity of the subgrade. 

If the frequency of excitation of the Road Rater 
is increased by 50 percent above the resonant fre­
quency, obtained either by means of Equation 7 or by 
field observation, then the dynamic displacements 
measured at this higher frequency correspond closely 
to the static displacement, at least for the range 
of pavement structures considered in this study. 
Figures 11 and 12 are plots of the in-phase and 90-
degree out-of-phase displacements relative to the 
Road Rater loading cycle for a typical pavement, The 
data are plotted as components of the complex ampli­
tude of the deflection (u*) in which the real part 
Re(ul signifies the in-phase displacement and the 
imagina.ry part Im(u) signifies the out-of-phase dis­
placement. Clearly, at low frequencies, the out-of­
phase displacements are zero. The trend of the data 
is the same for all geophones (resonance occurs at 
approximately 11 Hz) but at high frequencies the 
geophones' responses become increasingly out-of­
phase not only with the load but also with each 
other, which is manifested by differences in the 
ratios of Im (u) to Re (u) among the geophones. In 
reality, this implies that the wavelength of the 
surface waves generated by the Road Rater at high 
frequencies is of the same order of magnitude as the 
separation of the geophones. Therefore, only at low 
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frequencies, or under static loading, is the notion 
of a dish-shaped deflection basin valid. 

DISCUSSION 

The numerical results of this study indicate that 
the res'Ponse of pavements to dynamic loading may be 
significantly d if.ferent from their response to 
static loading. These differences are principally 
the result of the inertial forces that resist the 
motion of the pavement and, at certain frequencies, 
excite resonances, not the result of the dynamic 
properties of the pavement materials themselves. 
Because static analyses cannot be used to predict 
these phenomena, back-calculation o.f the stiffness 
of pavement materials from deflection measurements 
gained under dynamic loading conditions should be 
undertaken with caution. unfortunately, the·re does 
not appear to be any simple procedure for dete·rmin­
ing the deflection ratios as a function of frequency 
of excitation, pavement stiffness and geometry, and 
g eophone location. Even for a given pavement, the 
deflection ratios are not the same at each geophone. 
The evidence suggests that deflection ratios tend to 
increase with increas.ing subgrade stiffness and de­
creasing pavement stiffness but tend to decrease at 
high frequencies (beyond the resonant frequency) • 
The latter trend is simply a consequence of the 
inertial forces that increase rapidly with increas­
ing frequency. 

Perhaps the 11\0St interesting result obtained from 
this study is the observation that resonances may be 
excited in the subgrade. At or near these resonant 
frequencies, the dynamic deflections may be substan­
tially higher than the corresponding static deflec­
tions. Thus, at some higher frequency, because the 
deflection ratios tend to decrease with increasing 
frequency, the dynamic and static deflections hecome 
equal. As a consequence, under these conditions a 
static analysis of the dynamic deflections will 
yield the correct values of the pavement layer 
stiffnesses. As a good first approximation it can be 
assumed that resonance occurs simultaneously at all 
geophones although this is not a necessary assump­
tion. 

On the basis of this study, it would appear rea­
sonable to suggest that Road Rater deflection mea­
surements should be secured at a number of different 
frequencies in order to determine the displacement­
f requency response. From these data it should be 
possible to make a good estimate of the s tatic de­
flection response. The evidence of this study sug­
gests that a frequency of excitation 50 percent 
higher than the resonant frequency will yield de­
flection ratios of unity, but caution should he 
exercised in applying this result in practice be­
cause field conditions obviously depart in many ways 
from the idealized model analyzed here. Oevices such 
as the Oynaflect, which operates at a fixed fre­
quency (8 Hz) and cannot offer the flexibility nec­
essary to explore the frequency response of pave­
ments, should be used with caution. 

CONCLUSIONS 

Pavement deflections generated by such vibratory 
loading devices as the Road Rater may be substan­
tially different from those obtained under static 
loading conditions. 

Static analyses of dynamic pavement deflections 
may yield misleading results if the operating fre­
quency of the loading device is approximately equal 
to the resonant frequency of the pavement system or 
is so high that inertial forces become dominant. 
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Resonance arises principally in the subgrade and 
may be quite marked if the subgrade is shallow. In 
practice, a resonant condition may he detected in 
extre.me cases by unsatisfactory operation of the 
data acquisition devices although, more generally, 
deflection fr_equency plots may be constructed for 
this purpose. 
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Dynamic Interpretation of Dynaflect and 
Falling Weight Deflectometer Tests 
JOSE M. ROESSET and KO-YOUNG SHAO 

ABSTRACT 

The Dynaf lect and the falling weight def lectometer are commonly used for non­
destructive testing of pavements. In both cases a dynamic load is imparted, and 
the determination of the mechanical properties of the pavement, the base, and 
the subbase is normally performed by comparing the measured deflections at var­
ious points along the surface to results of static analyses that consider the 
subbase as a homogeneous, elastic half-space. In this paper, the displacements 
obtained from dynamic analyses are compared to those provided by conventional 
static programs when the subbase is a homogeneous soil stratum of finite depth 
resting on a much stiffer rocklike material and when the soil properties 
increase smoothly with depth, as is often the case. The results of these 
comparisons indicate that for certain ranges of depth to bedrock a static 
interpretation of the Dynaflect and falling weight deflectometer tests may lead 
to substantial errors. Situations in which these errors are important are more 
likely to be encountered with the Dynaflect than with the falling weight de­
flectometer. 

The Dynaflect and the falling weight deflectometer 
are commonly used for nondestructive testing of 
pavements. The Dynaflect consists of a force genera­
tor and five geophones housed in a small trailer, 
which is towed by a light vehicle. The loading sys­
tem consists of two counterrotating eccentric 
masses. The resulting vertical force varies harmon­
ically with time. At a frequency of B Hz, a 1,000-lb 
peak-to-peak oscillating force and a base load of 
1,000 lb are transmitted to the pavement through the 
loading wheels. The resulting deflection basin is 
measured by five geophones that are mounted on the 
trailer draw bar at 12-in. intervals. The positions 
of the geophones (STl through STS) with respect to 
the wheels are shown schematically in Figure 1. 

The falling weight deflectometer has a 330. 7-lb 
(150-kg) weight mounted on a vertical shaft and 
housed in a compact trailer that can easily be towed 
by most conventional passenger cars. The weight is 
hydraulically lifted to a predetermined height 
(ranging from 0 to 15. 7 in. or 0 to 400 mm). It is 
then dropped onto a rubber pad 11. 8 in. ( 300 mm) 

thick, that helps to distribute the load uniformly 
over the loading area. The resulting load is a force 
impulse with a duration of approximately 30 msec and 
a peak magnitude ranging from 9 to 14,000 lbs (0 to 
60 000 N) depending on the drop height. The peak 
force and maximum deflections at various points 
along the surface are measured by load cells and 
velocity transducers. The applied pressure is mea­
sured in kilopascals and the deflections in microme­
ters. 

In the case of the Dynaflect the deflections mea­
sured at the various stations represent the ampli­
tudes of the steady-state displacements at a given 
frequency ( 8 Hz) • For the falling weight deflectom­
eter they are the peak displacements under a tran­
sient-type excitation. In both cases the tests are 
dynamic in nature, but the interpretation of their 
results to estimate the elastic properties of the 
pavement, base, and subbase relies on static analy­
ses. Furthermore, these analyses assume that the 
soil in the subbase is an elastic, homogeneous, and 
isotropic half-space. In many cases soil properties 
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FIGURE 1 Geometric configuration of loads and 
stations for Dynaflect and falling weight 
deflectometer, 

will vary with depth a nd the soil will be underlain 
at some depth by stiffer, rocklike material. 

The purpo$e of this work is to determine the dy­
namic displacements at points along the surface of a 
pavement excited by forces simulating the excitation 
of the Dynaflect and the falling weight deflectom­
eter. These displacements are compared for various 
depths to bedrock with those resulting from static 
analyses for the same soil profile and assuming an 
elastic half-space (the normal assumption). The dy­
namic deflection bulbs obtained from the analyses 
are then used as inpu t for the standard backfiguring 
process to estimate the elastic moduli of the pave­
ment, base, and subbase in order to assess the er­
ror s induced by neg.lecting dynamic effects. 

FORMULATION 

Consider a soil deposit that consists of horizontal 
layers. The mass density and the elastic moduli of 
the soil may change with depth, from layer to layer, 
but are assumed to be constant over each layer. For 
the present application the top layer would repre­
sent the pavement (assuming that it extends to in­
finity in both horizontal directions), the second 
layer would be the base, and the remaining layers 
would represent the soil of the subbase. An accurate 
solution would require consideration of the finite 
width of the pavement. Even so, for the purposes of 
this study, these simplifying assumptions should not 
be unreasonable . The determination of the response 
of this soil deposit to dynamic loads applied at the 
surface (or at any point within the s oil mass) falls 
mathematically into the area of wave propagation 
theory. 

The formulation of these problems always starts 
by considering steady-state harmonic forces and dis­
placements at a given frequency. For a harmonic ex­
citation, as c·aused by a vibrat ing machine rotating 
at a specified velocit.y (case of the Dynaflect), the 
solution at the corresponding frequency provides 
directly the desired results. For an arbitrary 
transient excitation (case o f the falling weight 
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deflectometer) , the time history of the specified 
forces must be decomposed into different frequency 
components using a Fourier series, or more conve­
niently a Fourier transform. Results are then ob­
tained for each term of the series (each frequency) 
and combined to obtain the time history of displace­
ments (inverse Fourier transform). 

For an isolated layer with uniform properties, 
the stresses and displacements along the top and 
bottom surfaces can be expanded in a double Fourier 
series (or Fourier transform) in the two horizontal 
d ireotions f or Cartesian coordinates, or in a Fou­
rier sei:ies in the circumferential direction and a 
series of modified Bessel functions in the radial 
direction for cy lindrical coordinates. For each term 
of these series, corresponding to a given wave num­
ber, there can be determined closed-form analytical 
expressions in the form of a transfer matrix relat­
ing amplitudes of stresses and displacements at the 
bottom surface to t he corresponding quantities at 
the top (or vice versa). This approach [Thomson (1) 
and Haskell ( 21 I has served as the basis for most 
studies on wave propagation th.rough layered media in 
the last 30 years . An alternative is to relate the 
stresses at both surfaces to the displacements, ob­
taining a dynamic stiffness ma tr ix for the layer 
(3), which can be used and understood in much the 
same way as those in structural analysis. For a 
half-space, the s t iffness matrix relates directly 
stresses and displacements at the top surface be­
cause tbe bottom surface is pushed to infinity . 
Assembling the stiffness matrices of the different 
layers, there oan be obtained a stiffness matrix for 
the complete soil deposit, which relates forces per 
unit o·f area applied at the free surface, or the 
interfaces between the layers, to the displacements 
at the same elevations. 

The terms of the transfer or stiffness matrices 
of each layer are transcendental functions (complex 
exponentials). In addition, results must be obtained 
for. each term of the Yourier series decomposition 
(each wave number), then combined, normally by 
numerical integration, to obtain the solution for a 
specified load distribution. On the other hand, the 
thickness of the layers is controlled only by physi­
cal considerations and the assumption of uniform 
properties. This makes the procedure particularly 
convenient when dealing with a homogeneous half­
space or a small number of layers but extremely ex­
pensive when a large number of layers are needed to 
reproduce properly the variation o f soil properties 
with depth. Formulations along these lines have heen 
implemented by Gazetas (!J in Cartesian coordinates 
and by Apsel C21 in cylindrical coordina·tes. 

When the layers are extremely thin, the transcen­
dental functions representing the variation of dis­
placements with depth can be approximated over each 
layer by a straight line (or higher order polynomial 
expansions). The solution (displacements and 
stresses) is then expressed in terms of the exact 
a nalytical expressions i n the two hori zontal (or 
radial and circumferential) directions and in terms 
of simpler polynomial. expansions in the vertical 
direction (as in a finite element formulation). This 
approximation leads to much simpl.er algebraic ex­
pressions for the terms of the transfer or stiffness 
matrices of tile layers. In addition, when the soil 
is underlain by a much stiffer, rocklike material, 
which can be considered rigid, it is possible to 
determine the wave numbers (eigenva.lues) and the 
mode. shapes (eigenvectors) of the waves propagating 
through the soil deposit by solving an algebraic 
eigenvalue problem (6 1 7). Expressing the solution in 
terms of these mod-; - shapes (eigenfunction expan­
sion), Kausel (Bl was able to obtain explicit solu­
tions for the displacemente caused by harmonic dy-
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namic l oads i n a l aye r ed soil deposit. Kausel's 
formulation is part icularly efficient from the point 
of v i ew of computation, but the layers must be suf­
f i ciently t h i n t o reproduce accurately the variation 
o f the d i splacements wi th depth with a piecewise 
l i near appr ox i ma tion. 

Because the pur pose of t his .wor k was to i nves t i­
gate the e f f ects o f dep t h to bedrock and variation 
o f soil pr oper tie s wi t h d epth o n the dynamic r e ­
sponse of a pavement , it was decided t o use Kausel' s 
f ormulat i on. The f ormulation was implemen ted i n a 
computer prog r.am a nd t he r esults were c ompared with 
those published by Ka use l (]_) with e xcellen t ag ree­
ment . Because of the disc r ete nature o f the f o r mul a­
tion, be fore it i s a pplie d, an appropr ia t e mesh si ze 
(thickness of the sublayers) to guarantee an ac­
curate solution must be determined. 

Studies were conducted first for static loads 
(zero frequency), a homogeneous soil deposit of 
f i n i te qep t h , a nd a vertical load on the surface 
uniformly d i s tributed ove r a cicoula r area with a 
radi us (r0 ) o f l in. (s i mulati ng the loading in 
the Dynaflect) o r 6 i n. (approx imate d imensions of 
the loading pla te of t he falli ng weigh t deflectom­
eter). The properties of the soil deposit are shown 
in Figure 1. This represents another approximation 
because the load distribution for the Dynaflect will 
be more nea r l y e l liptic a l. This simplifica tion ap­
pears to be justified f or the purposes o·f t h is 
study. A model wi th all layers of t he same th i ckne s s 
was init ially conside r e d. Figure 2 shows typ ical 
results for a deposit 40 ft deep. The displacements 
at the center of the loaded area and at distances 
(d) of 2 and 4 ft from this point are divided by the 
exact solution and plotted versus the inverse of the 
number of layers. Ten layers correspond, therefore, 
to a l ayer t hic kness of 4 ft . :tt can be seen f rom 
t his figure that e xce llen t results a r e obtained at 
di s tances o f 2 a nd 4 f t even with th e c oarser mesh 
(.10 l ayers ) • The erro r for a d i stance o f 2 ft is 
s lightly l arger f or the s mall l oa ded a r ea ('radius of 
l in.) , bu t i t i s only 2 percent wi t h t he coa r se 
mesh. Results at the center of the loaded area are, 
on the other hand, extremely poor even when taking 
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FIGURE 2 Variation of displacements with number of 
layers at H = 40 ft, WE =exact solution. 

9 

40 layers (thickness of l ft for each layer), and 
they are much worse for the small loaded area. This 
indicates that for static loads the thickness of the 
layers has to decrease with decreasing distance be­
tween the load and the point where displacements are 
computed. 

Figure 3 shows the ratio (Wff/~) where Wff is the 
displacement for a stratum of depth H and w.., is 
the displacement for a half-space. The displacements 
are computed at the center of the loaded area and at 
distances (d) of 2 and 4 ft. They are plotted versus 
the inverse of the stratum thickness to better il­
lustrate the convergence rate. The results indicate 
that the displacement is nearly inversely propor­
tional to H. It is interesting to note that at the 
center of the loaded area the displacements for a 
stratum with a depth of only 8 ft are already within 
l percent of the results for a half-space with a 
radius of l in. and within 5 percent for the 6-in. 
radius. The depth needed to reproduce a half-space 
increases clearly with increasing distance between 
the load and the point where displacements are com­
puted. This suggests a l so t hat c l os e to the load the 
static displacements a re affected only by the soil 
properties near the s ur face, wnereas f or increasing 
distances the soil pro per t ies a t large r depths will 
influence the results more significantly. 
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FIGURE 3 Variation of displacements with depth to 
bedrock. 

On the basis of the observations from these two 
series of studies, it was decided that an improve­
ment in the accuracy and the economy of the computa­
tions could be obtained by taking thin sublayers 
near the surface and gradually increasing their 
thickness with depth. The distance from the center 
of the loaded area to the point where the displace­
ments are computed was designated o, and a rule was 
derived to automatically generate a desired mesh. 
According to this rule the first n ft are divided 
into 2N sublayers of equal thickness, and the next D 
ft are divided into N sublayers. N sublayers are 
then used for the following 20 ft, the next 4D ft, 
and so forth. When results are desired under the 
loaded area the distance o is replaced by the radius 
of the loaded area. For a nonhomogeneous soil de­
posit (such as a pavement), the thickness of each 
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TABLE 1 Displacements for Different Meshes (10-8 ft) 

Radius Center Point d = 2 ft d = 4 ft 
of Disk 
(in.) H (ft) Fine Standard Coarse H (ft) Fine Stand ard Coarse H (ft) Fine Standard Coarse 

6 2 
8 35.27 34.88 33 .48 8 2.9 71 2.970 2.909 8 0. 7609 0.7664 0.76 13 

32 36 .58 36.20 34.78 32 4.237 4.230 4 .148 32 1.887 1.884 1.84 7 
128 36.92 36.53 35.10 128 4 .566 4.557 4 .472 128 2.21 4 2.209 2. 168 

5.33 2 19.6 2 17 .3 208 .7 8 2.932 2.930 2.873 8 0.755 3 0. 7607 0. 7560 
21.33 22 1.6 2 19.2 210 .7 32 4.200 4.1 92 4.11 3 32 1.883 1.879 1.843 
85.33 222. 1 219 .8 211.2 128 4.529 4 .5 19 4.437 128 2.209 2.205 2.1 64 

sublayer is the smaller of the value suggested by 
the rule or t .he actual physical dimension of the 
layer. When the physical thickness controls, the 
mesh gene.rated according to the rule is subdivided 
automatically to accommodate this cd terion. Fi­
nally, when the results are obtained simultaneously 
at various points, the smallest D (or the radius of 
the loaded area) controls. 

This rule was used to construct meshes with 
values of N equal to 4, 2, and 1. These will be 
referred to as f i ne, stand.ard, and coarse mesh, re­
spectively. Results were then obtained for a homoge­
neous soil deposit with a Young's modulus (E) of 20 
ksi and a Poisson' s rat i o of 0.4. The displacements 
obtained with the coarse mesh are within 5 percent 
of those of the fi ne mesh at the center of the 
loaded area and improve in accuracy for greater dis­
tances. The results with the standard mesh differ 
f rom those with the fine mesh by less than 1.5 per­
cent at the center of the loaded area and are again 
even closer for greater d i stances (Table 1). It was 
concluded from these results that the standard mesh 
s hould be sufficiently accurate for most practical 
applications. Given the various approximations and 
uncertai~ties involved in all phases of these analy­
ses, the coarse mesh may be adequate in rnany cases. 

Using these three meshes and the same soil pro­
file, parametric studies were conducted next for a 
dynamic excitation and different frequencies. It is 
a commonly accepted rule of thumb, in dynamic stud­
ies using finite element models, that the she of 
the elements must be of the order of one-quarter to 
one-sixth o.f the wavelength to obtain reasonably 
accurate results. T.he wavelength is equal to the 
shear wave velocity of the material divided by the 
·frequency for shear waves and the P wave velocity 
divided by the frequency for compressional or dila­
tational waves. If E is Young's modulus of the ma­
terial, v its Poisson's ratio, and p its mass 
density, the shear modu.lus is 

G = E/2 (1 + v) (1) 

and the constrained modulus is 

1 + 2G • E(l - v)/(l + v) (l - 2v) (2) 

The shear wave velocity (vs) is then given hy 

• Vs = G/p (3) 

and the P wave velocity is 

v~ = (1 + 2G)/p = v 2 2(1 - v)/(l - 2v) (4) 

The Rayleigh wave velocity, associated with surface 
waves generated by a surface loading, is only 
slightly smaller than the shear wave velocity (vs). 

Figure 4 shows the amplitude of the steady-state 
displacements obtained with the fine and standard 
meshes at a point 5 ft from the center of the loaded 
area. The displacements are plotted versus a dimen-
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FIGURE 4 Amplitude of displacements at Point 7, 
fine and standard meshes. 

sionless frequency. A value of the dimensionless 
frequency of 1 corresponds to an actual frequency of 
16 Hz and a wavelength of approx i mately 32 ft. The 
maximum layer thickness, at the hottom of the soil 
profile, in the standard mesh is 8 ft and in the 
fine mesh 4 ft. It can be see.n that the res.ults are 
in good agreement up to a dimensionless frequency of 
about 1, corresponding to a wavelength equal to four 
times the maximum layer thickness of the standard 
mesh. For higher frequencies the results of the 
standard mesh exhibit a series of sharp peaks that 
are not present in the more refined solution. Figure 
5 shows similar results us ing the f i ne mesh and a 
mesh with twl.ce the number of layers (each layer 
half the thickness of those in the fine mesh) , The 
two solutions are almos t identical up to a t'limen­
sionless frequency of ahout 2, corresponding to a 
wavelength equa l to four times the maximum layer 
thickness of the f ine mesh. I n both cases the agree­
ment is even better when the displacements at closer 
distances are cons idered. The dis tances involved in 
the Dynaflect and f a ll.ing wei ght de fl.ectometer tests 
are smaller than or equal t o 6 ft , 

/. 
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Figure 6 shows the results using the fine and 
coarse meshes. The differences in this case are of 
the same order of magnitude as those reported for 
static loads in the low-frequency range, but they 
become much more pronounced for dimensionless fre­
quencies greater than 0. 4 (wavelengths less than 5 
times the maximum layer thickness). 

These results appear to confirm the validity of 
the rule of thumb commonly used in practice. The 
standard mesh will provide good results for the 
dynamic case as long as the wavelengths are longer 
than four times the maximum thickness of any layer. 
For higher frequencies the mesh must be modified to 
satisfy this additional constraint (reducing the 
thickness of the bottom layers) • 

SIMULATION OF DYNAFLECT TESTS 

A pavement system was selected to evaluate the im­
portance of dynamic effects on the results of the 
Dynaflect tests (Figure 7) • The pavement has a 
thickness of 2.5 in. and a Young's modulus of 200 
ksi; the base has a thickness of 15 in. and a mod­
ulus of 78.5 ksi. The soil of the subbase was con­
sidered homogeneous with a Young's modulus of 29 ksi 
and with a modulus starting with this value at the 
top and increasing with depth. Different depths to 
bedrock were used in the range from 10 to 110 ft. 
Displacements were computed at the points corre­
sponding to the stations of the Dynaflect for a 
static load and for a frequency of 8 Hz. 

Figure 8 shows the variation of the static dis­
placements with depth to bedrock at the five sta­
tions. Figure 9 shows the corresponding results for 
a frequency of 8 Hz, typical of Dynaflect tests. 

£:200000 Psi V= o.35" 

1s 11 .J) = 0.35 

E 2.9000 ;;s1.: ).) =- o.o/o 
H 

Roe. k 

FIGURE 7 Profile of pavement used for studies. 
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Figure 10 shows, finally, the ratio of the dynamic 
to the static displacements at Points 1 (between two 
wheels) and 5 (farthest from the loads) • As the 
depth to bedrock increases so does the ratio of dy­
namic to static deflections, reaching a peak for a 
depth of approximately 35 ft and a second, much 
sharper peak for a depth of about 42 ft and exhib­
iting a sharp valley immediately after. As the depth 
to bedrock continues to increase the ratio appears 
to tend to 1 from above. Additional studies assuming 
2 and 3 percent internal damping in the soil indi­
cated that the first peak was only slightly affected 
by the existence of a small amount of material damp­
ing (which can always be expected) but that the sec­
ond peak and the following trough disappeared almost 
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FIGURE 10 Ratio of dynamic to static deflections, Points 1 and 
5-Dynaflect. 

entirely. The range of depths over which there is a 
substantial dynamic amplification of the deflections 
is closely associated with the depths for which a 
frequency of 8 Hz represents the natural frequencies 
of the soil deposit in shear and dilatation. These 
would be 20 and 48 ft, respectively. 

Because the elastic properties of the pavement, 
base, and subbase are normally determined by compar­
ing the measured deflections to those resulting from 
static analyses assuming that the subbase is an 
elastic half-space, it is perhaps more interesting 
to compare the dynamic results to the static deflec­
tions for an infinite depth to bedrock. The ratio of 
these deflections for Points 1 and 5 is shown in 
Figure 11. These results indicate that for shallow 
depths to bedrock (less than 20 or 25 ft) the dy­
namic deflections are smaller than the static de­
flections for a half-space (although they are larger 
than the static deflections for the same soil pro­
file with a finite depth). For a range of depths of 
from 25 to 40 ft the dynamic results are larger than 
the static ones because the dynamic amplification is 
more pronounced as the distance to the load in­
creases. For depths greater than 50 or 60 ft the 
ratio of dynamic to static displacements is close to 
l, It is thus for depths to bedrock of less than 40 
ft that the errors committed by the present inter­
pretation procedures can be most serious for this 
particular profile. (Greater depths would be signif­
icant if the soil of the subbase were stiffer than 
the one selected for this study.) 

Determination of the characteristics of the pro­
file from the measured deflections falls into the 
general category of system identification problems 
(sometimes referred to as the inverse problem), Be­
cause only five deflections are available, it 'is 
often assumed that the thickness of the pavement and 
the base are known and that the only unknowns are 
the moduli of elasticity. These moduli are normally 
estimated by a trial and error procedure, assuming a 
set of values, computing the corresponding static 
deflections, comparing them to the measured values, 
and iterating until the differences are smaller than 
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an acceptable tolerance. Unfortunately, uniqueness 
of the solution cannot be guaranteed and different 
sets of elastic moduli can produce results that are 
within the specified tolerance. 

To get a better feeling for the significance of 
the difference between static and dynamic displace­
ments, the deflection bulbs computed for depths to 
bedrock of 10, 20, 35, and 110 ft were used as input 
to the identification procedure. The exact values of 
the elastic moduli were used as initial guesses and 
a gradient search technique was used in an attempt 
to converge to an optimum match using the computer 
program BASSD2 (9). The results of these studies are 
given in Table 2. Listed in the table are the com­
puted deflections, the estimated values of the elas­
tic moduli, and the errors in these moduli. It can 
be seen that for a depth to bedrock of only 10 ft 
the stiffness of the subbase is badly overestimated, 
whereas the modulus of elasticity of the base as 
well as the modulus of the pavement are underesti­
mated. This occurs because the dynamic and finite 
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layer effects are more pronounced for the farthest 
stations, the deflections of which are heavily in­
fluenced by the soil properties at greater depths. 
For a depth to bedrock of 20 ft the properties of 
the base and the soil are accurately determined, but 
the modulus of the pavement is badly overestimated. 
For a depth of 35 ft the moduli of the pavement and 
the base are both overestimated and the stiffness of 
the subbase is underestimated. This situation is the 
reverse of that encountered for a depth of 10 ft. 
When the depth of bedrock is 110 ft the results are 
more reasonable although the estimated modulus of 
the pavement is still 24 percent too high. 

It is important to keep in mind that these re­
sults are not unique and that another person might 
obtain different values of the moduli with the same 
quality of fit. Even so, it is believed that the 
results illustrate reasonably well the type of er­
rors and the variation in estimated properties that 
can be expected. 

The same series of studies was conducted assuming 
that the soil properties increased gradually with 
depth. Figure 12 shows the ratio of the dynamic de­
flections for the soil profile with bedrock at a 
finite depth to the static deflections assuming that 
the subbase is homogeneous and extends to infinity. 
Notice that in this case the range of depths over 
which there is a substantial dynamic amplification 
is somewhat larger (from 20 to 60 ft approximately) 
because the subbase is effectively stiffer. An 
amplification effect is still apparent for a depth 
to bedrock of 110 ft whereas for the homogeneous 
soil the ratio of dynamic to static deflections is 
close to 1 for these depths. 

SIMULATION OF FALLING WEIGHT DEFLECTOMETER TESTS 

Because the loads applied by the falling weiqht de­
flectometer are transient in nature, it is neces­
sary, to simulate the results of this test, to de­
compose the time history of the force into frequency 
components using the Fourier transform. Analyses 
must then be conducted for a large number of dif­
ferent frequencies to obtain the transfer functions 
of the deflections at each point (station). These 
transfer functions are then multiplied by the Fou­
rier transform of the input and the resulting func­
tions are converted back to time using the inverse 
Fourier transform. The final results are the time 
histories of the deflections at the various points. 
The complete analysis is clearly much more expensive 
than is the case of the Dynaflect where only one 
frequency is involved. Therefore the studies were 

TABLE 2 Deflection Bulbs and Estimated Elastic Moduli for HomogeneouH Suhhase and 
Different Depths to Bedrock-Dynaflect 

Displacement (mils) 
H Younfs Modulus Error 
(ft) Point I Point 2 Point 3 Point 4 Point 5 (lb/in ) (%) 

Static 0.70 0.52 0.36 0.26 0.20 200 ,000 
78,500 
29,000 

Dynamic 10 0.61 0.44 0.28 0.17 0.11 150,000 25.0 
30,000 61.8 
45,000 55.2 

Dynamic 20 0.68 0.51 0.35 0.24 0.18 340,500 70.3 
78 ,000 0 .6 
29,837 2.8 

Dynamic 35 0.82 0.65 0.48 0.38 0,31 350,000 75 .0 
98,500 25.5 
20,000 31.0 

Dynamic 110 0.69 0.52 0.35 0.25 0.18 248 ,370 24.0 
78 ,500 0.0 
29,833 2.9 
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limited to depths to bedrock of 10, 20, 40, and 80 
ft. 

The continuous Fourier transform involves an 
integral over time (direct transform) or frequency 
(inverse transform) extending from minus infinity or 
zero to infinity. In practice, however, a discrete 
transform, referred to as the fast Fourier trans­
form, is used. In this case a finite number of 
points (power of 2) are selected to reproduce the 
function of time at equal time intervals (6t). The 
total duration is T ., Nt. t if N is the number of 
points. Notice that for an impulse-type load the 
values of the function will be nonzero for only a 
few points. The Fourier transform is then calculated 
at N/2 points with a frequency interval 6 f = l/T 
and a maximum frequency (fmaxl equal to l/26t. 
Proper selection of these parameters is important to 
guarantee the accuracy of the final results. A small 
time interval (tit) is desirable to reproduce prop­
erly the time variation of the forcing function and 
to ensure that the peak response displacement is not 
missed. The total duration (T) should be several 
times larger than the actual duration of the load to 
ensure that spurious free vibration terms have at­
tenuated 1 the appropriate value depends on the fun­
damental period of the system and the amount of 
damping (in the present case no internal damping is 
assumed for the soil and the only source of energy 
dissipation results from radiation or geometric 
spreading of the waves above the fundamental fre­
quency of the soil stratum). The frequency increment 
llf [fixed when the duration (T) has been selected} 
should be small to reproduce properly the transfer 
function, particularly if it exhibits some sharp 
peaks (typical of lightly damped systems). All these 
considerations point out the desirability of a small 
t.t and a large number of points N. It should be 
noticed, however, that as the number of points in­
creases so do the cost of computation and the number 
of frequencies for which analyses must be conducted. 
As tit decreases, the maximum frequency ( fmax> 
increases. This requires more refined meshes and a 
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larger number of layers because of the dynamic limi­
tation on the thickness of the layers. 

A number of preliminary studies were conducted to 
assess the values of At and N required to obtain 
reasonably accurate results. It was concluded from 
these studies that a value of N equal to 2 ,04 8 and a 
time interval of approx imately 0. 002 sec were a p­
propriate for these applications. Figure 13 shows a 
typical transfer for the center of the oaded area 
and a depth to bedrock of 20 ft. (The transfer 
function is actually complexi the amplitude of the 
function is shown . ) It can be seen that for frequen­
c ies larger than 20 Hz the function is relatively 
smooth without any pronounced peaks. It was decided, 
therefore , to calculate the values of the transfer 
functions at frequency intervals of approximately 
0.25 Hz in the range from 0 to 20 Hz, 2 Hz from 20 
to 60 Hz, and 4 Hz from 60 to 120 Hz. Because the 
t.f required is of the order of 0.25 Hz the values 
of the transfer functions at intermediate points are 
evaluated by interpolation between the computed val­
ues. Finally, because fmax should be approximately 
2 40 Hz the values between 120 and 2 40 Hz were ob­
tained by extrapolation. The preliminary studies 
indicated that the results obtained with these sim­
plifications (leading to considerable savings in 
computer time) were in good agreement with those 
obtained using a constant frequency increment of 
0.25 Hz over the complete range of freqencies. 

Figure 14 shows typical time histories of the 
displacements at Point 1 (center of the loaded area) 
and Point 7 (farthest station) for a depth to bed­
rock of 20 ft. From these figures the peak deflec­
tion was computed at each station and the deflection 
bulb was obtained. Figure 15 shows the ratio of the 
dynamic to the static deflections considering both a 
finite layer and a half-space for the static analy­
ses. It can be seen that a small amount of dynamic 
amplification takes place particularly as the dis­
tance to the load increases although dynamic effects 
are much less pronounced than in the case of the 
Dynaflect. 
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FIGURE 13 Transfer function at Point 1 (center of load) 
at H = 20 ft-falling weight deflectometer. .. 
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The computed deflections and the estimated moduli 
of the pavement, base, and subbase for the cases 
studied are summarized in Table 3, Although the er­
rors are now much smaller, there are still some sig­
nificant differences for shallow soil deposits 
(i.e., 10 ft) where the stiffness of the subbase is 
overestimated and for some intermediate depths ( 40 
ft) where the modulus of the subbase is underesti­
mated but that of the pavement is overestimated by 
40 percent. 

CONCLUSIONS 

The results of the studies conducted to date indi­
cate that a static interpretation of the deflections 
measured in the Dynaflect tests may be reasonable 
when dealing with a homogeneous soil (subbase) ex­
tending to depths of 60 ft or more. When much 
stiffer bedrock is encountered at shallower depths 
important dynamic amplification can occur. The elas­
tic properties backfigured for the pavement system 
using standard techniques can then be substantially 
in error. The situation is aggravated when the soil 
of the subbase is not homogeneous but its stiffness 
increases with depth. 

Dynamic effects are less important for the fall­
ing weight deflectometer because a broad range of 
frequencies is excited instead of a single one, Even 
so there are still some ranges of depth to bedrock 
for which the differences in dynamic effects at the 
various stations (distorting the shape of the de-

0 
0 
<t 

0 
0 
C\J 

IMP(H=20ft) STA.(H=INF.) 

oo~-......... --.----.----.------.-----l 
00 2.00 4.00 6.00 

Distance, ft 

FIGURE 15 Ratio of dynamic (IMP) to static (H = ~) deflections at H = 20 ft-falling weight deflectometer. 

TABLE 3 Deflection Bulbs and Estimated Elastic Moduli for Homogeneous 
Subbase and Different Depths to Bedrock, Falling Weight Deflectometer 
(displacement x 10-8 ft) 

Distance to the Center (ft) 
Estimated Errors 

H (ft) 0 2 4 6 (Jb/in 2 ) (%) 

Static 11 .54 5.139 3.141 2.180 1.611 1.253 1.015 200,000 
78,500 
29,000 

Dynamic 10 10.60 4.622 2.842 1.923 1.31 7 0 .9094 0.7214 200,000 
78,500 0.0 
35,539 

Dynamic 20 11.06 4.652 3.013 2.073 1.538 1.280 1.090 200,000 0.0 
82,200 4.7 
28,790 0.7 

Dynamic 40 10.74 4.860 3.008 2.111 1.590 l.288 1.086 287,200 43.6 
87,375 11.3 
28,331 2.3 

Dynamic 80 11 .08 4.733 3.073 2.109 1.608 1.3 11 1.044 200,000 0.0 
89,131 13.5 
29,245 0.8 
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flection bulb) may lead to erroneous estimates of 
the elastic moduli. 

5. R.J. Apsel. Dynamic Green's Functions for Lay­
ered Media and Applications to Boundary Value 
Problems. Ph.D. dissertation. University of Cal­
ifornia, San Diego, 1979. 
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Pavement Evaluation Using Deflection Basin 

Measurements and Layered Theory 

ALBERT J. BUSH III and DON R. ALEXANDER 

ABSTRACT 

Recent developments through research efforts at the waterways Experiment Sta­
tion (WES) have produced a pavement evaluation procedure that uses deflection 
basin measurements from nondestructive test devices. These deflections are in­
put for a layered elastic program (BISDEF) that predicts elastic moduli for 
each pavement layer for up to a four-layer system. The approach has been veri­
fied through comparison of predicted moduli from the computer program to moduli 
from laboratory modulus tests. The moduli determined from the deflection basin 
and BISDEF are then used with limiting strain criteria and a layered elastic 
program (AIRPAVE) to determine allowable aircraft loads, strengthening overlay 
requirements, and so forth. The use of a single evaluation procedure that em­
ploys test results from six different nondestructive testing devices to deter­
mine the allowable aircraft load on flexible airfield pavements is evaluated. 
Test data presented here were obtained from a side-by-side comparative study 
conducted in October 1982 at MacDill Air Force Base on three different pave­
ments (two asphalt concrete and one composite of asphalt concrete over portland 
cement concrete) , Test devices considered in this paper are the WES 16-kip 
vibrator, three falling weight deflectometers, a Road Rater, and a Dynaflect. 
Allowable loads determined using data from each device compare favorably with 
the standard evaluation procedure. The moduli values for the base course mate­
rials are higher when a preload is applied as in the case of the WES 16-kip 
vibrator. 
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The u.s. Army Engineer Waterways Experiment Station 
(WES) has been performing research in nondestructive 
pavement evaluation since the early 1960s. The pro­
cedures for evaluating load-carrying capacity have 
used data collected from a single device, the WES 
16-kip vibrator. This device is unique and not pres­
ently available in the private sector. A need exists 
for an evaluation procedure that is device inde­
pendent. 

Nondestructive testing (NOT) offers many advan­
tages over conventional pavement evaluation testing. 
The main advantage is the ability to collect data at 
many locations on a runway or taxiway in a short 
time. Ample test results can be collected in a few 
hours instead of the day or more required for test 
pit construction and repair. Nondestructive testing 
can be conducted at night to provide the least in­
terference with traffic, or in some cases between 
aircraft operations on a particular airport feature, 
thus reducing costly delays in airline operations 
normally associated with test pits. 

During the past 20 years several types of NDT 
equipment have been developed and used in the evalu­
ation of roads and airfields. Most equipment applies 
a load, either vibratory or impulse, to the pavement 
and measures the resulting pavement surface deflec­
tion. Deflection is obtained with most devices by 
integrating the surface velocity measured with ve­
locity transducers. The force generators for the 
vibratory equipment are either counterrotating 
masses or electrohydraulic systems that produce a 
sinusoidal loading. The impulse load devices use a 
falling weight dropped on a set of cushions to 
dampen the impulse for a loading time to simulate a 
moving wheel. The magnitude of the load is measured 
on some devices and calculated on others. 

A study was conducted to evaluate the use of a 
single evaluation procedure employing the results 
from six nondestructive testing devices to determine 
the allowable aircraft load on flexible airfield 
pavements. Results on three pavement areas will be 
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compared. Results will be presented to illustrate 
the applicability of the layered elastic evaluation 
procedure for those devices. Comparisons of allow­
able aircraft loads determined from NOT and destruc­
tive evaluation procedures will be presented. 

ANALYTICAL MODEL ANO APPROACH 

A nondestructive evaluation procedure using a lay­
ered elastic method of analysis has been developed 
by WES for light aircraft pavements (1). The re­
ported procedure used only one device-;- the Model 
2008 Road Rater. In this method, a computer program 
developed to backcalculate the modulus for the mea- , 
sured deflections, CHEVOEF, uses the Chevron (~) 

layered elastic program. Chevron does not allow var­
iable interface conditions. Therefore, a program . 
called BISOEF, which uses the BISAR (3) program as a · 
subroutine, was developed to handle -multiple ' loads 
and to consider different layer interface condi­
tions. This procedure is device independent. The 
routine for determining the modulus values is the 
same as that presented by Michelow (2). To determine 
the modulus values, the pavement system is modeled 
as a layered system. Poisson ratios are assumed for ' 
each layer. The modulus of any surface layer· may be 
assigned or computed. If assigned, the value will be 
based on the type of material, or properties of the 
material, at the time of testing. For example, the 
assigned modulus will be a function of pavement tem­
perature for flexible pavements. For BISDEF, a range 
of modulus values is input with an estimated initial 
modulus value for each layer for which modulus val­
ues are to be computed (variable layer). The number 
of layers with unknown modulus values cannot exceed 
the number of measured deflections. Best results are 
obtained when not more than three layers are allowed 
to vary. A rigid layer is placed 20 ft from the 
pavement surface. 

Figure 1 is a simplified illustration of how the 
deflection basins are matched. This illustration :i~ 

CALCULATED FROM LAYERED 
ELASTIC PROGRAM 

z 
0 
;::: 
(,J 
w 
...J 
u.. 
Lil 
c 

Measured 
Def. 

E (min) E (est) 

LOG MODULUS 

DEF = A + s•LoG E 

E (max) 

FIGURE I Simplified description of how deflection basins are matched in BISDEF. 
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for one deflection and one layer. For multiple de­
flections and layers, the solution is obtained by 
developing a set of equations that define the slope 
and intercept for each deflection and each variable 
layer modulus as follows: 

where 

A intercept, 
S slope, 
j 1 to the number of deflections, and 
i 1 to the number of variable layers. 

(1) 

Errors are minimized by weighting deflections so 
that the smaller deflections away from the applied 
load contribute as much as do those near the load. 
Normally three iterations within the program produce 
a set of modulus values that yield a deflection 
basin that is within an average of 3 percent of each . 
of the measured deflections. This accuracy appears 
to be well within the accuracy of most NDT deflec­
t ion measuring sensors. 

Allowable load-carrying capacities were evaluated 
using the WES-developed computer program AIRPAVE. 
For a particular aircraft (gear configuration, load, 
pass intensity level, and so forth), AIRPAVE uses 
the modulus values determined from BISDEF and the 
BISAR program to compute strains (for flexible pave­
ment) that will occur in the pavement system. 
AIRPAVE then calculates the limiting strain values 
on the basis of present Corps of Engineers design 
and evaluation criteria (4,5). The allowable load 
for the aircraft is determ~;d by comparing the pre­
dicted stress or strain to the limiting value. 

The horizontal tensile strain at the bottom of 
the asphalt concrete (AC) and the vertical strain on 
top of the subgrade are both considered in the eval­
uation of flexible pavements. The allowable AC 
strain criterion used is as follows (~): 

£All (AC) = 10-A (2) 

where 

A {N + 2.665 (log1o(EAc/14.22)] + 0.392)/5.0, 
N loglO (aircraft coverages), and 

EAC AC modulus. 

The allowable subgrade strains (2) are computed us­
ing the following: 
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N = 10,000 [(A/EAll b ) 8 ] 
SU g 

where 

A 

B 
N 

0.000247 + 0.000245 log Esubgrade• 
0.0658 (Esubgradel0.559, and 
repetitions. 

DESCRIPTION OF MacDILL AFB TESTS 

(3) 

WES was sponsored in 1982 by the Air Force Engineer­
ing and Services Center (AFESC), Tyndall AFB, Flor­
ida, to conduct a study of pavement evaluation tech­
niques based on NDT. 

The scope of the project involved comparisons of 
selected NDT equipment and procedures on representa­
tive airfield pavements and a comparison of the NDT 
results to those obtained from the standard AF eval­
uation procedures based on test pit measurements. 
WES selected six private firms with demonstrated NDT 
capabilities each of which represented a different 
approach. In addition, WES demonstrated three NDT 
schemes that it had developed, and the AFESC demon­
strated its NDT methodology. The field demonstra­
tions were conducted on five selected test areas at 
MacDill Air Force Base, Tampa, Florida, dur inq Oc­
tober and November 1982. The test areas at MacDill 
AFB had been evaluated in March 1980 through test 
pit measurements in each of the five test areas. 

Each participant made an evaluation of the test 
areas that consisted of determining allowable gross 
aircraft loadings and overlay thickness requirements 
and independently submitted a report to WES. A final 
report (~) presented all test data, a description of 
each evaluation methodology, and comparisons of the 
various results. Field test data extracted from this 
~eport. for six different test devices are presented 
in this paper. A layout of the airfield at MacDill 
AFB indicating the five test areas, which consisted 
of two rigid , bwo flexible, and one composite pave­
ment, is shown in Figure 2. Results from the two 
flexible and one compos ite pavement (Areas 2, 3, and 
4) will be pr~sented in this paper. 

Description of Test Areas 

Each of the test areas contained approximately 
50,000 ft 2 of pavement. This size was selected to 
be large enough to provide a representative amount 
of pavement and yet small enough so the five test 

FIGURE 2 Airfield layout at MacDill AFB showing location of test 
areas. 
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areas would not require more than 1 full day of 
testing for each participant. The test areas were 
selected so as to provide the least interference 
with MacDill AFB's daily aircraft operations. Each 
test area was outlined and marked so that the loca­
tion of all tests could be identified. A summary of 
the pavement properties as determined by test pit 
methods for each area is as follows: 

Test Area 
2 

3 

4 

where 

Pavement Properties 
10 in. AC 
8 in. limerock base CBR = 80 
7 in. stabilized subbase CBR 30 
Subgrade (SP) CBR = 30 
5.5 in. AC 
8.0 in. limerock base CBR = 80 
7.0 in. stabilized subbase CBR 30 
Subgrade (SP} CBR = 30 
7.5 in. AC 
6.0 in. portland cement concrete (PCC) 

R = 650 psi 
Subgrade (SP) k = 250 pci 

CBR California bearing ratio, 
R flexural strength of PCC (psi) , and 
k modulus of subgrade reaction (pci}. 

Test Area 2 

Test Area 2 was located on the taxiway parallel 
(Taxiway 3B) to the main runway and was constructed 
in 1943. The pavement consists of a 10-in. asphaltic 
concrete surface, an 8-in. limerock base, and a 
7-in. subbase of limerock-stabilized sand over the 
sand subgrade (SP-SM} • The pavement was in good con­
dition but contained longitudinal and transverse 
cracking. This test area was 75 ft wide and 700 ft 
long. 

Test Area 3 

Test Area 3 was along the same parallel taxiway as 
Test Area 2 but farther north. This pavement was 
also constructed in 1943 and was originally identi­
cal to Test Area 2. The original 3-in. asphalt sur­
face had been overlaid to the present thickness of 
5.5 in. Beneath the AC surface is an 8-in. limerock 
base over a 7-in. subbase of limerock-stabilized 
sand over the sand subgrade. This area, considered 
in fair condition, exhibited considerable distress 
in the form of block cracking. This test area was 40 
ft by 1,000 ft. The tests were confined to the 40-ft 
width because the pavement outside this width was 
not the same thickness. 

Test Area 4 

Test Area 4 was a composite section located in Apron 
l-A-1. The original 6-in. PCC pavement placed on the 
sand subgrade was constructed in 1941. The slabs 
were 25 ft by 25 ft, and the design was for 8-in. 
thickened edges. A 7.5-in. AC overlay was placed on 
this pavement in 1952 followed by a slurry seal in 
1966. There was a considerable amount of reflective 
cracking of the joints and from cracks in the under­
lying slabs. The overall condition was considered 
good. The area was 200 ft by 250 ft. 

Description of Test Equipment 

The six NDT devices included in this paper are WES 
16-kip vibrat ,r, WES falling weight deflectometer 
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(FWD) (15-kip Dynatest Model 8000), 24-kip Dynatest 
Model 8000 FWD, Shell FWD, Road Rater Model 2000, 
and Dynaflect. A general description of each is pro­
vided in the following paragraphs. 

WES 16-Kip Vibrator 

The WES 16-kip vibrator is an electrohydraulic 
steady-state vibratory loaning system. The unit is 
contained in a 36-ft semitrailer along with support­
ing power supplies and automatic data recordinq 
equipment. A 16, 000-lb pre load is applied to the 
pavement with a superimposed dynamic load ranginq up 
to 30,000 lb peak-to-peak. The dynamic load can be 
applied over a frequency range of from 5 to 100 
Hertz (Hz}, but the standard test frequency is 15 
Hz. The dynamic load is measured with a set of three 
load cells mounted on an 18-in.-diameter load plate. 
Velocity transducers, which are located on the load 
plate and at points away from the plate, are cali­
brated to measure elastic deflection. Test results 
are recorded on X-Y plotters and a digital printer. 
Data collected with the WES 16-kip vibrator are the 
dynamic stiffness modulus (DSM) and deflection 
basins. DSM is obtained from the slope (load/deflec­
tion) of the dynamic load versus deflection data 
obtained by sweeping the force to maximum at a con­
stant frequency of 15 Hz. This slope is taken at the 
higher force levels. Deflection basins are obtained 
by measurinq deflections at distances of 18, 36, and 
60 in. away from the center of the load plate. 

WES FWD 

The FWD used by WES was a Dyna test Model 8000 ( 15 
kip). A dynamic force is applied to the pavement 
surface by dropping a 440-lb weight on a set of rub­
ber cushions, which results in an impulse loading. 
The applied force and pavement deflections are mea­
sured with load cells and velocity transducers. The 
drop height can be varied from 0 to 15.7 in. to pro­
duce an impact force of from 0 to 15,000 lb. The 
load is transmitted to the pavement through a plate 
11.8 in. (30 cm) in diameter. The signal condition­
ing equipment displays the resulting average pres­
sure in kilopascals and the maximum peak displace­
ment in micrometers. Results presented in this paper 
were converted to pounds force and mils. Readinqs 
from as many as three displacement sensors may he 
recorded at one time by this data acquisition equip­
ment. 

FWD data collected were deflection basin measure­
ments. Displacements were measured on the load plate 
and at distances of 12, 24, 36, and 48 in. away from 
the center of the load plate. Because this particu­
lar model has only two transducers for deflection 
basin measurement, the four deflection points were 
obtained by dropping the weight twice at each loca­
tion and shifting the transducers to the additional 
spacings. 

Dynatest FWD 

The 24-kip Dynatest Model 8000 is a newer version 
FWD that has several features not found on the WES 
FWD. The adjustable load was set to its capacity of 
approximately 24,000 lb, and a loading plate of ap­
proximately 6-in. (150-mrn) radius was used to simu­
late the stress level of a heavily loaded jet air­
craft. The resulting stress level was somewhat in 
excess of 200 psi under the loading plate. 

The FWD load is transient (as opposed to vibra­
tory), having a time of loading of some 25 to 30 
msec, thus corresponding to the effect of a moving 
aircraft wheel load. Both the load level and a se-
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ries of seven simultaneous deflections are monitored 
for each FWD test, with the deflections measured at 
the surface of the pavement from the center of the 
loading plate (through a small hole in the middle of 
it) to a distance of more than 7 ft (2 m) from the 
center. 

Shell FWD 

The Shell device is a heavy FWD, and all tests were 
performed at a force level of 22,400 lb (100 kN). 
With this machine, a mass falls on a base plate that 
is connected to a foot plate by means of a set of 
springs, thus exerting a pulse load on the pavement 
surface. The duration of the pulse load is compar­
able to the duration of the pulse load exerted by 
actual traffic. The force level can be changed hy 
adjusting the drop height. The deflection of the 
pavement is measured by four velocity transducers 
(geophones·)--on the center of the foot plate and at 
three other radial distances. At MacDill AFB the 
radial distances were O, 24, 39, and 79 in. (0, 60, 
100, and 200 cm). The deflection signals are ob­
tained by a single integration of the velocity sig­
nals from the geophones, which is performed elec­
tronically by integrated circuits. 

Road Rater 

The Model 2000 Road Rater is a trailer-mounted, 
electrohydraulic vibrator that has a variable force 
and frequency capability. A peak-to-peak cyclic load 
of 4,500 lb . at a frequency of 25 Hz can he obtained. 
neflection sensors were placed either 12, 24, and 36 
in. or 12, 24, and 60 in. from the center of the 
load plate. One sensor is mounted at the center of 
the 18-in.-diameter plate. 

oynaflect 

The nynaflect is an electromechanical system for 
measuring the dynamic deflection of a pavement 
caused by an oscillatory load. The trailer-mounted 
device applies a 1,000-lb (4448-N) peak-to-peak sin-

TABLE 1 Characteristics of NDT Equipment 

WES 
16-Kip 
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usoidal load to the pavement. This load is generated 
by two counterrotating masses that are rotating at a 
constant frequency of 8 Hz. The force is transmitted 
to the pavement through two polyurethane-coated 
steel wheels that are 4 in. (10.2 cm) wide and 16 
in. (40.6 cm) in outside diameter. The wheels are 
spaced 20 in. (50.B cm) apart. The Oynaflect applies 
a 2,000-lb (907-kg) static weight to the pavement. 

The pavement response to the dynamically applied 
load is measured with 210-ohm, 4.5-Hz geophones that 
are shunted to a damping factor of approximately 
0. 7. One geophone was located directly between the 
two steel wheels. The other four geophones were 
spaced at 12-in. (30.5-cm) intervals at the front of 
the trailer. 

A summary of the most important characteristics 
of each test device and the location of displacement 
sensors for the MacDill tests is given in Table 1. 

Field Tests 

The field tests, conducted between October 26 and 
November 3, 1982, were coordinated with Macnill AFB 
operations. Each participant in the project was pro­
vided a full day to test all five areas. Only one 
participant was on the field on any given day of the 
demonstration. Also, each was free to choose the 
number and location of tests to be performed within 
each area. However, they were each asked to perform 
one test at or near a designated location within 
each area near the test pits. Test Area 4 became the 
parking apron for F-111 aircraft on November 2. This 
resulted in much of the area not being available for 
tests. 

Data Analysis 

The three test areas at MacDill AFB were evaluated 
in terms of the Allowable Gross Aircraft Load (AGAL) 
using deflection data from each of the six NDT de­
vices and the previously described layered elastic 
methodology. These results were then compared to 
each other on a relative basis in an attempt to 
evaluate the device dependency of the procedure. The 

Dyna test Shell Road 
WES FWD FWD FWD Rater Dynaflect 

Type of load applied 
Type of deflection output 
Contact area (in.2) 

Vibratory 
Peak-to-peak 
254 

Impulse 
Peak 
110 

Impulse 
Peak 
110 

Impulse Vibratory Vibratory 
Peak Peak-to-peak Peak-to-peak 
110 254 8.6 

Peak-to-peak maximum dynamic/impulse force (lb) 
Static weight (lb) 
Test frequency (Hz) 
Loading time (msec) 
Number of displacement sensors 
Location of displacement sensors, distance from center of loaded area 

(in.) 
0 
8 
12 
18 
24 
36 
39 
48 
60 
71 
79 
96 

Note: Dashes indicate data were not applicable or were unavailable. 

:Flexible and composite pavements only. 
Rl&id and composite pavements only. 

cRigid pavements only. 

30,000 
16,000 
15 

4 

x 

x 

x 

x 

15,000 

25-30 
3 

x 

x 

x 
x 

x 

24,000 22,400 4,500 1,000 
3,800 2,067 
25 8 

25-30 
7 4 4 

x x x x 
x 
x x x 

x x x x 
xa x• x 

x 
x x 
xa xb 

x< 
x 

xb 
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TABLE 2 Deflection Data from Six NDT Devices 

Deflection (mils) at Distance from Center of Loaded Area (in.) 
Nondestructive Force 
Test Device (lb) 0 12 18 

Test Area 2 

WES 16-kip 28,960 13.26 9.18 
WES FWD 14,206 8.68 6.08 
Dynatest FWD 23,473 16.30 13.50 11.60 
Shell FWD 22,400 13.11 
Road Rater 4,510 l.83 1.35 
Dynaflect 1,000 0.40 0.35 

Test Area 3 

WES 16-kip 28,428 24.96 14.74 
WES FWD 14,055 23.84 14.68 
Dynatest FWD 22,043 43.90 31.40 23.40 
Shell FWD 22,400 37.16 
Road Rater 4,470 4.55 3.43 
Dyna fie ct 1,000 0.90 0.60 

Test Area 4 

WES 16-kip 28,934 9.80 8.30 
WES FWD 14,098 5.09 4.57 
Dynatest FWD 23,390 8.94 8.35 7.91 
Shell FWD 22,400 9.80 
Road Rater 3,666 l.23 l.22 
Dynaflect 1,000 0.45 0.43 

Note: Dashes indicate data not appliceble. 

results were also compared to the results obtained 
using the standard Air Force evaluation procedure 
Cl>· The B-52 (maximum gross load= 490,000 lb) was 
selected as the design aircraft, and the evaluations 
of each area were based on 15,000 aircraft passes. 

Selection of Deflection Data and Layered Evaluation 

To evaluate these pavement areas using the layered 
elastic methodology, a representative deflection 
basin for each test area had to be selected for each 
test device. However, this selection of a represen­
tative basin would have been quite complicated for 
the MacDill data because no two participants used 
the same test pattern or test frequency. Also, the 
magnitude of the deflections measured on the flex­
ible pavements varied considerably in the transverse 
direction across the test areas. Therefore, only the 
data collected at the one designated location near 
the test pit in each area were considered in this 
work. The deflection basins used in determining the 
layer modulus values for each test area are given in 
Table 2 and presented graphically in Figures 3-5. 
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FIGURE 3 Comparison of meaaured deflection baeina 
on Teet Area 2. 
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These values were input to the computer program 
BISDEF from which the modulus values were computed 
for each layer in the pavement system (including the 
surface AC). Results are summarized in Table 3 for 
each test area and all six NOT devices. Poisson's 
Ratios of 0.35, 0.15, 0.35, and 0.40 were assumeo 
for the AC, PCC, base course, and subgrade materi­
als, respectively. 

The AGAL was then determined by inputting the 
base course and subgrade modulus values from BISDEF 
into the evaluation program AIRPAVE. For evaluation, 
the modulus values for the AC surface layers were 
assigned at 300,000 psi. The resulting AGALs are 
given in Table 4. It is important to note that the 
composite pavement (Area 4) was evaluated using 
flexible pavement criteria. 

Standard Evaluation 

The standard evaluation was performed using the pre­
viously stated physical properties for each area. 
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Here, Area 4 was again evaluated as a flexible pave­
ment. The PCC layer beneath the AC was assigned a 
CBR value of BO. Results of the standard evaluation 
are given in Table 4. 

Analysis of Area 2 

A graphic comparison of the modulus values for the 
base and the subgrade of Area 2 is shown in Figures 
6 and 7. The Dynaflect values are high for the lime­
rock base material and low for the subgrade. There 
is some variability in the values from the other 
equipment. Because the WES 16-kip device and the 
Road Rater both apply a static load to the pavement, 
higher modulus values may he expected for granular 
materials. The allowable aircraft loads from the 
AIRPAVE program are shown in Figure 8. This evalu­
ation considered the 1 imi ting strain in both the 
asphalt layer and the subgrade. All devices with the 
exception of the 15-kip WES FWD and the 24-kip Dyna­
test FWD indicated that the area could support a 
fully loaded B-52. When only the subgrade strain was 

TABLE 3 Moduli Predicted from Deflection Basins from Different NDT Equipment 

Test 
Area 

2 

3 

4 

Layer l Layer 2 Layer 3 

Elastic Elastic 
Nondestructive Thickness Modulus Thickness Modulus Thickness 
Test Device (in.) Material (psi) (in.) Material (psi) (in.) Material 

WES 16-kip 10.0 AC 680,279 15.0 Limerock-stabilized 59,740 Subgrade Sand 
base 

WES FWD 572,022 40,116 
Dynatest FWD 538,205 36,649 
Shell FWD 559,951 65,255 
Road Rater 452,499 90,633 
Dynaflect 154,052 403,405 
WES 16-kip 5 .5 AC 691,229 15.0 Limerock-stabilized 40,926 Subgrade Sand 

base 
WES FWD 185 ,244 16,241 
Dynatest FWD l 85,952 20,682 
Shell FWD 332,768 18,244 
Road Rater 537,513 35,074 
Dynaflect 52,175 40,381 
WES 16-kip 7.0 AC l ,440,817 6.0 PCC 3,227,078 Subgrade Sand 
WES FWD l ,982,381 2,04 7 ,265 
Dynatest FWD l,903,426 1,841,818 
Shell FWD 2,334,218 1,387 ,285 
Road Rater 6,878,414 248,228 
Dynaflect 12,030,469 716,925 

TABLE4 Allowable Loads for the B-52 Determined Using AIRPAVE and the 
Standard Air Force Evaluation Procedure 

Allowable Load (kips) 

AIRPAVE 
Design 

Test Design Pass Design Subgrade Both Standard 
Area Test Device Aircraft Level Load Criteria Criteria Evaluation 

2 WES 16-kip B-52 15,000 490 490+ 490+ 490+ 
WES FWD 490+ 446 
Dynatest FWD 490+ 414 
Shell FWD 490+ 490+ 
Road Rater 490+ 490+ 
Dynaflect 490+ 490+ 
WES 16-kip B52 15,000 490 370 370 400 
WES FWD 421 211 
Dynatest FWD 269 234 
Shell FWD 358 223 
Road Rater 334 334 
Dynaflect 335 335 

4 WES 16-kip B-52 15,000 490 490+ 490+ 333 
WES FWD 490+ 490+ 
Dynatest FWD 490+ 490+ 
Shell FWD 490+ 490+ 
Road Rater 490+ 490+ 
Dynaflect 351 351 

Elastic 
Modulus 
(psi) 

37,209 

37,438 
29,799 
31,818 
50,928 
22,579 
26,573 

31,738 
20,375 
27,l 55 
24,344 
23,872 
25,157 
23,242 
22,108 
17,160 
23,376 
10,687 
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FIGURE 8 Allowable aircraft loads from AIRPAVE for Test 
Area 2. 

considered, all devices yielded the maximum allow­
able load (490 kips as shown in Figure 9). This 
agrees with the standard evaluation that is based on 
the CBR design procedure and does not account for 
strain in the surface layer. 

Analysis of Area 3 

Modulus values for the base and the subgrade of Area 
3 are shown in Figures 10 and 11. For the base 
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FIGURE 9 Allowable aircraft loads from AIRP A VE for Test 
Area 2 with only the suhgrade strain criteria considered. 
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FIGURE 10 Comparison of the modulus values computed 
for the base course of Test Area 3. 
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FIGURE 11 Comparison of the modulus values computed for 
the subgrade of Test Area 3. 

course modulus, the values of the vibratory de­
vices--the WES 16-kip, the Road Rater, and the Dvna­
flect--are higher than those of the FWDs. The values 
for the subgrade are similar. 

The allowable aircraft loads using both asphalt 
and subgrade strain criteria are lower than the 
standard evaluation (Figure 12). When only the suh­
grade strain criteria are used, the allowable loads 
are near the standard evaluation (Figure 13). The 
differences in allowable load between the FWDs and 
the vibratory devices may be due to the lower base 
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FIGURE 13 Allowable aircraft loads from AIRPA VE for Test 
Area 3 with only the subgrade strain criteria considered. 

course modulus obtained 
particularly when both 
sidered. 

from the FWD deflections, 
strain criteria are con-

Analysis of Area 4 

A large variation was obtained for the base (PCC) 
layer for Area 4 (Figure 14). some variation is seen 
in the subgrade modulus values (Figure 15). Evalu­
ation of composite pavements is difficult when the 
thickness of the AC overlay is near the thickness of 
the PCC. A failure criterion (flexible or rigid) 
must be selected in a layered system evaluation, The 
flexible pavement criterion was selected for this 
area because the standard evaluation is for flexible 
pavement. Allowable aircraft loads are shown in Fig­
ure 16, The evaluation using Dynaflect data is 
nearer the standard evaluation than is the evalu­
ation using all other devices. This may be discred­
ited because the layer modulus values do not appear 
reasonable for the PCC and the sand subgrade. 

CONCLUSIONS 

An evaluation procedure based on layered elastic 
analysis was presented, and comparisons were made 
using deflection data from six different NDT devices 
on three pavement sections. The NDT testing data 
were taken from a study in which leaders in the 
field of NOT airfield evaluation were asked to eval­
uate pavements. These firms were allowed to test at 
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FIGURE 14 Comparison of the modulus values computed 
for the base course (PCC) of Test Area 4. 
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Area 4. 

any location within specified test areas: therefore, 
it was difficult to find test locations that were 
common to all devices. The following conclusions are 
presented: 

1. Results from each device compare favorably 
with the standard evaluation procedure in terms of 
allowable gross aircraft loads. 

2. The computed moduli of the base course mate­
rials are higher when a preload is applied as in the 
case of the WES 16-kip vibrator. 
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3. A study would be more beneficial in determin­
ing the differences in NOT equipment if it were con­
ducted on a site where tests with all devices were 
conducted at the same test locations. 

4. The allowable gross aircraft load for two of 
the three pavements evaluated was at the maximum for 
the B-52 aircraft, which is one of the most critical 
aircraft in terms of pavement evaluation. If further 
research is conducted, it is recommended that a site 
with fine grained subgrades, where design loads are 
less than maximum for the evaluated aircraft, be 
selected. 
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Discussion 

Wahecd Uddin, Phil Smith, and Harvty J. Trcybig* 

The authors are to be congratulated for carrying out 
this study on a large scale as reported by Hall <il· 
Direct comparison of different nondestructive de­
vices by testing at the same locations on in-service 
pavement is undoubtedly an appropriate approach for 
a comparative study of these devices along with 
their respective evaluation methodologies. The Air 
Force report <il , from which the authors have ex­
tracted contents for their paper, is based on two 
objectives: (a) comparison of NOT devices and re­
sults from different evaluation procedures and (b) 
comparison of allowable load rating and overlay 
thickness predictions from these procedures with the 
standard test pit rating. However, the paper focuses 
only on some selected data from this large report. 
Unfortunately, the presentation of the data and re­
sults in this paper are out of context. A reader who 
has not reviewed the report (6) may misinterpret the 
results presented in the paper and form a biased 
opinion about the results, 

Unfortunately, the results in the paper are not 
those that compare the results of a particular de­
vice and its analysis methodology. Instead data are 
taken from several devices and a single analysis 
package is misapplied. The discussion presented here 
centers around the following key points: 

*ARE, Inc., 2600 Dellana Lane, Austin, Tex. 78746 
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1. The results reported by each of the partici­
pants in the overall study (~) were available to the 
authors of the paper but were not reported in the 
paper; thus the major thrust of the overall study 
was omitted. 

2. The authors used the participants' field mea­
sured deflection data as inputs to their own analy­
sis and evaluation methodology. This is not the best 
systematic technique for comparing devices because 
it ignores proven methodology developed by each par­
ticipant on the basis of the participant's NOT de-
vice. 

3. The oynaflect load and sensor configuration 
was improperly modeled by the authors, which results 
in inaccurate deflection basins and moduli predic­
tions. 

COMPARISON OF DYNAMIC DEFLECTION BASINS 

There is no explanation in the paper of why results 
from only three of the five test areas are reported. 
Only one basin measured by each NDT device on each 
of Areas 2, 3, and 4 is used for pavement evalu­
ation; the full report is much broader in scope. 

The deflection basins given in Table 2 and shown 
in Figures 3-5 do not properly represent the Dyna­
f lect loading and geophone configuration. A more 
rational approach to comparing deflection basins 
from different NDT devices suggests a plotting of 
normalized deflections versus radial distances of 
sensors from the center of the test load (_§_) as 
shown in Figure 17. The radial distances of the 

Radial Dietance fro~ Center of Loaded Area, inch 

0 0 
11.n ____ ~24~-----=4=-18:,____"l!r" _ _..:.7;.2--=------'~f&-..., 

. ~-~_. ... "-% ------9 

0.4 ~--~~ 

lb -~'J!r' 
,v;'4 

/ 
' 

WES 16-kip 0 
WES FWD e- ___ -o 

~ 1 o.e Dynate&t FWD D.------0 
PCS FWD '<J------0 

Dynaflect ....--.-.. 
.... 
E 

~ 
0 
0 
0 0.0 .... -c 
0 .... ... 
u .. 
:;:: 0.8 .. e 
"' c 
0 .... 1.6 ... 
~ 
:: .. 
c 

0 

A 
A" 

~I ,,, 
1, I 

,~,, 

I I 
I 

I 

' 

I 

24 

Test Area 
I 

Test Area 3 

Teet Area 

I 
48 

' 

I I 

72 9& 

Radial Distance from Center of Loaded Area, inches 

FIGURE 17 Normalized deflection basin plots for different NDT 
devices. 



26 Transportation Research Record 1022 

TABLE 5 Summary of Estimated Young's Moduli Based on Evaluation Methodologies 
of Participants 

Moduli Reported by Participants (6) 
in psi 

Percentage Difference in Modulus 
yom BISDEF and Participants 
1100 x [Modulus (BISDEF) 
- Modulus (participant)i 
7 Modulus (participant} t 

Test 
Area 

2 

3 

NDT 
Device 

WES 16-kip 
WES FWD 
Dynatest FWD 
PCS FWD 
Berger Profiler 
Dynaflect 

WES 16-kip 
WES FWD 
Dynatest FWD 
PCS FWD 
Berger Profiler 
Dyna fleet 

WES 16-kip 
WES FWD 
Dynatest FWD 
PCS FWD 
Berger Profiler 
Dynaflect 

Surface 

250,000 
250,000 
348,000 
635,000 
400,000 
500,000 

250,000 
250,000 
401,000 
635,000 
300,000 
200,000 

250,000 
250,000 
533,000 
635,000 
800,000 
300,000 

~Subbase modulus. 
Base in Text Area 4 is a PCC layer. 

Base 

51,000 
36,000 
32,000 
35,300 

100,000 
120,000 
(60,000)" 
44,000 
13,500 
16,000 
10,000 
50,000 
60,000 

(35,000)8 

500,000 
500,000 

4,500,000 
900,000 

4,000,000 
6,000,000 

nynaflect sensors are 10.0, 15,6, 26,0, 37.4, and 
49. 0 in. from the center of the loaded area under 
each loading wheel. It can be seen from the normal­
ized plots (Figure 17) that (a) the pavement re­
sponse is affected by the loading mode and (b) the 
response is device dependent, as is apparent from 
variations in the data of the three FWD units. 

EVALUATION OF PAVEMENT MODULI 

The authors have not chosen in this paper to report 
results of the pavement evaluations made indepen­
dently by the participants. Each participant has 
used an evaluation methodology to analyze data from 
its respective NDT device. The paper inaccurately 
implies that the Dynaflect does a poor joh; the full 
report shows excellent correlation of the Dynaflect 
results, based on the participant's analysis and 
evaluation. 

Pavement Evaluation by Participants 

Table 5 gives the results extracted from the full 
report (~), as well as a comparison with the moduli 
reported by the authors. 

The moduli from WES 16-kip and WES FWD devices 
are in most cases identical, although considerable 
differences exist in the normalized deflection 
basins from the two devices. 

It is to be appreciated that the results from the 
methodologies of the participants are in general 
similar and within a reasonable margin of error 
(Figures 18-20). 

BISDEF Methodology 

The authors provide only a cursory description of 
their BISDEF program. Its parent program, CHEVDEF, 
was specifically designed for Road Rater model 2008 
<!l . Ample explanation of the following points is 
needed. 

Subgrade 

39,000 
39,000 
26,000 
51,200 
37 ,000 
34,500 

24,000 
24,000 
20,000 
41,000 
24,000 
27,000 

19,000 
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26,200 
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24,000 
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+82.4 
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-32.7 
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-93.8 
-88.1 

Subgrade 

-4.6 
-4.0 

+14.6 
-37.8 
+37.6 
-34.5 

+10.7 
+32.2 

+1.9 
-33.8 

+1.4 
-11.6 

+32.4 
+29.1 
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-43.9 
-2.6 

--49.1 
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(Black indicates the resulls reported by an individual participant. Grey shows the 
results of the authors.) 

FIGURE 18 Comparison of pavement evaluation results for 
Test Area 2. 
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1. Assumptions used in applying BISDEF to NDT 
data. 

2. Using an arbitrary value of 20 ft for the 
depth to an assumed rock layer is a debatable point. 
Bush ( 1) found 20 ft to be a good assumption for 
obtaining a better fit for measured Road Rater 2008 
deflections at the Pennsylvania test road facility. 
The authors apply the 20 ft assumption to all other 
NOT devices and geological conditions and to rigid 
pavements. 

3. The basin-fitting technique in BISOEF is a 
function of an initial input estimate of moduli and 
a reasonable range defined by maximum and minimum 
values (Emax and Eminl. A table that gives these 
values should have been provided by the authors. 

Test Area 4 

This is a composite pavement site. Independent eval­
uations from the participants (Table 5 and Figure 
20) show moduli of all layers in reasonable agree­
ment. In contrast, BISOEF produces unreasonably high 
values of AC modulus for all NOT devices. These high 
values are practically not possible in the climatic 
conditions of Florida. It would be interesting to 
know the Emax value of AC layer used in the analy­
sis. Evidently this value must be more than 12 mil­
lion psi. 
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F1GURE 20 Comparison of pavement evaluation results for 
Test Area 4. 
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On the basis of the BISDEF results, the authors 
discredit the Oynaflect for unreasonable values of 
PCC layer (716,925 psi) and subgrade (10,687 psi). 
The authors do not comment on the 12 million psi 
value for AC modulus. However, the in situ moduli 
(Table 5 and Figures 18-20) and allowable aircraft 
loads, evaluated by the discussants and presented in 
detail in the report (6), clearly demonstrate that 
the discussants' methodology does an excellent job: 
the results for allowable loads and overlay thick­
ness are consistently reasonable. 

COMMENTS ON AUTHORS' CONCLUSIONS 

For the benefit of readers who do not have access to 
the report (6), the moduli evaluated hy each partici­
pant should have been reported in this paper. 

It is inferred in the second conclusion that a 
preload will result in a higher base modulus. This 
is apparently in error. The BISOEF program has com­
puted a high base modulus (65,255 psi) for PCS FWD 
with no preload, which is not significantly dif­
ferent from the base modulus (59,740 psi) for the 
WES 16-kip device. 

Conclusion 3 is quite true and timely, but there 
should be some independent measurement of in situ 
dynamic moduli (e.g., using different wave propaga­
tion techniques). Comparison with results of static 
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tests or laboratory ~ values is always debatable. 
Laboratory tests can never duplicate in situ envi­
ronmental or stress conditions. Laboratory results 
are also significantly influenced by the effects of 
sample disturbances. 

Finally, it is suggested that this paper could 
then be retitled "Application of BISDEF Methodology 
to NDT Data for Evaluation of Airport Pavements." 

The main lesson to be learned is that compatible 
comparisons involve the use of the procedure and the 
analytical techniques appropriate to each device, 
not the application of a conunon analytical technique 
regardless of the device. The concept of system com­
patibility requires that compatible measurements, 
analyses, and predictions be used in any engineering 
study. 

Authors' Closure 
The authors wish to thank Uddin, Smith, and Treybig 
for their input to this paper. The discussants point 
to the results from Hall <2> in which each NDT par­
ticipant used different analysis techniques for each 
device. A stated conclusion of Hall C2l was, "Based 
on use of the NDT evaluation method at MacDill, wide 
variation occurs in terms of allowable loads among 
the results and substantial disagreement of some 
methods with the standard test set method." This 
paper was presented to illustrate that the variabil­
ity in allowable load could be significantly reduced 
by using a single analysis technique. This would al­
low an airport owner to use different equipment or 
consultants and be reasonably confident that the end 
result (allowable airport load, passes to failure, 
and possible overlay requirements) would be consis­
tent regardless of the type of equipment used. 

It was demonstrated, contrary to what the dis­
cussants say, that a single analysis technique can 
be used with different devices to produce consistent 
results. 

The authors agree that a footnote should be added 
to Tables 1 and 2 to indicate that for the Dynaflect 
device the distance from the center of the load area 
is the distance from the midpoint of the loading 
wheels. The Dynaflect device was correctly modeled 
in the BISDEF program using two loaded areas and a 
deflection measurement centered between the loaded 
areas and four other deflections spaced at 1-ft in­
tervals away from the first sensor. 

Two methods can be used to compare deflection 
basins. One method, illustrated in the paper, shows 
differences in magnitude. The method used by the 
discussants is also acceptable. The selection de­
pends on the point to be made. In the case of this 
paper, the authors were illustrating fhe relative 
magnitudes as shown. 

In the prediction of moduli, the method presented 
by the authors produces the best fit of measured 
deflections to those determined from the layered 
theory. The moduli values reported in this paper are 
given in Table 10 of Hall (6). The differences given 
by the discussants in Table 5 and shown in Figures 
18-20 are from values used for evaluation by each 
participant. The values that the discussants report 
were determined from a large number of tests over 
the entire pavement area and not from points where 
tests were conducted with all devices. Those values 
were also adjusted for design environmental condi­
tions and were not the actual values that were de­
termined from field data. For example, the modulus 
of the asphalt surface layer was adjusted to repre-
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sent a value for a design pavement temperature. Mod­
uli values reported in this paper are as determined 
from field data at a given test location with all 
NDT devices. 

As stated in the paper, the BISDEF program is the 
same as CHEVDEF with the exception that BISAR was 
used as the multilayered elastic routine instead of 
CHEVRON. The advantages to using BISAR are that mul­
tiple loads can be evaluated, as in the case of the 
Dynaflect, and different layer interface conditions 
can be considered. The assumptions, which are the 
same for most layered programs, are the same in both 
cases. 

The assumption of a semi-infinite subgrade layer 
can also be debated. Research at WES on test sec­
tions with surface deflections measured by different 
means in addition to NDT has indicated that measured 
and computed deflections compare better when a 
boundary condition is applied such as a rigid layer 
at 20 ft. 

Research at the WES and as reported by Bush (_!.) 

indicates that the magnitude or range of Emax or 
Emin has little effect on the predicted moduli. 

Discussants' questions about the moduli values 
from the Dynaflect deflections on Site 4 again devi­
ate from the purpose and intent of this paper. 
Values presented are the values that produce the 
best possible fit to the measured deflections and 
were not adjusted to environmental conditions. The 
reason for the unusual values may be explained hy 
Figure 17. Whereas the Dynaflect deflection basin, 
normalized for load, is significantly different from 
the other devices for Test Area 4, it is quite sim­
ilar for Test Areas 2 and 3. 

The conclusion that the base course moduli are 
greater when a preload is applied was questioned. 
This was true eight times out of nine when the FWDs 
were compared to the WES 16-kip vibrator (also eight 
of nine times when the Road Rater and the Dynaflect 
were each compared to the FWDs) • Other comparative 
studies at the WES have shown this condition to 
occur in nearly all cases. 

The authors believe that a single approach must 
be developed for each major airport authority such 
as the FAA, Air Force, Army, Navy, or state to en­
sure that reasonable comparisons of structural ca­
pacity can be obtained from different evaluations. 
The MacDill study concluded that variation could he 
expected from different procedures. The variation is 
due in part to the different models and different 
failure criteria that are used. 

The. development of pavement NDT equipment during 
the last 10 years has provided excellent tools for 
determining in situ material properties under simu­
lated design loading conditions. Understanding the 
results from different devices can improve the over­
all assessment of pavement capacities and life. 
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Application of Simplified Layered Systems to 

NDT Pavement Evaluation 

GDALYAH WISEMAN, JACOB GREENSTEIN, and JACOB UZAN 

ABSTRACT 

Presented are nondestructive testing (NDT) deflection measurements on flexible, 
rigid, and composite pavements obtained with two vibratory devices, the Pave­
ment Profiler and the WES 16-kip vibrator, and one impulse loading device, the 
falling weight deflectometer (FWD) • The deflection bowls are analyzed in terms 
of the elastic parameters of layers using the Hogg, the Burmister, and the 
Odemark-Ullidtz approximation to linear layered elastic system models. The re­
sults are compared with those obtained using more exact solutions and are found 
to be satisfactory. The evaluated elastic parameters were found to he similar 
for all three NDT devices for the subgrade and the surface layers of the pave­
ment. Lower elastic moduli were found for the base course with deflection howls 
produced by the FWD than for those produced by the other two vibratory devices. 
Most pavement evaluation is done on pavements that have been in service for 
many years and have a varied history of maintenance and overlaying. The result­
ing lack of homogeneity must be considered in developing a strategy for mean­
ingful pavement evaluation, It is therefore necessary to examine a large number 
of test points. The use of simplified layered system models for NDT pavement 
evaluation is, therefore, recommended. This makes it economically feasible to 
analyze each test point with respect to the relative contribution of the 
strength of the subgrade and the condition of the pavement structure to the 
overall performance of the pavement. It is also possible to examine material 
variability for each of the layers. Results of such computations given in this 
paper show higher variability in the asphaltic concrete and the hase course 
layers than in the concrete or the subgrade. 

Pavement evaluation is most frequently done on pave­
ments that have been in service for many years and 
have a varied history of maintenance and overlaying. 
The resulting lack of homogeneity must be considered 
in developing a strategy for meaningful pavement 
evaluation. A large number of test points are there­
fore mandatory, so that the responsible engineer can 
make intelligent decisions with due regard to the 
statistical nature of the problems of pavement eval­
uation and rehabilitation. 

Nondestructive testing (NDT) and deflection mea-

surements are now universally recognized methods for 
the structural evaluation of road and airfield pave­
ments. In many cases use is still made of empirical 
correlations between deflection under a test load 
and pavement performance, There is, however, general 
recognition that the maximum benefit is derived from 
NDT deflection measurements if the deflection bowl 
is interpreted in terms of the material parameters 
of the various component layers of pavement struc­
ture and subgrade. 

The results of NDT deflection measurements on 
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flexible, rigid, and comp9site pavements obtained 
with both impulse and vibratory loading are pre­
sented here. The deflection bowls are analyzed in 
terms of the elastic parameters of layers using sim­
plified approximations of the more exact linear lay­
ered elastic models. The results are compared with 
those obtained using the more exact solutions. The 
deflection bowls for the various pavements were mea­
sured with three different NOT devices and the com­
puted moduli are compared and examined for var i­
abili ty; 

Variability in deflection measurements has been 
extensively documented in the technical literature. 
Here an attempt is made to examine the variability 
in the evaluated moduli of elastic layers on the 
basis of measured deflections. 

The use of simplified layered system models for 
NOT pavement evaluation makes it feasible to analyze 
each test point with respect to the relative contri­
bution of the strength of the subgrade and the con­
dition of the pavement structure to the overall per­
formance of the pavement. 

TESTING PROGRAM 

The pavements tested were two rig id pavements 10. 5 
in. and 20 in. thick, two flexible pavements, and 
one composite pavement at MacDill Air Force Base in 
Tampa, Florida. The pavement elevations were from 5 
to 10 ft above sea level and the water table was 
about 4 ft below ground surface. The subqrade soils 
were poorly graded sand with in situ California 
bearing ratio (CBR) values that ranged from 10 to 
45. The two flexible pavements had base courses of 
Florida limerock with less than 30 percent retained 
on the No. 4 sieve, which classifies as a silty 
sand. This material is nonplastic but quite sensi­
tive to moisture. It is customarily assigned a CBR 
of 80. The concrete pavements were placed directly 
on the poorly graded sand subgrade. The pavements 
tested were in five different areas and are numbered 
1 to 5. Pavement types and thicknesses for each test 
area are shown in Figure 1. 

Three different NDT devices were used. They are 
well known and will be only briefly described: 

• A model 2000 Pavement Profiler (PP) applying 
a peak-to-peak force of 4, 500 lb at a frequency of 
25 Hz on an 18-in.-diameter plate. 

• The Waterways Experiment Station (WES) 16-kip 
vibrator applying a peak-to-peak force of 29,200 lb 
at a frequency of 15 Hz on an 18-in.-diameter plate. 

• A falling weight deflectometer (FWD) applying 
a peak impulse force of 14,200 lb on a 12-in.-diam­
eter plate. 

Testing with the 16-kip vibrator and the FWD was 
performed by WES and the field test records were 
made available. 

Overall structural condition of pavement is some­
times described by the dynamic load required to pro­
duce a unit deflection and is termed stiffness. In 
the case of the Pavement Profiler and the 16-kip 
vibrator, stiffness is the peak-to-peak vibratory 
force (P) on an 18-in.-diameter plate divided by the 
peak-to-peak displacement of the pavement at the 
center of load application (~ 0). In the case of 
the falling we°ight deflectometer, stiffness is the 
transient peak impulse force on a 12-in.-diameter 
plate divided by the maximum transient deflection at 
the center of load application. 

The average pavement stiffness for each of the 
three NDT devices for all five test areas is shown 
in Figure 1. The lower pavement stiffness for FWD 
test results on the flexible pavements in Test Areas 
2 and 3 is possibly due in part to the smaller diam-
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FIGURE 1 Description of five test pavements. 

eter plate (12 in.) than that used for both the 
Pavement Profiler and the 16-kip vibrator (18 in.). 
This matter will be clarified further when the eval­
uated layer moduli are examined. 

DEFLECTION BOWLS 

With each of the NDT devices, in addition to mea­
surements of the center deflection (~ 0), measure­
ments were made of the offset deflections <~rl 

at various distances (r) from the center of load 
application. After examination of the measured de­
flection bowls, 15 sets of deflection bowl measure­
ments (three NOT devices at each of five test areas) 
were created for subsequent analysis. For each test 
area care was taken to include only data from test 
points that had known pavement layer thicknesses. 
For the flexible pavements of Test Areas 2 and 3 it 
was therefore necessary to exclude test data from 
outer portions of the pavement close to the pavement 
edge, which apparently had layer thicknesses less 
than those given in Table 1. In Test Areas 1, 4, and 
5 all the measured data were used. The average mea­
sured deflection per unit load as a function of off­
set distance for each of the three NOT devices for 
the 10.5-in. rigid pavement of Test Area 5 is shown 
in Figure 2. 

Because, at least in the first approximation, 
pavement systems are linear, this presentation of 
the data (deflection per unit load) for three de­
vices with applied loads of 4.5, 14.2, and 29.2 
kips, respectively, allows an easier comparison of 
the deflection howls than does a direct comparison 
of the actual measured deflections. 

It should be noted that, for Test Area 5 with the 
l 0. 5-in. concrete pavement, all three devices had 
almost identical average deflection bowls when nor­
malized with respect to load. (This pavement would 
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TABLE 1 Coefficients of Variation of Deflection 
Measurements 

Coefficient of Variation (per-
cent age) for Sensor 

~ 

"' .... 
~ 

No. of Test 
Points 

Test Area I 

28 
27 

8 

Test Area 2 

8 
8 
8 

Test Area 3 

11 
II 
II 

Test Area 4 

12 
11 
10 

Test Area 5 

35 
34 
22 

0 
0 

10 

'? 20 
Q 

z 
~ 30 

Equipment 2 

WES vibrator 11 8 
FWD 9 
pp 12 12 

WES vibrator ID 13 
FWD 13 12 
pp 11 13 

WES vibrator 9 9 
FWD 14 12 
pp 13 13 

WES vibrator 13 14 
FWD 14 
PP 28 28 

WES vibrator 7 8 
FWD 7 
pp 11 13 

OFFSET DISTANCE (INCHES) 

12 24 36 

~ 
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_.....-: 
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FWD + ' 40 

50 

FIGURE 2 Deflection bowls, Test Area 5. 
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be expected to exhibit the most linear behavior of 
all the pavements tested.) The comparative results 
for this pavement establish a high degree of confi­
dence in both the load and the deflection measuring 
instrumentation for all three NDT devices. 

Shown in Figures 3 and 4 are the average def lec­
tion ratios (ll.r/t. 0 ) as a function of offset 
distance (r) for each of the five test areas for the 
Pavement Profiler and the falling weight deflectom­
eter, respectively. The overall pavement stiffness, 
based on center deflection alone, is shown in Figure 
1. It may be observed that the stiffest pavement is 
the 20-in. concrete pavement of Test Area l and the 
pavement with the lowest stiffness is the asphalt 
concrete pavement of Test Area 3. The relative load 
distribution capabilities of these pavements may be 
seen in Figures 3 and 4. Also shown in Figures 3 and 
4 are the computed deflection ratios for the Hogg 
model of a thin plate on a finite elastic subgrade 
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FIGURE 4 Deflection ratios, Test Areas 1-5 (FWD). 

for various values of the characteristic length of 
the deflection bowl (.2.). These curves are for an 
elastic subgrade of thickness (h) 10 times the char­
acteristic length of the deflection bowl (l). Pave­
ment models are discussed in greater detail next. 

PAVEMENT MODELS 

The cases considered subsequently are all for a uni­
form applied vertical load on a circular area on the 
surface of a layered isotropic linear elastic me­
dium. Generally, it is assumed that the thickness 
and number of the layers comprising the pavement 
system are known and that Poisson's ratio can be 
estimated. An exact solution can be obtained for 
surface deflection bowls for given moduli of elas­
ticity using various available computer programs 
that require the use of at least a minicomputer. One 
such program has been used as a standard against 
which to compare the results obtained with simpler 
models and computational routines. 

In all cases a finite subgrade thickness was 
assumed to be underlain by a hard bottom. This has 
the effect of limiting the lateral extent of the 
computed deflection bowls and approximates the re­
sponse of a more realistic subgrade with a modulus 
of elasticity that increases with depth. 
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Hogg Model 

The authors have been using the Hogg model (1,2) of 
a thin plate on an elastic foundation for intE;rpret­
ing deflection measurements on road and airfield 
pavements for 10 years. Extensive use of the Hogg 
model has shown it to yield satisfactory results for 
the modulus of elasticity of the subgrade (E 0 ) 

compared with values obtained from in situ testing, 
In addition to its simplicity, one of the advantages 
of thin plate theory is that E0 can be computed 
from the deflection bowl measurements without prior 
knowledge of the thickness or other characteristics 
of the pavement layers above the subgrade. Others 
have also found the Hogg model to be useful in pave­
ment evaluation studies (3). 

The background and computational routines for the 
use of the Hogg model in pavement evaluation have 
been described elsewhere (_!-!l and will not be re­
peated here. 

Burmister Model Ctwo layer) 

When the Hogg model, which is that of a thin plate 
on an elastic subgrade, is used for interpreting 
surface deflection measurements, it is assumed that 
vertical strains within the pavement structure are 
small and can be ignored. For conventional flexible 
pavements the measured value of t. 0 , which is 
measured at the center of load application at the 
surface of the pavement, obviously includes vertical 
strains in the pavement. Thus the measured t. 0 is 
greater than that assumed for the mathematical model 
and t.r/t. 0 is therefore smaller than assumed. This 
leads to an underestimate of the characteristic 
length of the deflection bowl (£). It can be shown 
that if tor is measured at a distance (r) where 
t.rlt. 0 is about 0.5, these errors are compensatory and 
therefore have a negligible influence on the com­
puted value of E0 • 

When E0 and the characteristic length of the 
deflection bowl (2) have been computed, the flex­
ural rigidity (D) of the pavement structure is eas­
ily computed. If the combined thickness (h*) of the 
pavement structure is known, the combined modulus 
(E*) of the pavement can be computed. This procedure 
can be used for rigid pavements and sometimes gives 
reasonable results for flexible pavements (3). 

The use of Burmister two-layer theory appears to 
be a more promising approach for determininq the 
combined modulus (E*) of the pavement structure (5). 
Assume that the subgrade modulus (Eal I the com­
bined thickness of the pavement (h*) , and the radius 
of the loaded area (a) are known. Using only the 
measured center deflection (to 0 ) , the computation 
of E*/E 0 and hence of E* is easily performed using 
Odemark's approximation to the Burmister solution 
(&_, 1.l • 

Computations have been performed for E* /E0 for 
various values of F (i.e., the ratio of the center 
deflection for the two-layer system to the computed 
deflection for the Boussinesq case) and for h*/a 
using both the Hogg model and the Burmister model. 
The results are shown in Figure 5. It may be ob­
served that only for strong thin pavements do the 
two models give similar results. It should also he 
noted that the Burmister model, which accounts cor­
rectly for the vertical strain in the pavement 
structure, is not sensitive to inaccuracy in the 
total pavement thickness (h*) for thicker flexible 
pavements. 

Three-Layer Elastic Model 

Several computer codes are available for obtaining 
an exact solution for surface deflections for lay­
ered linear elastic media of given elastic material 
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computed by the Hogg and Burmister 
models. 

parameters and layer thicknesses. The computer code 
used here is called CRANLAY (! 1 p.131). The analyti­
cal solutions for displacement are found by integral 
transform methods and are evaluated by numerical 
integration. To obtain the three unknown elastic 
moduli from measured deflection bowls, the following 
procedure was developed. 

For each test area with known pavement thick­
nesses the CRANLAY computer code was used to compute 
surface deflections at the required offset distances 
for a range of modular ratios. The moduli of elas­
ticity of the three pavement layers were then com­
puted by solving a system of three equations that 
relate the surface deflections at the given offset 
distances to the moduli of elasticity. In this pro­
cedure the number of measured deflections used must 
equal the number of unknown moduli. The method is 
not iterative and the three equations are solved by 
direct numerical methods, 

As a check on the method several computations 
were done using the evaluated elastic moduli ob­
tained as input in the CRANLAY program. The computed 
surface deflections were then compared to the mea­
sured deflections used for computing the elastic 
moduli. In all cases the difference between the mea­
sured and and the computed deflections was found to 
be less than 0.5 percent. 

Simplified Multilayer Model 

This model is based on Odemark's method of "equiva­
lent thicknesses" (&_,ll and has been further devel-
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oped and described in detail hy Ullidtz and Peattie 
(9,10). The computations for surface deflection are 
performed for a transformed section using the 
Boussinesq equation for circular loading for the 
center deflection (II 0 ) and the equations for 
point loading for offset deflections (t.r). The 
pavement is assumed to be made up of layers of known 
thickness and Poisson's ratio is assumed to he 
known; however, the moduli of elasticity are un­
known. It is further assumed that the center 
deflection (11 0 ) and the deflection (lrl at several 
offset distances (r) have been measured with an NDT 
device applying a known load (P) on a circular plate 
of radius a. 

The procedure followed is iterative, First, the 
unknown moduli of elasticity are "guessed" for the 
various pavement layers and then the resulting de­
flections at the center of load application and at 
offset distances (r) at which measurements were made 
are computed. The modulus of elasticity values are 
then modified until an "acceptable" match is ob­
tained between the computed and the measured deflec­
t ions. 

The method can be used for two or more pavement 
layers and is known to give computed surface deflec­
tions quite close to those computed by the most ex­
act methods. It will be demonstrated that, when used 
in the reverse mode as described earlier, it also 
yields evaluated layer elastic parameters similar to 
those obtained with the most exact methods, 

The computations were done using a personal com­
puter in the interactive mode. The match between 
measured and computed deflections was considered to 
be acceptable when the center deflections matched 
within 3 percent and the remaining deflections 
matched within 10 percent. For the two concrete 
pavements the center deflection and the furthest 
measured deflection matched to less than 0.5 percent. 

COMPUTED ELASTIC PARAMETERS--A COMPARISON OF MODELS 

The various pavement models and computational rou­
tines that have been presented have been used to 
analyze the 15 average deflection bowls . For a known 
pavement section and e lastic moduli , each of the 
pavement models would produce slightly different 
deflection bowls. However, it was of considerably 
more interest to compare the evaluated elastic pa­
rameters. 

The subgrade modulus values for all three pave­
ment types computed with the Odemark-Ullidtz simpli­
fied multilayer elastic model showed excellent 
agreement with those values computed with the "ex­
act" CRANLAY computer program (Figure 6). The 
simpler Hogg model also showed good agreement with 
the CRANLAY computations for the subgrade modulus 
(Figure 7). 

Figure B shows the combined modulus (E*) for a 
two-layer system for all pavements tested using 
Odemark-Ullidtz compared with the Hogg model for 
determining the subgrade modulus (E0 ) and Ode­
mark' s approximation for the Burmister solution, for 
center deflection only, for determining E* /E0 and 
hence E*, For the ri<Jid pavement, h* is the thick­
ness of concrete, for the flexible pavements the 
combined thickness of asphaltic concrete and base, 
and for the composite pavement the combined thick­
ness of asphalt concrete overlay and the old con­
crete pavement. The agreement is excellent. 

llhown in Figure 9 are the subgrade, base course, 
asphalt concrete, and portland cement concrete mod­
uli for the rigid and flexible pavements, The values 
were computed using the same deflection bowls with 
the Odemark-Ullidtz simplified method of computation 
and the CRANLAY computer program. It should be noted 
that the scales in Figure 9 are log-log. The agree-
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COMPARISON OF LAYER MODULI COMPUTED FOR AVERAGE 
DEFLECTION BOWLS OBTAINED WITH THE 
VARIOUS NDT DEVICES 

For the purposes of this comparison, the discussion 
will be limited to the layer modulus values computed 
by the approximation to the layered elastic model 
used in the method of equivalent thicknesses. These 
moduli for the five test areas and the three NDT 
devices are shown graphically on a logarithmic scale 
in Figure 10. 

The first and most striking observation is that, 
on the basis of knowledge of materials in the pave­
ment sections at the five test areas, almost all of 
the layer modulus values obtained with the three NDT 
devices are reasonable. The two exceptions rout of a 
total of 39 determinations of layer moduli) were 6.6 
million psi for the 20-in. concrete determined in 
Test Area 1 and the 8 million psi for the 6-in. 
overlaid concrete determined in Test Area 4, both 
with the Pavement Profiler. 

The modulus values for the subgrade ranged from 
20,000 to 26,000 psi for Areas 3, 4, and 5 and from 
3 4, 000 to 54, 000 psi for Areas 1 and 2, for all 
three NDT devices. There was a consistent pattern 
for all areas (except Test Area 4) with the heavier 
load device giving the lower evaluated subqrade mod­
ulus. It should be pointed out, however, that the 
maximum difference between NDT devices for the sub­
g rade modulus is about 25 percent. 

In general, the modular values for portland ce­
ment concrete and for asphalt concrete are reason­
able and do not differ significantly with the var­
ious NOT devices. The one exception as mentioned 
previously is the Pavement Profiler on the 20-in. 
concrete pavement. 

The modulus values for the base course ranged for 
the Pavement Profiler and the 16-kip vibrator from 
135,000 to 270,000 psi and were about 65,000 psi for 
the FWD. The 16-kip vibrator gave higher values for 
Test Area 3 and lower values for Test Area 2 than 
did the Pavement Profiler. 

The lower evaluated moduli for the base course in 
Test Areas 2 and 3, based on an interpretation of 
the deflection bowls measured with the FWD, require 
further study that is beyond the scope of this 

PP Pavement Profiler 
V 16KipVibrotor 
F F.W. D. 

FIGURE 10 Comparison of layer moduli for Test Areas 1-5 for 
three NDT devices. 

paper. Refer to Figure 1 and the overall stiffnesses 
based on center deflection alone. It is now evident 
that the lower stiffnesses measured in Test Areas 2 
and 3 with the FWD are due to the response of the 
base course to impulse loading and not just to the 
smaller diameter plate. 

MATERIAL VARIABILITY 

Material variability and its effect on design have 
been and will continue to be of prime importance in 
all qeotechnical problems (11). Pavement design, 
evaluation, and rehabilitatio;:;- involve the determi­
nation of parameters that possess natural var iabil­
i ty. For each problem the appropriate percentile 
level of the distribution can be selected on the 
basis of reliability considerations. For example, in 
overlay design based on center deflection measure­
ments, the BOth and 97th percentiles are sometimes 
used (12,11,l. When the deflection bowl is measured 
at several offset distances from the load, and its 
interpretation is expressed in terms of moduli of 
elasticity of the pavement layers, the statistical 
analysis of the results and its implications are not 
yet clear. It is the purpose of this section to dis­
cuss the problem. The test sections are those re­
ported previously, and the results of analysis refer 
to the deflection bowl interpretation using multi­
layer elastic theory. 

Table 1 gives the coefficients of variation (CV) 
of the deflections measured at four distances with 
three different NDT devices. It is seen that the 
coefficient of variation lies between 8 and 19 per­
cent, with the higher values obtained using the 
Pavement Profiler. 

Table 2 gives the coefficients of variation of 
the moduli derived for all tests. It is seen that 

.. 
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TABLE 2 Coefficients of Variation of Elastic 
Moduli of Pavement Layers-CRAN LAY 

Coefficient of Varia-
tion (percentage) 

No. of Test 
Points Equipment El E2 E3 

Test Area I 

28 WES vibrator 16 10 
27 FWD 23 13 
8 pp 14 21 

Test Area 2 

7 WES vi bra tor 21 22 14 
8 FWD 41 29 15 
8 pp 35 50 18 

Test At ea 3 

9 WES vibrator 50 52 7 
11 FWD 38 38 8 
10 pp 85 77 15 

Test Area 5 

35 WES vibrator 17 LI 
34 FWD 22 IO 
22 pp 19 13 

the coefficients of variation of the subgrade (E3) 
are of the order of 7 to 21 percent. The values are 
similar to those obtained in deflection analyses of 
Sensor 4 (Table 1). Therefore, it appears that the 
deflections of the sensor far from the load and 
their coefficients of variation are mainly related 
to the subgrade modulus and its coefficient of vari­
ation. The coefficients of variation of the concrete 
modulus (El in Test Areas 1 and 5) are of the order 
of 14 to 23 percent and are similar for all NOT de­
vices. An examination of Tables 1 and 2 shows that 
the coefficients of variation of the moduli of the 
asphaltic concrete and the base course are 2 to 7 
times those of the deflections. 

Therefore, it appears that statistical analysis 
of the deflections can provide an estimate of the 
variability of the subgrade. However, it does not 
represent the variability of the pavement layers. It 
is not clear at this stage which part of the vari­
ability is due to the equipment. It is worth men­
tioning that determining the moduli using an average 
deflection bowl and averaging the moduli obtained 
from deflection interpretation give about the same 
result. 

It can be seen, however, that analyzing all de­
flection bowls instead of an average defl ection howl 
gives additional information o n t he pave men t condi­
tion and is therefore useful i n pave me n t eva uation . 
The use of an iterative proced ure with a multilaye r 
computer program like CRANLAY is in most cases pro­
hibitively expensive. Therefore, development and use 
of simplified methods for analyzing a large amount 
of data are of considerable importance. 

CONCLUSIONS 

The Pavement Profiler, the 16-kip vibrator, and the 
falling weight deflectometer all have instrumenta­
tion satisfactory for measuring both applied force 
and resulting deflections. This is evidenced hy the 
almost identical deflection bowls for the 10. 5-in. 
concrete pavement of Test l\rea 5 when normalized 
with respect to applied load. 

Deflection bowls normalized with respect to load 
(i.e., plotted as deflection per unit load) are es­
pecially useful in comparing NDT devices that apply 
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different loads to the pavement. Deflection bowls 
normalized with respect to center deflection are 
particularly useful in comparing different pave­
ments. For example, the flexible pavement in Test 
Area 2 and the composite pavement of Test Area 4 
have almost identical center deflection per unit 
load, but the characteristics of the bowl of deflec­
tion ratios are entirely different. 

The shapes of the deflection bowls produced by 
all three NDT devices are sufficiently close to 
those predicted by the Hogg model to allow it to be 
used with confidence in pavement evaluation, partic­
ularly for evaluating the modulus of the subgrade. 

The combined Burmister-Hogg computational routine 
using the Odemark approximation is useful and effi­
cient for obtaining a combined modulus (E*) for the 
pavement (Figure 8). 

The Odemark-Ullidtz simplified multilayer elastic 
method gave evaluated elastic moduli almost identi­
cal to those computed with the most exact methods, 
except for the base course (Figure 9) • 

All three NDT devices gave similar layer moduli 
for concrete, asphaltic concrete, and the subqrade. 
The moduli for the base course determined from the 
deflection bowl s produced by the falling weight de­
f lectometer were significantly lower than those ob­
tained from analyzing the deflection bowls produced 
by either the Pavement Profiler or the 16-kip vi­
brator (Figure 10). 

Variability in measured pavement deflections can 
be a reasonable measure of variability in subgrade 
modulus. However, to obtain a measure of material 
variability for the various layers of the pavement 
it is necessary to analyze a large number of deflec­
tion bowls. The simplified models presented in this 
paper have been found useful in this context. 
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Analytical-Empirical Pavement Evaluation Using the 

Falling Weight Deflectometer 
P. ULLIDTZ and R. N. STUBSTAD 

ABSTRACT 

Because of the rapid development of hardware and software during the past 10 
years, it is now possible to use an analytical-empirical (or mechanistic) 
method of structural pavement evaluation on a routine basis. The Dynatest 8000 
falling weight deflectometer that, when used with the ELMOn program, determines 
the modulus of each structural layer in a pavement system is described. The 
moduli are determined nondestructively and in situ under conditions that 
closely resemble those under the influence of heavy traffic. Some practical 
examples illustrating the use of the method are presented, and its empirical 
components are discussed. These empirical components are also programmed into 
the ELMOD program so an overlay design may be carried out concurrently with the 
analytical determination of layered elastic moduli. The method may be used for 
both flexible and rigid pavements, where joint evaluation is not needed. The 
evaluation of joint or corner conditions in jointed portland cement concrete 
pavements is not addressed in this paper. 

Structural design of pavement systems should be 
based on an "analytical-empirical" approach. Often, 
such an approach is referred to as an "analytical 
method" or a "mechanistic method," but because it 
still contains an important empirical component (see 
the fourth section), the term "analytical-empirical" 
is more correct. The desirability of an analytical­
empir ical approach appears to be a universally 
agreed-on prec·ept among pavement engineers, particu­
larly as a result of the Fifth International Confer­
ence on the Structural Design of Asphalt Pavements 
held in Delft, The Netherlands, in 1982. 

The analytical-empirical method presented here 
makes use of the same approach that is used in most 
other structural engineering design, that is: 

1. The loadings and environmental conditions are 
determined; 

2. The elastic modulus (Young's modulus) is de­
termined for each material in the structure; 

3. The critical stresses or strains, as a result 
of loadings, are calculated in each material; an~ 

4. The thicknesses (or the materials) are modi­
fied until the critical stresses or strains do not 
exceed permissible values. 

One reason (of many) for using this approach is 
the increased need for pavement maintenance and re­
habilitation. To make the right choice from many po­
tentially feasible maintenance and rehabilitation 
measures, the engineer must base his decision on a 
rational evaluation of the mechanical properties of 
the materials in the existing pavement structure. To 
accomplish this, existing empirical methods of · pave­
ment design are inadequate. Instead, a combined 
analytical-empirical evaluation procedure should be 
followed. 
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One serious obstacle, however, has been the dif­
ficulty of determining the in situ elastic moduli of 
pavement materials. Three- or four-point bending 
tests or dynamic tr iaxial tests are both cumbersome 
and costly, and the results are not necessarily rep­
resentative of in situ conditions. Estimating moduli 
from empirical relationships based on California 
bearing ratios (CBRs), R-values, or other parameters 
is hardly satisfactory. 

Now, however, the recent rapid development of 
appropriate hardware and software has made it possi­
ble to determine the elastic modulus of each struc­
tural layer in a pavement structure. 'l'his can be 
accomplished in situ, nondestructively, and rapidly. 
With a proper falling weight deflectometer (FWD) and 
suitably associated software, it is possible to 
carry· out analytical-empirical pavement evaluation 
on a routine basis. The following is a brief de­
scription of one such system, namely the nynatest 
8000 FWD (Figure 1) and the Evaluation of Layer Mod­
uli and Overlay Design (ELMOn) program. 

FIGURE 1 Dynateet Model 8000 FWD. 

DYNATEST 8000 FALLING WEIGHT DEFLECTOMETF.R 

For a deflection testinq device to be used to deter­
mine in situ moduli of pavement materials, the fol­
lowinq requirements should be met: 

1. The load must resemble that of a heavy wheel 
passage in terms of both load magnitude and duration. 

2. Deflections must he measured extremely accu­
rately, especially at distances from 0.6 m (2 ft) to 
1. 5 m ( 5 ft) from the center of the loaded area. 
These deflections are used to determine the modulus 
of the subqrade and must therefore be accurate be­
cause the subgrade generally contributes 60 to 80 
percent of the total center deflection. A small 
error in the determination of the subgrade modulus 
could, therefore, lead to extremely large errors in 
the moduli of the other pavement layers. (For the 
same reason, it is also essential to consider any 
existing nonlinearity of the suhgrade.) 

With respect to load magnitude, any appropriate 
"design" half-axle load (e.g., 9 , 000 lbf , 50 kN) may 
be simulated by the Oynatest FWD . A load of more 
than 10 metric tons (approximately 24 ,000 lbf) may 
also be obtained if desired (e.g., for evaluatinq 
airfield pavements). The duration of the load is 
generally fixed at 25 to 30 msec, rouqhly corre­
sponding to a wheel velocity of 40 to 50 MPH 160 to 
80 km/hr) . 'I'he deflections are measured with geo­
phones at seven different distances from the loading 

plate, and, because no reference point or 
needed (the reference point is the center 
of the earth), the deflections may be 
quite accurately. A typical accuracy is 
cent± 1 µm (1 µm = 1/1000 mm= 0.04 mil). 
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support is 
of gravity 
determined 

0.5 per-

On many occasions, pavement response in terms of 
stresses, strains, and deflections from an FWD­
imposed load has been compared to the response to a 
moving wheel load. Details of some of these compari­
sons may be found elsewhere (1-3). All these compar­
isons have shown that the response to an FWD test is 
quite close to the response to a moving wheel load 
of the same magnitude, even though the impulse load 
of the FWD, in some respects, differs from a moving 
wheel load. 

If, therefon', an accurate deflection basin is 
measured under an FWD test and then the theory of 
elasticity is used to determine the elastic moduli 
of the individual layers such that the same deflec­
t ion basin is produced, the engineer can be reason­
ably certain that the layer moduli thus obtained 
will be representative of the response of the pave­
ment materials under heavy traffic loading, even 
though, strictly speaking, the analysis technique is 
quasi-static whereas the loading is dynamic. 

Details of the Dynatest FWD test system may be 
found elsewhere (j_), but it may be added here that 
the production capacity is some 200 to 300 test 
points per day, depending on the distance between 
points, and that more than 30 of these test systems 
are now in operation (mostly in North America and 
Europe). 

CALCULATION OF ELASTIC MODULI 

Pavement sections are not composed of ideal elastic 
materials. In addition to elastic deformations, most 
pavement materials exhibit plastic, viscous, visco­
elastic and/or viscoplastic deformations under load, 
and in most cases the relationships between load and 
deformation are nonlinear. Many materials are aniso­
tropic, often as a function of the state of stress, 
and few materials are homogeneous--some are even 
"particulate," consisting of significantly large, 
discrete particles, Adding to this the variability 
of the materials with time and place and the dynamic 
loading conditions, it should be clear that layered 
elastic theory is just an approximation of "real-
1 ife" conditions. 

Nevertheless, this approximation of reality of­
fers, at the present time, the most promising ap­
proach to reaching a more fundamental understanding 
of the performance of pavements. For this reason, 
elastic theory has been incorporated into a number 
of current design methods, such as those by Shell, 
Chevron, and the Asphalt Institute as well as those 
implemented by several countries. "Elastic modulus" 
in this paper should be understood to be an apparent 
modulus or effective stiffness. 

To determine moduli, programG developed by Chev­
ron, Shell, and the Laboratoire Central des Chaus­
sees as well as several other ins ti tut ions may be 
used. However, the method of equivalent thicknesses 
(MET) 12 12) used in the ELMOD program is at least as 
reliable and effective as the other, more sophisti­
cated programs for use on FWn-generated test data. 
There are two primary reasons for this: 

1. First, a mainframe computer is not needed. 
The calculations can be rapidly carried out on a 
microcomputer. This mean s t hat each FWD deflection 
basin , instead of j ust a few "representative" or 
average basins , may be analyzed. Even more impor­
tant , the MET may be easily incorporated in a pave­
ment management system , under wh ich critical 
stresses or strains may have to be evaluated liter­
ally millions of times. 
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2. Second, and most important, it is quite easy 
to incorporate a nonlinear', elastic subgrade into 
the MET procedure, and this is essential for deter­
mining even reasonably accurate layer moduli from 
measured FWD deflections, because of the lateral 
variation of subgrade modulus under load. This pro­
cedure is discussed in detail elsewhere CJ) • 

The basic assumption in the MET is that the 
stresses, st.rains, and deflections below a given 
layer interface depend on the stiffness and thick­
ness of the layers above that interface . This con­
cept is used to transform a layered structure into 
an equivalent uniform, semi-infinite material, to 
which Boussinesq ' s simple equations may be applied . 

There is a certain resistance against using this 
relatively "simple" method today because a number of 
"exact" elastic layered programs are readily avail­
able .. It should not be overlooked, however , that the 
assumptions on which these "exact" programs are 
based are not really indicative of the actual condi­
tions existing in a pavement structure. 

As mentioned previously, deformations under load 
are not only elastic but also plastic, viscous, and/ 
or viscoelastic. The materials are often nonlinear 
(stress dependent) , a n isotropic, and inhomogeneous; 
some even consist of larg·e, discrete particles 
(e.g., coarse granular materials). These differences 
between the idealizea assumptions on which layered 
elastic programs a-re based , coupled with the complex 
nature of actual pavement materials, are not miti­
gated by the use of complex mathematics . 

Even though the elastic layer programs cannot be 
considered more exact than the MET when it comes to 
the behavior of real pavements, the MET has, on a 
number of occasions , been 
elastic layer programs (6) . 
have indicated a r:eason.;bly 
flections and stresses , and 
tory agreement for strains. 

ELMOD Program 

compared to different 
In generai, the results 
good agreement for de­
somewhat less satisfac-

Using FWD-derived load deflection data, the struc­
tural evaluation may be carried out with the ELMOD 
program, which is based on the MET. This program 
operates on the same micrdcomputer that controls the 
FWD field operation. An IBM personal computer ver­
sion of the program is also availa.ble . 

The FWD measures the force applied to the pave-

FIGURE 2 Principle of Moduli Determination. 
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ment plus the deflections at seven different dis­
tances from the loading plate. During testing, these 
values are stored on magnetic tape and later are 
read by the ELM.OD program. In addition, the thick­
nesses of the structural layers in the pavement must 
be input (Figure 2), A two-, three-, or four-layer 
system may be specified. 

The ELMOD program will then automatically deter­
mine the layer moduli that will produce the same 
deflection basin as measured. During this iteration, 
the program also determines any actual or apparent 
nonlinearity of the subgrade. The lateral variation 
of subgrade stress is considered and, therefore, the 
subgrade may be treated as a single, nonlinear elas­
tic layer. This nonlinearity is extremely important 
in facilitating a reasonably accurate determination 
of both the subgrade and the remaining, overlying 
structural layer moduli. 

A series of checks was made to compare the ELM.On 
program with the CIRCLY computer program (B) • For 42 
different three-layer structures, the surface de­
flections corresponding to a standard FWD load were 
calculated with CIRCLY at distances O, l.Sa, 2a, 3a, 
4a, 6a, Ba, and lOa, where "a" is the radius of the 
loaded area. The range of employed layer moduli and 
thicknesses was as follows: 

E1/E3 
h1/a 

E2/E3 
h2/a 

where 

10, 20, so, 100, 200, 400 
o.s, 0.67, 1, 1.33, 2, 2.67, 3.33 
3 
2 

modulus of Layer 1, 
thickness of Layer 1, 
modulus of Layer 2, 
thickness of Layer 2, and 
modulus of the (semi-infinite) subgrade, 

In all calculations it was assumed that the FWn load 
wa-s uniformly distributed over a circular area: that 
all materials (layers) were homogeneous, isotropic , 
and linear elastic: and that all had a Poisson's 
ratio of 0 . 35 . All interfaces were considered 
"rough" (no slip bet-ween layers). 

The calculated deflections were then used as in­
put to the ELMOD program and tbe moduli of the three 
layers were calculated. The thickest and stiffest 
structures, for which both EifE3 ~ 100 and h1/a .:_ 2, 
were treated as two-layer structures . 
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Denoting the moduli obtained with the ELMOD pro­
gram E'i and those used as CIRCLY input values 
Ei, and assuming a log-normal distribution of mod­
uli ratios, the following ratios between ELMOD­
calculated and CIRCLY input values were obtained: 

90 Percent 
Mean Certainty 
Value Range 

EI l/E1 1.01 0.77 - 1.34 
E '2/E2 1.03 0.70 - 1.52 
E '3/E3 1.00 0,95 - 1.06 

Although the mean values were close to unity, a 
fairly wide scatter is noted for E1 and E2, 
whereas the agreement for the subgrade modulus 
(E3 ) is extremely good. But even for Layers 1 and 
2, the agreement is quite good given that many of 
the structures were outside the recommended range 
for use in the ELMOD program and that a coefficient 
of variation in layer thickness of only 6 percent 
for Layer 1 and 9 percent for Layer 2 would result 
in the same scatter. Inaccuracies in assumed layer 
thicknesses may be quite important for the calcu­
lated moduli, but fortunately the layer stiffnesses 
will still be approximately correct, and therefore 
the critical stresses and strains calculated subse­
quently will also be equally correct. 

1. 5 
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Comparing Theoretical and Measured Values 

More important than comparing "exact" layered elas­
tic theory and the MET, is keeping in mind that 
large differences exist between theoretical models 
and actual pavement structures. Only by comparing 
theoretical values to measured stresses, strains, 
and deflections in situ is it possible to determine 
whether a given model or approach is satisfactory. 

Although deflections may be measured quite accu­
rately in situ, it is much more difficult to measure 
in situ stresses and strains in a pavement struc­
ture. If there is a difference between a measured 
and a calculated value, there is, at the present 
time, no way of telling which one is really "cor­
rect. 11 

Nevertheless, two comparisons are presented here 
because they illustrate the type of variations that 
can be expected between the various theoretical 
models and measured values of stresses, strains, and 
deflections: 

Example 1 

In Figure 3, a comparison of measured and calculated 
values from two instrumented, full-scale pavements 
is shown (1_). Section 1 was a full-depth asphalt 

MET 

• F.E. 

4J 4J 4J 

"' "' "' "' "' "' M M M 
O' O' O' 

.Cl .Cl .Cl 
::l ::l " Ill tlJ Ill 

.:: N .:: .... .:: N 
0 ·.-< .... 

.:: .:: i:: " 0 "' 0 . .:: 0 i:: 0 
·.-< "' ·.-< .... .... .... ·.-< .... 4J .... "' .... "' .... 
u M u M u M u 
4J .... 4J .... (lJ .... (lJ 
tlJ Ill Ill Ill Ill Ill Ill 

FIGURE 3 The MET, Chevron, and finite element method compared to measured 
deflections, stresses, and strains. 
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placed dir ectly on a cohesive (moraine clay) sub­
g rade. Section 2 had, in addition, a granular sub­
base. Three methods were used to calculate the re­
sponse : the Chevron program, a f inite el.ement (FE) 
program developed at th e lJnivers.ity of California , 
Berkeley ( 9 ), and t he MET. The input moduli were 
determi ned - from backcalcul at:ion s of deflection data 
using the MET a nd Chevron approaches and from t hree­
poin t bend ing t es t s on t he asphalt materials and 
t ria lllal tests o n the unbound materials for the FE 
program input. 

Four test series were carried out under different 
climatic conditions. The results shown in Figure 3 
are the mean values of the ratio of measured versus 
c a lcula ted values from all tests conducted , There is 
a considerahle seat ter between measured and calcu­
l ated val ue s and he va rious methods of calculation , 
hut t here is clearly no indication tha t the MET i s 
any les s "co n:ect " t han any of the other methods. 

Example 2 

Comparisons of measured and calculated strains were 
made by the Organizat ion f o r Economic Co-operation 
a nd Development (OECD) Common Measu rement Program 
Group at Nardo. As a par t o f the OECO Road Transport 
Re s earc h Program , a Sc i entific Expert Group on Full­
Scnle Pavernent ·rests wa s for med . The main purpose of 
th is group is t o i nvestigate poss ibilities for coor­
dinating the e x treme ly costly , full- sea.le pavement 
testi ng presen tly be i ng carded out, or planned for 
the near future , by membe r countries of the OECD . 

The Common Measurements Pro9ram Group, consisting 
of nine teams from eight member countd,es , conducted 
measurements of horizon tal strains in the asphalt 
layer of a tes t road under heavy truck traffic. More 
than 200 s train gauges were ins·tall.ed. Details of 
the experiments and r esults t hereof are to be pub-
1 ished by the OECO. 

FWD measurements were also carried out at one of 
these OECD test sites on April 11 and 12, 1984. Us­
ing the results of these tests, strains at the bot­
tom of the a s phalt layer were calculated with the 
MET and compared to the values measured under truck 
traffic. The team from the Technical University of 
Denmark found the following ratios between measured 
and calculated strains: 

Da te 
Apifl 11 
April 12 

Measured/Calculated 
Strains 
1.10 
0.93 to 1.07 

Conclusion on Cal culat ion of Moduli 

On the basis of approximately 20 years' experience 
with FWD testing, it can be concluded that the layer 
moduli of a pavement structure can be determined 
reasonably accurately from FWD test results and that 
these moduli may be used to calculate the critical 
stresses and strains in a structure under heavy 
traffic. 

The c omplex na ture of pavement structures and the 
inade<:fuacy of e xisting theore tical models, however 
well compu t er !zed , should he realized . More realis­
tic models, like the dis t i nct element method (.!..Q_), 
should be developed, but at the present time it does 
not appear that the mathematically more complex 
methods of fer any important advantages over the more 
simple method of equivalent thicknesses (except, 
perhaps, in special cases). 

The analytical part of the analytical-empirical 
method may, therefore, be used with a reasonable 
degree of confidence, and because it is based on 
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fundamental physical principles it may be used with 
all types of materials, environments, loadings, and 
so forth. Of course, the approximations made in the 
theoretical approach discussed previously should be 
kept in mind. 

RESIDUAL LIFE AND NEEDED OVERLAY 

Theore tical models like VESYS Cill and HMOPP (12) 
may be used to predict futur e pavement performance 
i n terms o f roughness, rutting, and ,crackinq. Be­
cause of the large number o f input parameters re­
quired, however, these models are not well suited 
for routine purposes. Instead, i t appears to be nec­
essary at the present time to rely on empirical re­
lationships between pavement response (i.e., to 
load) and pavement performance. 

Two relationships are generally used, one for 
predicting cracking of bound layers and one for pre­
dicting permanent deformations (roughness or rut­
ting ). Preferably , the two predictions should be 
i nterrelated so that the predicted structural dete­
rioration (cracking) is considered i n the model for 
predicting f unc tional deterioration (roughness and 
rutting), but this is seldom attempted or even sug­
gested. It should be noted that the words functional 
and structural are used to describe two distinct 
types of pavement condition. Thus, functional condi­
tion relates to ride (juality and structural condi­
tion to bearing capacity . The words are not used to 
indicate the reason f o r a specific kind of deterio­
ration , as is sometimes s uggested . 

Most of the empirical relationships used today 
are of the exponential form: 

N = K x sa (1) 

where N is the number of loads to cause a certain 
deterioration at a stress or strain level (S) at the 
critically loaded position in the layer and K and a 
are constants, depending on the type of material and 
the environmental conditions. In the ELMOD program, 
equations of this type are used with K and a as 
user-controlled input parameters . Seasonal var ia­
tions o f the critical stresses and strains are also 
considered. As many as 12 "seasons" may be specified 
in the program , and the moduli of all layers (in­
cluding the subgrade) may be varied with season. The 
damage caused in each season is calculated and 
summed· using Miner ' s law . The design wheel load may 
be a singl.e wheel, a d ual wheel , o r two dual wheels 
in tandem (useful for airfield pavement design). The 
e ffe_ct of previous loads may or may not be sub­
tracted, as specified by the program user . The posi­
tions at which the critical stresses or strains are 
evaluated by ELMOD under a dual wheel are shown in 
Figure 4. 

If the residual life of a pavement is insuffi­
cient, the program will determine the needed overlay 
thickness of a given material to satisfy Equation l, 
as specified for each layer in the structure. The 
needed overlay thicknesses along the length of the 
roadway may be plotted or a special routine may be 
used to automatically d ivide the roadway into uni­
form subse_ctions, each with its unique design life 
and most representative FWO test point. An example 
ELMOD output is shown in Figure S . 

Structural Deterioration 

A vast amount of literature exists on fatigue crack­
ing of bituminous- and cement-bound materials. Usu­
ally, the horizontal tensile stress or strain at the 
bottom of the layer is assumed critical. In prac-
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tice, however, cracking of an asphalt layer has 
often been found to originate at the top of the 
layer not at the bottom. A few theoretical studies 
have been made of this phenomenon (13,14), but no 
method suitable for routine purposes aE)pei°r s to have 
been developed yet. 

When the maKimum tensile stress or strain at the 
bottom o.f a bound layer is used, the relationship 
with performance should be based on empirical evi­
dence (i.e. , actual experience) with existing pave­
ments because correlations between the results of 
laboratory fatigue tests and performance of existing 
pavements have been rather unsatisfactory. Brown et 
al. suggest a factor of 100 (15) or 440 (16,p.38) to 
get from laboratory to in situ fatigue life of as­
phalt-bound layers, and Thrower (12) bas calculated 
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factors of up ·to 5000. Full-sca).e testing with the 
Danish Road Testing Ma.chine (3) and at the Univer­
sity Of Nottingham (18) has shown similar; differ­
ences. between the r;$ults obtained on laboratory 
specimens and on full-scale asphalt pavements . 

For cement-bound materials , the power a in Equa­
tion 1 is usually rePC>rted to be between -20 and -30 
based on laboratory tests, whereas the AASHO Road 
Test showed a power of -4 and Road Note 29 indicates 
a power of about -3. 

Great care , therefore , should be exercised when 
selecting the constants K and a in Equation 1. With 
the ELMOO pr09ram , these values are user controlled , 
and i t is therefore possibl e to "calibrate" the pro­
gram to suit any specific conditions of materials 
and climate . some structural detei:ioration may also 
take place in the unbound materials. However, this 
deterioration does not appear to be eiuantifiable at 
the present time. 

Functional Deterioration 

The pur.pose of the structural laye r s in a pavement 
system is to provide a smooth ride . If the pavemen 
remains smooth, its structural condition is, by def­
inition, satisfactory even if structural deteriora­
tion is taking place . Most pavements, however , do 
not remain smooth . Roughness , or rutting, or both 
devel op as a function of loading and climatic condi­
tions and may or may not be accompanied by true 
structural deterioration (e . g., fatigue cracking) . 

Functional deterioration may also be associated 
with degradation of the wearing course, which is un­
related to structural condition. Such surface dete­
rioration will be in addition to that predicted from 
the structural condition and must, in most cases, be 
evaluated subjectively. 

Thus, the primary purpose of analyzing a pavement 
structure using the FWD is to predict the develop­
ment of the future functional condition. Most of the 
relationships used today are of the form: 

N (2) 

where 

N the number of load repetitions to cause the 
performance measure to change from: 

P1 the initial level to 
PT the terminal level, and 

S the critical stress or strain, 
E the modulus of the material, and 

K, a, b, and care constants. 

Again, it is strongly recommended that this "re­
sponse-versus-performance" relationship be based on 
experience with the actual pavement structures in 
the region where it is being applied. 

In the ELMOD program, the power c in Equation 2 
is assumed to equal l. "rhe AASHO 'Road Test results 
indicated that c is initially close to l, later be­
coming rather large. A sudden failure, caused for 
example by unfavorable conditions during a single 
season, will result in a large value of c (rapidly 
increasing rate of deterioration). At the AASHO Road 
Test, most of the flexible pavements failed during 
spring thaw. Because the seasons are considered sep­
arately in the ELMOD program, it is reasonable to 
assume that c = 1. 

For the remaining constants in Equation 2, T<irk 
(!2_) has determined values through an analysis of 
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the AASHO Road Test, resulting in the following 
equation: 

N = 440/R x (oz/lMPa)-3.26 x (E/160MPa)b (3) 

where 

N number of loads to decrease the present ser­
viceability rating (PSR) by 1, 

R regional factor, 
oz critical vertical stress on the layer 

considered, 
E modulus of the material, and 
b 3.78 for E < 160 MPa or 3.26 for E > 160 MPa. 

Equation 3 has been found to agree reasonably well 
with the actual per f ormance of road pavements in 
many parts of the world and may be used as a first 
estimate when calibrating the method to new condi­
tions of materials and environment . 

CONCLUSION 

The analyt i cal- empir i cal (or mechanistic) method of 
evaluating pavement structures may now be routinely 
used . Through the use o f a suf'flciently accurate 
falling weight deflectome ter and appropriate soft­
ware, the modulus o f e ach structural lay·er in an 
existing pavement may be de termined . The moduli are 
determined nondestruc t ively and in s itu under condi­
tions that closely resemble the conditions under 
heavy traffic loading. 

The criti c a l s tresses or strains in the structure 
may then be calcula ted hy analytical methods . 
Changes in moduli due to s e asonal changes in temper­
atur:e or moisture conte nt may be easily incorpo­
rated , and any design load or combination of design 
loads may be used. 

The analytical pa r t of the evaluation (i . e ., cal­
culating the moduli and determining the critic al 
stresses and s tr;ains for design conditions ) may be 
carried out on a microcomputer using the method of 
equi valent thicknesses. Except f or some special 
cases , this may be done wi thout any loss of accuracy 
compared with the mathematically more complex 
methods. The ME'r has 1;he additional adva ntage that 
it may be incorporated in a pavement management 
system so that prediction o f future performance may 
be based on the actual e xisting (as measured) struc­
tural condition o f the pavements. 

The analytical E>art of t he method is based on 
fundamental physica l pd nc i pl es and may therefore be 
used f or any oonditions of matedals, environment , 
loadings, and s o f or t h. 

The weakest parts o f the method are the empirical 
relationships between pavement performsnce (rough­
ness, rutting , and c r a c k inq) and pavement response 
(stresses and s t ra ins) . In many parts of the world , 
a considerable amount of research has been carried 
out in this field, and reasonably good relationships 
have been deve loped. l~hen using the meth<>Q for new 
materials or environmental conditions, however, the 
empirical relations hips mus t be locally calibrated . 
Through routine use o f t he s uggested ana l ytical­
empirical rnethod, a considerable fund of knowledge 
bas already been collected . ~t present, more than 35 
FWD test systems ar e in se rvice in North America a nd 
Europe (and a few in the Near East and Australia·) , 
primarily operated by public h i ghway agencies a nd 
research institutions . The incr eased insight gained 
through actual use o f the analytical-empirical 
method wi l l undoubtedly f<i i itate its future devel­
opment, dependab il ty, nd ccuracy . 
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Discussion 
Waheed Uddin* 

The falling weight deflectometer (FWD) is becoming 
an increasingly popular device for nondestructive 
testing of pavements because of its capability of 
applying variable and overload ranges. Several ver­
sions of this impulse-generating device are cur­
rently in use (20) (see also the paper by Bush and 
Alexander in this Record). A simplified approach to 
analyzing FWD deflection basins for pavement evalua­
tion is favored by many engineers. The ELMOD pro­
gram, which has been described in several publica­
tions, is such an approach. However, the desire for 
simplification should not overshadow research ef­
forts to determine a precise and exact interpreta­
tion of dynamic deflection data. The conclusions in 
this paper imply that the oversimplified approach of 
ELMOD is more accurate than the results of the mul­
timillion dollar and statistically designed AASHO 
Road Test. A comparison of ELMOD results with lay­
ered theory analysis for some isolated test sections 
is described. No details about the test sections are 
given. The authors admit that there is a wide scat­
ter in the results but do not apply or recommend 
proper limits to their inferences. 

The development of computer programs for multi­
layered elastic theory and finite element programs 
has taken place in the last two decades. Further­
more, mechanistic interpretation of NOT data for 
pavement evaluation is still an area of active re­
search. These research efforts should not be dis­
credited just because the behavior of pavement mate­
rials is not truly 1 inearly elastic. The inherent 
weakness in these conventional procedures is the 
assumption of a static load instead of the peak 
force of a falling weight deflectometer. Moreover, 
ELMOD probably works under the assumption of a semi­
inf inite subgrade. If a rock layer exists at a shal­
low depth, considerable error in backcalculated mod­
uli can be expected. 

The authors have ignored the dynamic effects of 
FWD tests. Generally, field evidence shows that the 
dynamic deflection data from a falling weight de­
flectometer exhibit considerable variability and 
device dependency ( 20) (see also the paper hy Bush 
and Alexander in this Record). Like a moving wheel 
load, an FWD generates a transient load signal, but 
loading-mode effects still prevail because of the 
differences in shape and duration (21) of dynamic 
signals under the two types of excitation forces. 
Dynamic loading on a pavement surface causes distur­
bance in the pavement-subgrade system. If the 
pavement-subgrade system is assumed to be linearly 
elastic, a true dynamic analysis of this problem is 
possible by the application of the theory of stress 
wave propagation in layered elastic media. For a 
falling weight deflectometer, a true dynamic analy­
sis will require an examination of the spectrum of 
frequencies excited by its transient impulse. 

Authors' Closure 
The authors wish to thank Waheed Uddin for his sug­
gestions and comments on our paper. We certainly 
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agree that the ELMOD program, or any other existing 
"layered elastic" software for that matter, should 
not preclude continuing research on the behavior and 
modeling of layered elastic systems under the influ­
ence of (transient) moving wheel and vibratory loads. 

Indeed, much work still needs to be accomplished 
in this area. Many American universities, such as 
the University of Texas, as well as foreign univer­
sities, are presently engaged in such research. rt 
was definitely not the intention of the authors to 
demean any present or future research in any way. 
Indeed, it was somewhat discouraging to discover. 
that anyone would read such an intention into this 
paper. 

We would, however, like to take this opportunity 
to briefly summarize our views on the subject matter 
addressed by Uddin from a more general point of view 
in order to put matters somewhat into perspective. 

Although the FWD and ELMOD programs certainly have 
their limitations, some of which Uddin outlined in 
his comments, we believe we have addressed the pri­
mary problems associated with the analytical portion 
of NDT pavement evaluation and analysis, as follows: 

1. Although the FWD does not perfectly simulate 
the effect of a moving wheel load, it has been shown 
through a number of research projects ( 7, 22) that 
the deflections generated by the FWD do {~deed cor­
respond well to the deflections generated by an 
equally loaded moving wheel load. We believe that 
this renders an ensuing layered elastic analysis 
quite relevant for the purposes at hand, except in 
the few cases where the so-called "dynamic" effect 
becomes predominant due, for example, to the pres­
ence of a layer of bedrock relatively close to the 
pavement surface. Further research and development 
work on the dynamic effects of FWD loadings is thus 
indeed relevant--but certainly not critical--hecause 
the FWD design minimizes such effects by not excit­
ing the pavement at a single, vibratory frequency. 

2. The major drawback of most other iterative, 
reverse layered elastic procedures is that the typi­
cally nonlinear subgrade stress-strain properties 
are not considered in a horizontal direction, which 
is the way deflection basins are measured. Because 
the subgrade generally contributes to more than 50 
percent of all deflection readings, this nonlinear­
ity should be considered in most instances in order 
to arrive at reasonably correct E-values, as ex­
plained in our paper. The ELMOO program accomplishes 
this goal quite effectively. 

3. If other pavement layers are also suffi­
ciently nonlinear, the ISSEM4 (~) and MODCOMP2 (~) 

programs are also available. For bedrock or frozen 
layers close to the surface, the ELMOD program also 
contains a subprogram called "ELROC," which calcu­
lates the (equivalent) depth to any hard layer, 
along with the requisite E-values of the materials 
above this layer. 

4. In spite of the inherent drawbacks in th is 
approach, as Uddin has delineated, we are quite sure 
that the weakest link in the whole process of pave­
ment evaluation in general is the link between 
mechanistic pavemen t properties (i.e ., E-values, 
stresses , and strains) and performance . We would 
recorriroend , therefore, that the major thrust of re­
search should be directed toward improving the dis­
tress models used for this purpose, through both 
continuing theoretical and applied research , as well 
as through empirical observations of existing pave­
ments . This problem is , in our view, considerably 
more important than a "fine tuning" of the ana l yti­
cal procedures involved in FWD testing and interpre­
tation through layered elastic analysis procedures . 
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Modeling of Granular Materials in Pavements 
S. F. BROWN and J. W. PAPPIN 

ABSTRACT 

The problem of theoretical modeling of granular materials in pavements is con­
sidered i a previously published technique and associated materials data are 
used. A detailed stress-resilient strain model was· used in a finite element 
configuration that is based on a secant modulus approach. A parametric theoret­
ical study involving 56 different pavement structures with two granular materi­
als provided extensive data on the in situ stress conditions in unbound layers 
and their equivalent stiffnesses. The incidence of failure elements is dis­
cussed and the conclusion is drawn that the simple T<-0 nonlinear model and 
linear elastic layered systems are inadequate for computing stresses within the 
granular layer. Arbitrary adjustments to computed stresses that indicate ap­
parent failure or tensile conditions are unnecessary when an accurate material 
model and associated computational techniques are used. The concept of a fixed 
modular ratio between a granular layer and a subgrade was found to be inappro­
priate because a particular granular material has an essentially constant 
equivalent stiffness. Linear elastic layered system computer programs can be 
used to determine critical design parameters when the granular layer stiffness 
is chosen on the basis of results from detailed nonlinear analysis. 

In the design of new roads and in the expanding 
field of pavement structural evaluation, there is a 
continuing need for an adequate means of modeling 
unbound granular layers. The problem is not new; the 
nonlinear elastic properties of granular materials 
have long been appreciated and a number of tech­
niques have been used to take these into account in 
structural analysis. These methods have included an 
iterative approach us.ing linear elastic layered sys­
tems, first outlined bY Monismith et al. (1) and 
applicat'lon of the finite element method ( 2)-: This 
latter technique has been used as a basis for devel­
oping nomographic procedures for pavement design (3). 

The major.tty of the work done in this field haR 
used the so-called K-6 model to descdbe the non­
linear elastic characteristics of granular materi­
als. This model was developed 1'rom repeated load 
triaxial test results and is of the form: 

where 

e 

(1) 

resilient modulus, which is the repeated 
deviator stress divided by the axial re­
silient strain: 
peak value of the sum of the principal 
stresses: and 
material constants. 

Brown and Pappin (_1) have described a more de­
tailed model for granular materials, which has wider 
applicability, and have discussed the limitations of 
the K-0 model. They also presen·ted a computational 
procedure to incorporate their model i n a finite 
element package, known as SENOLr to analyze pavement 
structures. The use of their procedure has also been 
illustrated (~) . 

The SENOL computer program has since been used to 
analyze a wide range of pavements and the results 
have thrown some additional 1 ight on the in situ 
behavior of granular materials. use of the K-& 
model has also been further investigated to estab­
lish its limitations. Because finite element analy­
sis is still regarded as essentially a research tool 

in pavement engineering, SENOL has also been used to 
calibrate simpler analysis techniques based on lin­
ear elastic layered systems. The limitations of 
these have also been established. 

GRANULAR MATERIAL MODELS 

The resilient strain model described by Brown and 
Pappin C!, .§_) was developed from a comprehensive set 
of repeated load triaxial test data . The strains 
were expressed i n terms of resilient shear and vol­
umetric components leading to stress-dependent shear 
and bulk modu.li. Stresses were expressed in terms of 
the invariants, mean no·rmal effective stress (p' = 
&/3) and deviator st ress (q). This model is referred 
to as the "Contour Model" because it is best illus­
trated, as in Figure 1, by use of strain contours in 
p'-q stress space. 

Two materials are considered in this paper. The 
first, Model A, is a well-graded crushed limestone, 
and the second, Model B, is a uniformly graded mate­
rial from the same source. They were selected to 
represent good- and poor-quality material in terms 
of stiffness. Details of both models have been pre­
sented by Brown and Pappin (4). 

Coefficients in the c'Orresponding T<-0 rela­
tionships for these two materials are as follows: 

Model A: K1 8634 kPa, K2 = 0,69 

Model B: K1 = 19 454 kPa, 

The contour models cannot be expressed as suc­
cinctly as this, so reference should be made to 
Brown and Pappin <!•i> for full details. Figure 2 
shows a typical stress pulse ln p'-q space for an 
element of granular material in a pavement. Point A 
represents overbuz:den pressure and Point B is the 
peak stress that occurs when the wheel load is i.mme­
d lately above the element. The contour model was 
developed from a large numbe·r of stress paths such 
as AB covering the stress space of Figure 2 but 
limited to peak values of q/p = 1. 67. This was done 
to avoid the development of significant permanent 
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FIGURE 2 Typical in situ stress path due to 
wheel loading. 

strains that occur when peak stresses probe close to 
the failure line; q/p = 2.2 for this material (both 
well graded and single sized). Some tests involving 
these high stress ratios showed that the basic re­
silient strain model was capable of extrapolation 
into this zone. 
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The K-6 model was developed from tests involv­
ing constant confining stress and deviator stress 
pulsed from zero to a peak value. The stress paths 
in Figure 2 for such tests would involve Point A 
being on the p' axis (equal to the confining stress 
at that point) and the slope of AB being 3. The pa­
rameter B in Equation 1 is the value corresponding 
to Point B in Figure 2 . 

Hence the contour model is a more exact represen­
tation of the material behavior and is better able 
to predict stress conditions in a pavement in which 
a wide range of stress paths is possible. 

In the computations that were performed during 
this investigation, both the asphalt and the sub­
gr<ide layers in each pavement were assumed to be 
linearly elastic. When linear elastic! ty i s applied 
to materials the basic characteristics of which a e 
eithe·r nonlinear or viscoelastic , the term "elastic 
stiffness" is used in place of Young ' s modulus in 
this paper. 

COMPUTATIONAL PROCEDURES 

The finite element program SENOL was designed spe­
cifically to apply the contour model for granular 
materials to pavement ana.lysis . Details of the com­
putational procedure have been published by Brown 
and Pappin (4,5) but will be s ummarized here . 

The starting point for analysis in a particular 
element is the overburden stress. Th is is used to 
establish the initial values of bulk and shear mod­
ulus. The effects of wheel load are then computed by 
applying it in 10 equal steps and, finally, iterat­
ing until satisfactory convergence is obtained. A 
significant feature of the procedure is that it is 
based on the secant modulus at each step (i.e., both 
stress and strain values are relative to zero). 

When a convergent solution has been obtained, the 
program computes an equivalent Young's modulus and 
.Poisson ' s ratio on the basis of tbe application of 
traffic loading alone. Thi s is essentially a chor<l 
modulus and is of interest in calibrating simpler 
linear elastic procedures such as BlS'rRO 17 , pp . 
34-35) or the Chevron (H. Warren and W. L. Dieckman , 
Numerical Computation of Stresses and Strains in a 
Multiple-Layer Asphalt System , unpublished i nternal 
report, Chevron Research Corporation, 1963) layered 
system programs. These deal only with stresses in­
duced by wheel loading and, because all layers are 
assumed to be linearly elastic, require an equiva­
lent single value of Young's modulus for the gran­
ular layer. The SENOL program was used to determine 
appropriate values • 

In applying the K-9 model to pavement analysis 
using the finite element method, the peak stress 
(overburden plus traffic) is calculated using an 
assumed initial value . The v a lue of e at this peak 
stress is then computed and the corresponding restl­
ient modulus is determined from Equation 1 . This is 
regarded as Young's modulus and is combined with an 
appropriate value of Poisson's ratio, usually a con­
stant value, for proceeding with the calculation. 
The inadequacies of the K-6 model lead to some 
elements exceeding failure conditions and these are 
arbitrarily adjusted to bring the stress condition 
down to an acceptable level ( 2). l\rbi trary adjust­
ments of this kind are also used in those approaches 
that adopt a "tension correct ion" for elements in a 
granular layer. 

These adjustments are not necessary when using 
SENOL with the contour model because elements ap­
proaching failure are automatically assigned low 
stiffnesses in accordance with the greater detail of 
this model. Nonetheless, some elements do have final 
stress conditions just above failure. This is a con-
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sequence of the slight shortcomings of the contour 
model for stress conditions close to failure. 

Computations were performed using the T<-0 model 
as well as the contour model for the two materials 
noted previously. In applying the K-0 model, the 
same basic computational procedure was followed as 
for the contour model: that is, a secant modulus 
approach with the load applied in stages as de­
scribed previously. In this case, secant values of E 
were determined at each stage of loading and a con­
stant value of Poisson's ratio (0. 3) was adopted 
throughout. In addition, linear elastic solutions 
were obtained for several structures using the 
BISTRO <ll computer program. 

The results from these various computations were 
used to study the following points: 

1. Stress conditions in the granular layer and 
the incidence of failure in particular elements, 

2. Comparison of Models A and B for the granular 
layer, 

3. 
4. 

using 
5. 

Equivalent values of Young's modulus, 
Comparison of critical parameters 

SENOL and BISTRO, and 
Assessment of the K-0 model. 

DETAILS OF PAVEMENT STRUCTURES 

computed 

A parameter study was conducted using the SENOL com­
puter program and it involved computations on 56 
pavement structures definitions of which are given 
in Table 1. Each structure consisted of a linear 
elastic asphalt layer, a nonlinear granular layer, 
and a linear elastic subgrade. Table l gives the 
combinations of stiffnesses and thicknesses that 
were used. Granular material Model A was adopted for 
all 56 cases. In addition, six cases, numbered 3 to 
B in Table 1, were analyzed using Model B and eight 
cases (1 to B in the table) were also analyzed using 
the BISTRO linear elastic procedure. Comparisons of 
the contour and K-6 models were made using struc­
tures numbered 3 to B. A summary of the eight struc­
tures that were examined in detail is given in Table 
2. In each case a 40-kN wheel load having a contact 
pressure of 500 kPa was used. 

For the 56 structures that were analyzed, five 
solutions did not converge, some indicated elements 
at or slightly above failure (q/p' > 2.2), others 
included elements in the zone just below failure 
(2.2 < q/p' < l.B), and all elements in the re­
mainder were in the region of lower stress levels 
within which the contour model has greatest valid­
ity. These various categories are identified in 
Table 1, which shows a trend from the weakest (non­
convergent) structures, through the intermediate 
areas, to those strong pavements with the lowest 
peak stress ratios. 

The significance of a nonconvergent solution is 
that a large number of elements within the granular 
layer are at failure. The general implication of 
this is that significant permanent deformations are 
likely to develop in such a structure. Shaw (~) has 
shown that the parameter that determines the ten­
dency for permanent strain to accumulate under re­
peated loading is the minimum horizontal distance 
(value of p') between the end of the stress path and 
the failure line (see Figure 2). 

Figure 3 shows, in more detail, the incidence of 
failure elements in Structures l and 2 of those in­
vestigated in detail. The elements with stress ra­
tios in the transition zone just below failure are 
also shown. In both these cases the stress condi­
tions in the granular layer are generally high and 
such pavements are unlikely to have long lives. 

Structures 3 and 4 {Table 2) had some elements in 

TABLE 1 Modular Ratios Between Granular 
Layer and Suhgrade 

h 1 (mm) 

h2 (mm) E3 (MPa) 50 100 200 

Asphalt Stiffness= 4 GPa 

200 20 
30 2,5+ 
50 1.56 
70 1.5 

450 20 4.0 
30 3,5 
50 2 52 • 2.0 
70 2.0* 1.5 

700 20 6.0 
30 5.o• 4.0 5 

50 3.0* 2.5 
70 

Asphalt Stiffness= 7 GPa 

200 20 3.5 
30 2.5 
50 2.0+ 1.5 
70 2.5. 1.5+ 4 1.5 

450 20 S.5* 5.0 
30 3.5+ 3.0 
50 2.0• 2 .0+ 2.0 
70 2.5* i.s+ 

700 20 5.5+ 3 5.0 
30 6.0* 3.5+ 4.0 
50 3.5* 1.5+ 
70 

Asphalt Stiffness= 12 GPa 

200 20 3.5* 3.0 
30 NC 2,5+ 
so NC 2.0 
70 NC 1,58 

450 20 NC 4.5 7 ' 

30 5.5* 3.5+ 
50 3.5* 2,0 
70 2.5* 

700 20 NC 7.5+ 
30 6.0 1 ' 

so 4.0* 
70 

Note: h 1 =asphalt thickness, h2 = granular thickness, E 3 = 
subgrade stiffness, • =some failure elements, NC = noncover­
gence-general failure, and +=clements close to failure; 
superscripts I to 8 refer to pavement number~ in Table 2 . 
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the transition zone, and the remaining structures 
had all elements at stress ratios less than 1.8. The 
relative potential performance of the granular layer 
in six cases is reflected by the pavement lives 
given in Table 2. These were calculated using the 
pavement evaluation techniques developed by Brunton 
and Brown (9) and relate to British conditions. In 
all cases, except Pavement 4, the potential failure 
mechanism was fatigue cracking of the asphalt. In 
Pavement 4 it was excessive rutting. The elastic 
stiffness of the granular material used in this 
evaluation, which is based on linear elastic analy­
sis, was derived from the SENOL computations. This 
point is dealt with in the next section. 

EQUIVALENT STIFFNESSES FOR THE GRANULAR LAYER 

Values of Young's modulus and Poisson's ratio are 
computed in the SENOL program on the basis of the 
stresses and resilient strains resulting from traf­
fic loading alone. This "chord modulus" is printed 
out for each element together with the corresponding 
Poisson's ratio. 

The variation of these parameters through each of 
the 56 structures that were analyzed allows conclu­
sions to be drawn about the equivalent Young's mod-
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TABLE 2 Details of Pavement Structures Investigated in Detail 

Asphalt 

Pavement Life Stiffness Thickness 
No. (msa)" (GPa) (mm) 

I 0.5 12 50 
2 0.1 4 100 
3 0.5 7 100 
4 0.3 7 100 
5 2.3 4 200 
6 1.3 4 200 
7 12 100 
8 12 100 

8msa = millions of standard (80 kN) axles. 

Load Radial distance (mm) 

0 j 100 200 300 400 600 

Depth i.,.....,~~~~~~~~~~~~~~­
mm 

100 
Unfalled Zone 

200 

300 

400 

Transition Zone 

500 

eoo 

700 

Subgrade Stiffness; 30 MP a 

it.Load Radial dlatance (mm) 

o I 1 oo 200 300 400 500 

Depth Asphalt 
mm stiffness; 5 GPa 

100 -v-...--,....-,,....,..~~~~~-.-~~~~-

200 
Unfalled Zone 

Transition Zone 

400 

500 

600 Subgrade stiffness ;50 MPa 

FIGURE 3 Incidence of failure elements in 
Pavement& 1 and 2. 

ulus, or stiffness, that the granular material mobi­
lizes in situ. This information is particularly 
useful for allowing selection of the appropriate 
single value of granular material stiffness for use 
with linear elastic layered system programs such as 
BISTRO <ll and the Chevron program. Alternatively, 

Granular 
Subgrade 

Thickness Nonlinear Stiffness BISTRO 
(mm) Model (MPa) Calculation 

700 A 30 No 
450 A 50 No 
700 A,B, K41 20 Yes 
200 A,B, K-0 70 Yes 
700 A,B, K41 30 Yes 
200 A,B, K41 50 Yes 
~50 A,B, K4! 20 Yes 
200 A,B, K41 70 Yes 

it could form a basis for subdividing the granular 
layer if this were more appropriate. 

In the past the approach to defining stiffness 
for a granular layer has been to use a certain value 
of modular ratio between this layer and the sub­
grade. Values in the range 1.5 to 5 have been gen­
erally adopted with 2 the most common. This approach 
implies that the stiffness of a particular granular 
material adjusts itself in situ in response to the 
stiffness of the support and the consequent stress 
conditions. 

The SENOL data for all 51 of the structures, for 
which solutions were obtained, were studied and mean 
values of modular ratio, based on the computed chord 
moduli, were extracted. These are given in Table 1 
from which it will be seen that they range from 1.5 
to 7 .5, a spread similar to that reported from in 
situ vibration testing (10). However, it will be 
noted that the high ratios were for the soft sub­
grade and vice versa, implying that the actual 
stiffness of the granular layer does not vary 
greatly. 

To produce reliable values of these deduced 
equivalent stiffnesses for the granular layer, only 
those structures with peak stress ratios below 1. 8 
(well below failure) were considered. This reduced 
the number of relevant solutions to 22 as can be 
seen from Table 1. 

Because a value of chord modulus is computed for 
each element, variations within the structure were 
studied. Within a radius of 350 mm from the load 
centerline the variation of this parameter and the 
associated Poisson's ratio were quite small, Figure 
4 illustrates this point for Pavements 5 and 6 of 
those analyzed in detail (Table 2). The shaded zones 
cover 'the range of values up to a radius of 350 mm 
and results are shown for both granular material 
Models A and B. There is a general trend for stiff­
ness to increase slightly with depth in each case. 
However, this variation is sufficiently modest to 
consider a single equivalent value of stiffness for 
the layer as a whole, when contemplating linear 
elastic layered system calculations. 

For Model A, the mean equivalent stiffness for 
the 22 structures under consideration varied from 60 
to 125 MP a. These values are small in relation to 
the stiffnesses of the asphalt layers (4 to 12 GPa). 
It was, therefore, considered appropriate to use a 
single value of 100 MPa in pavement design calcula­
tions based on linear elasticity and involving good 
quality granular subbases. This was adopted for the 
Nottingham analytical design procedure (9), 

For Model B, representing poorer quality mate­
rial, only six pavements were studied (3 to 8 in 
Table 2) with stress levels well below failure. The 
range of mean stiffnesses was 35 to 50 MPa and a 
mean value of 40 MPa is suggested for routine de­
sign. For both models, Poisson's ratio was 0.3 to 
0.4, the former value having been adopted for design. 
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FIGURE 4 Variation of chord modulus (stiffness) through the 
granular layer. 

EVALUATION OF LINEAR ELASTIC SOLUTION 

Against the foregoing background, a number of calcu­
lations were carried out using the BISTRO computer 
program so that comparisons could be made with SENOL 
results for certain critical parameters. The param­
eters selected were tensile strain at the bottom of 
the asphalt layer (the fatigue cracking design cri­
terion) and surface deflections at radii up to 350 
mm as an indication of overall pavement response. 
Model A material was used and a mean stiffness of 
100 MPa was adopted for the granular material in the 
BISTRO computations. 

Figure 5 shows comparisons that generally indi­
cate that the linear elastic layered system approach 
produces quite reasonable values for these two pa­
rameters, although surface deflections computed 
using BISTRO are somewhat high. There was no signif­
icant difference in the deflection comparisons at 
different radial positions. 

In reality, not only is the granular layer non­
linear, so is the subgrade. A few calculations were 
conducted with a nonlinear elastic model for the 
subgrade (5) derived from work by Brown et al. (11). 
The results, based on a linear elastic subgrade, 
were compatible with those discussed in this paper. 

STRESS CONDITIONS IN GRANULAR LAYERS 

The foregoing section has shown that linear elastic 
layered system computations can determine critical 
design parameters when an appropriate equivalent 
stiffness is assigned to the granular layer. They 
are unlikely, however, to be able to reliably calcu­
late stress conditions within the granular layer 
itself. 

One of the particular problems in this connection 
is the tendency for tensile stresses to be apparent 
in granular layers when linear elastic assumptions 
are used. This point is illustrated in Figure 6 for 

'E 
E -c 

~ 
u 
.! .. 
"C .. 
u 

~ 
:i 

en 

'2 

~ 
" 0 

u 
~ 
c 

~ ., 
~ 
" c 
! 
Oi 
.c 
c. ., 
c( 

1.0 
,., -~ 0.8 
., 
al 

iii 0.6 
~ 

al .. 
c 0.4 
:::; 

0.2 

0 

240 

220 

-:: 200 
:2 
a; 
al 
iii 

180 

;;; 
160 .. 

c 
::::i 

140 

120 

100 

Line of equality 

0.2 0 .4 0.6 0.8 1.0 

Surface deflection (mm) 

Contour Model 

0 

0 0 

120 140 160 180 200 220 240 

Asphalt tensile strain (microstrain) 

Contour Model 

FIGURE 5 Comparison of results from SENOL and 
BISTRO computations. 
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Pavements 3 and 4 (see Table 2), and the results 
from BISTRO calculations are compared with those 
from SENOL using Model A material. The left line of 
each pair represents the traffic-induced horizontal 
stress in the granular layer, and the right line 
shows the influence of the compressive overburden 
pressure. For linear elasticity, even when over­
burden is included, tensile stresses still result in 
the lower half of the layer. Similar analysis for 
Pavements 5 and 6, which were stronger, showed that 
these combined stresses can become compressive in 
favorable circumstances. However, by contrast, the 
SENOL results show compressive stresses in all these 
cases and in most others as well. 

The incidence of tensile stress in a granular 
layer does generally imply a failure condition. Ho·,1-
ever, failure is defined by the stress ratio (q/p'), 
which is influenced by vertical stresses as well as 
horizontal ones. 

Tensile total stresses, in soil mechanics terms, 
may correspond to compressive effective stresses if 
the granular material is subject to negative pore 
pressure, which in general it will be, However, 
quantification of this pore pressure may not be easy. 

Table 3 gives the peak q/p' ratios determined at 
the top and bottom of the granular layer for Pave­
ments 3 to 6. The SENOL values range from O. 8 to 
2.1, all below the failure condition of 2.2, and in 
only two cases are the BISTRO values below failure. 
These data, therefore, confirm the point that de­
tailed study of stress conditions within granular 
layers cannot be undertaken using linear elastic 
theory. 



50 

Horizontal stress (kPa) 

-20 -15 -10 -5 0 5 10 15 
o.---'-- -L--_._ __ _,__~---'---'----'--

A s p ha 11 Stillness =7 GPa 
D~p~hr-------------r---=~;::::=7"°--~ 

200 

400 

600 

Sub grade Stillness= 20 MPa 

Pavement 3 

Horizontal stress (kPa) 

-15 -10 -5 0 5 10 15 
0..--~~~~~'--~--''--~--1~~--'-~~-'-~~-'-~ 

Asphalt Stiffness= 7 GPe 
D~~h r-~~~~~~~~~~-t~~~--,::-~~-:--..,...~ 

200 ~n-llneer 
4 

400 
Subgrade Stillness= 70 MPs 

Pavement 4 

FIGURE 6 Horizontal stresses in granular layer. 

TABLE 3 Stress Ratios at Top and Bottom of 
Granular Layer 

q/p 

SENOL/Contour BISTRO 
Pavement 
No . Top Bottom Top Bottom 

3 2.10 1.77 2.15 17.5 
4 1.92 1.81 2.27 4.34 
5 1. 73 0.80 2.53 2.23 
6 1.71 1.40 1.14 2.47 

EVALUATION OF K-8 MODEL 

The K-8 equation for the well-graded crushed lime­
stone was used in the SENOL program with a secant 
modulus approach for Pavements 3 to 8 (Tahle 2). The 
maximum tensile strain in the asphalt and surface 
deflections up to a radius of 350 mm were extracted 
from the output for comparison with the contour 
model results. Figure 7 shows that the deflections 
compare favorably. However, the K-8 approach 
underpredicts the tensile strain and is less satis­
factory than the linear elastic layered system solu­
tions (Figure 5), which used a single value of 
stiffness for the granular layer. 

Al though the K-8 model may be of use in evalu­
ating effects in other layers, the results showed 
that stress conditions in the granular layer are not 
correctly determined. This point is illustrated by 
Figure 8, which shows substantial numbers of failure 
elements in Pavements 5 and 6 that were analyzed 
using the K-8 approach, whereas no failure ele­
ments were predicted using the contour model. 

CONCLUSIONS 

1. A detailed study of the structural behavior 
of unbound granular materials in pavements requires 
an accurate stress-strain model to define nonlinear 
elastic response. 
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2. The contour model published by Brown and 
Pappin and the associated SENOL finite element com­
puter program allow this to be done, but improved 
modeling is still desirable. 

3. The SENOL program and the contour model allow 
equivalent elastic stiffnesses for granular layers 
to be determined for use in layered system analysis. 

4. The concept of a fixed modular ratio between 
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a granular layer and the subgrade appears inappro­
priate because a single value of stiffness, depen­
dent on the granular material, may be used in linear 
elastic analysis to determine effects in other 
layers of the structure for pavement design and 
evaluation purposes. 

5. A well-graded crushed 1 imestone base has an 
equivalent stiffness of 100 MPa, whereas a poorly 
graded material has a stiffness of only 40 MPa for 
the range of conditions investigated. 

6. Linear elastic layered system programs can 
determine surface deflections and maximum asphalt 
tensile strains to an acceptable accuracy for design 
when the correct equivalent stiffness is assigned to 
the granular layer. 

7. The finite element method incorporating the 
K-9 model can be used to determine surface deflec­
tions and asphalt tensile strains but is unable to 
determine the stress conditions within the granular 
layer. 

8. Conclusions 6 and 7 suggest that the simplest 
approach to design calculations for surface deflec­
t ion or asphalt tensile strain involves the use of 
linear elastic layered systems, provided the correct 
equivalent stiffness is defined from detailed non­
linear finite element analysis. 

9. Design computations involving deformation or 
failure within the granular layer require a detailed 
model and finite element analysis. 
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Characterization of Granular Material 
JACOB UZAN 

ABSTRACT 

Evaluation of the resilient modulus of granular material as used in design and 
structural evaluation of flexible pavements is addressed, It is shown that the 
well-known equation relating the modulus to the sum of principal stresses does 
not properly describe granular material behavior: the predicted response is not 
compatible with laboratory test results that show a strong dependence of the 
modulus on the stress ratio from which the equation is derived, A general law 
that includes the effect of shear strains is shown to be in good agreement with 
test results. The response of nonlinear materials is sensitive to their state 
of stress during loading. A literature review covers case histories of full­
scale retaining wall models with compacted backfill, where residual stresses 
induced by compaction wer.e measured. A proposed theory based on limit equilib­
rium is reported to give good estimates of residual stresses. It is found that 
granular base and subbase materials, compacted with heavy rollers, may develop 
relatively high residual horizontal stresses. The general law for characteriz­
ing granular materials is used with different postulated residual stresses in 
pavement analyses. The results obtained appear to be in good agreement with all 
aspects of granular material behavior, provided that a residual stress of the 
order of 1 to 2 psi is assumed to be induced by compaction. 

nesign and structural evaluation of flexible pave­
ments are currently based on the layered elastic 
theory. This approach offers the possibility of a 
rational solution of the prohlem. The success of 
this approach depends on the accuracy with and man­
ner in which material properties are evaluated and 
used in the analysis. The existence of nonlinear 
stress-strain characteristics in granular materials 
and soils has been well known for many years. Exper­
imental data show that the response of these materi­
als and especially that of the granular materials 
depends strongly on the prevailing state of stress, 
Therefore knowledge of the correct in situ stress 
conditions is vital for the rational approach to 
design and structural evaluation of flexible pave­
ments. 

In the last decade most research in the field of 
characterization of granular subbase and base layers 
has involved repetitive loading tests and has con­
centrated on developing nonlinear stress-strain 
models. The simple model, which is widely used and 
relates the resilient modulus to the sum of princi­
pal stresses, appears to have serious limitations, 
More complex and sophisticated models expressed in 
terms of shear and volumetric stress-strain rela­
tionships lead to quite low and unrealistic moduli 
when used in pavement analyses, Neither the material 
model nor the analysis is at fault: it appears that 
the state of stress prevailing in the field is not 
reproduced in the analysis. 

This discussion suggests that residual compres­
sive stresses induced by compaction during construc­
t ion of the pavement or during repeated traffic 
loadings, or both, may be the cause of the incompat­
ibility between common engineering values and the 
results of analyses of the sophisticated model. The 
existence of residual stresses in compacted materi­
als is well supported in the literature by labora­
tory tests and full-scale retaining wall model tests 
with backfill compacted with equipment similar to 
that used in highway construction. If these residual 
stresses are taken into account in analysis as ini­
tial conditions, the state of stress that prevails 

in the field is reproduced and the granular material 
moduli are realistically evaluated, 

A literature review of the characterization of 
granular material and an estimation of residual 
stresses induced by compaction are presented. An 
analysis of a layered system is included to illus­
trate the effect of residual stresses on the moduli 
of granular material and to compare the results with 
values used in existing pavement design procedures. 

LITERATURE REVIEW OF CHARACTERIZATION OF GRANULAR 
MATERIAL 

Two different approaches exist for estimating the 
granular material properties used in the analysis of 
pavement systems. In the empirical or semiempirical 
one, the resilient modulus is related to layer 
thickness and underlying subgrade modulus (_!) as 
well as to material type (£) or asphalt concrete 
modulus of elasticity (3), The values obtained from 
these procedures are similar and appear realistic 
from an engineering and phenomenological. point of 
view. In the last decade research has concentrated 
on the rational approach in which t he behavior of 
granular material is described by nonlinear stress­
strain characteristics. Three different relation­
ships are currently implemented: (a) the well-estab-
1 ished one, relating the resilient modulus to the 
bulk stress <!-§) i (b) the hyperbolic law proposed 
by Kondner (l) for static loading and extended by 
several researchers (!!_, ~) i and (c) the fundamenta l 
one !.!.Q-12) relating the bulk and shear moduli tn 
octahedral stresses and stress path. 

The first model is expressed as 

where MR is the resilient modulus, 
is the sum of principal stresses, 
are regression coefficients derived 
test results. Equation 1 has been 

8 = "1 + "2 + "3 
and k 1 and k2 
from laboratory 
implemente<'! ir. 
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various computer programs (~,~) using iterative com­
putation schemes. 

Figure la presents the results of tests conducted 
on a dense graded aggregate <ll•.!il. Lines of equal 
confining pressures (a3) have been added to indicate 
the tendency of variation of MR as a function of a3• 
The relationship given by Equation 1 is also drawn. 
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FIGURE 1 Test results and predicted 
behavior using Equation l for a dense graded 
aggregate (1 3, 14). 

It is seen that Equation l fits the results quite 
well. However, reversed trends of resilient moduluEI 
at constant confining pressures are noticed. Figure 
lb shows the same test results of the resilient mod­
ulus as a function of the resilient vertical strain 
(Eal. Included, for comparison, is the following pre­
dicted relation derived from Equation l: 

Ea • (ad/MR) = [ (9 - 3a 3)/MRJ 

{ [ (MR/k1) l/k• - 3a3] /MR} (2) 

where ad = a1 - a 3 is the repeated vertical stress. 
It is seen from Figure lb that the predicted resil­
ient modulus at constant confining pressure in­
creases monotonically as the vertical strain in­
creases. 
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The general form of the hyperbolic law is 

(3) 

where E is the elastic modulus, Ea is the axial 
strain, and a and b are regression coefficients that 
correspond to the inverse of the initial tangent 
modulus of elasticity (at ad = 0) and stress at 
ultimate failure, respectively. Equation 3 corre­
sponds to a nonlinear stress-strain relationship 
with E decreasing gradually as <a and ad 
increase. The initial modulus function resembles 
Equation 1 in which the sum of principal stresses is 
replaced by the confining pressure . Equation 3 has 
been widely used for characterizing subgrade soils 
in the static loading mode and for permanent defor­
mation under repeated loads (8,9). It has also been 
suggested for resilient deformation of granular 
material, using only the initial modulus term (~, 

p.57). That is, 

(4) 

where Pa is atmospheric pressure and ks and k6 are 
regression coefficients. In Equation 3 the modulus 
decreases as the vertical strain increases, in con­
tradiction with the trend predicted by Equation 1. 

Brown and Pappin (10,12) developed a nonlinear 
stress-strain relationship°"t:hat is capable of taking 
into account effective, mean, and deviatoric stress 
and stress path dependence. The material properties 
are expressed in terms of bulk and shear moduli. The 
expressions derived are quite complex and may be 
used only in finite element analysis. It is inter­
esting to study the predicted resilient modulus­
vertical strain relationship at constant confining 
pressures, corresponding to the conventional triax­
ial test. Figure 2 shows the computed relations for 
the crushed limestone tested and those obtained us­
ing the Brown and Pappin model. It is seen that as 
the vertical strain increases, the modulus decreases 
f i rst and increases afterwards at vertical strains 
greater than 2 x lo-•. For comparison, the predicted 
modulus calculated using Equation 1 is also shown in 
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Figure 2. It is seen that· the two predicted rela­
tions are quite different. 

Discussion 

These results summarize the state of the art in the 
field of granular material characterization for 
pavement design. The model developed by Brown and 
his colleagues appears to be the most promising. Its 
application to realistic conditions in pavements has 
been criticized for being based on triaxial tests 
where two principal stresses are equal. It is this 
author's opinion that its refinement in the full 
three-dimensional state of stress and strain will 
not lead to drastic changes in the values of the 
predicted modulus. 

Figure 2 shows clearly that, for low vertical 
strain values, the modulus decreases as the vertical 
strain increases. The increase in the modulus values 
occurs at maximum to minimum principal stress ratios 
(0 1/03) of more than 2 to 3. In the model, the bulk 
modulus increases monotonically as the ratio of 
deviatoric to mean stress (q/p) increases, This be­
havior is well known in dense granular material as 
dilation. Therefore the increase of the resilient 
modulus in repetitive loading could be attributed to 
dilation effects and to the accumulation of perma­
nent shear strain. 

According to Figure 2, Equation 1 fails to de­
scribe the descending branch of the relationship and 
predicts a quite sharp ascending branch. It should 
be noted that, according to May and Witczak (!fil, 
Equation 1 neglects the effect of shear strain and 
is therefore applicable only in the range of low 
strain values. The complete expression for Equation 
1 should read: 

(5) 

where f(Eal is the correction function that decreases 
as 'a increases. Equation 5 is similar to that used 
in earthquake analyses: the function is given at 
discrete values of the shear strain, and the com­
puter program performs the required interpolation. 

It has been suggested that this function be ap­
proximated as follows: 

MR klelt•,:• (6a) 

or 

MR k ek 2 ok' 
1 d (6b) 

with 

'a > lo-• 

od > 0 .103 

Test results (13,14) are used with multiple regres­
sion analyses ~derive k1, k2r and k4 material pa­
rameters. Figures 3-5 show comparisons of measured 
and predicted moduli using Equation 6b. (For the 
crushed limestone in Figure 3, the "measured" values 
were computed using the Brown and Pappin model.) It 
is seen that the prediction is quite good. 

It is worth mentioning that the hyperbolic law 
(Equation 3) fails to describe the effect of dila­
tion and accumulation of permanent shear strains. 
However, under the load where the vertical strain is 
between 1 to 5 x lo-•, the modulus could be approxi­
mated by Equation 4, which states that the modulus 
depends on the confining pressure only. 
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predicted behavior using Equation 6h for a dense 
graded aggregate {13,14). 

Application to Pavement Analyses 

The three models presented have all been used to 
predict deflections, stresses, and strains in pave­
ments. The first model is currently included in a 
pavement design method (6). Chou (15) conducted a 
comparative study with different stress-strain rela­
tions for granular materials and subgrade soils. He 
included Equations 1 and 4 for the granular materi­
als and used finite element analyses, 

The computed deflection at the pavement surface 
using Equation 4 was greater than that obtained us­
ing Equation 1. Chou (15,p.57) stated that "when 
tensile stresses were developed at the bottom of 
granular layers, the elastic modulus reduced drasti­
cally as the load increment increased," while "the 
use of Equation 1 can greatly increase the elastic 
moduli of granular materials." Because Equation 4 is 
inapplicable when tensile minimum principal stress 
develops, it has been abandoned, and Equation ·1 has 
become well established. Its use has been improved 
by the addition of the Mohr-Coulomb failure law in 
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order to keep the stress values inside the space 
delimited by the failure law envelope. 

Recently Witczak (Use of NOT Deflection Data to 
Estimate In-Situ Material Moduli, working paper pre­
sented to TRB Task Force A2T56--Nondestructive Eval­
uation of Airfield Pavements, Fredericksburg, Vir­
ginia, 1981) compared the computed pavement response 
using Equation 1 and surface deflection measure­
ments. He found that "an adjustment must be made to 
the values of any unbound granular material." May 
and Witczak (16) suggested that the adjustment fac­
tor for getting an effective resilient modulus is a 
function of the shear strain induced by the surface 
loading. Smith and Witczak (_!!) compared the compu­
tation results using Equation 1 and those of the 
empirical approach (_!-].). They found that (a) for 
high-quality base materials, the results are in 
quite good agreement, especially for k1 = 8000, 
and (b) for poorer quality materials, the comparison 
is not as good. It should be noted that these analy­
ses indicate that the elastic modulus of the granu­
lar material is essentially independent of its 
thickness. Moreover, the computation results pre­
sented later in this paper show that the modulus 
increases slightly with increasing applied load. 

Brown and Papp in ( 11, 12) presented measured and 
predicted stresse s and strains in an experimental 
section. Large discrepancies were reported. For ex­
ample, the measured vertical strain near the bottom 
of the crushed stone layer was about 500 micro­
strains whereas the predicted one was about three 
times larger. The measured radial and tangential 
strains were- lower than the predicted ones by a fac­
tor of two. 

The results of analyses conducted using the ac­
cu r ate model for characterizing granular material 
and the finite element method have led Brown (17, 
p.56) to assign quite low moduli to the subbase and 
base layers. Suggested design values are about 100 
MPa (15 ksi) and 40 MPa (6 ksi) for well-graded 
crushed rock and poorer material, respectively. 
These values are not realistic. 

In the light of these results, it seems that the 
characterization of granular material is incomplete 
at present. The lack of agreement is frequently at-
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tributed to the axisymrnetric stressing conditions of 
the triaxial test that do not correspond to the 
actual conditions in pavements. This criticism is 
basically correct7 however, it is believed that im­
provement of the model cannot lead to drastic 
changes in the values of the moduli. Therefore it is 
suggested that residual stresses induced during com­
paction of the material be taken into account in 
order to be closer to the real conditions existing 
in pavements. 

It should be noted that Stock and Brown (18) rec­
ognized the effect of compaction equipment on the 
granular material. They adopted coefficients of 
earth pressure at rest from the overconsolidation 
theory, which give relatively high horizontal 
stresses. The existence of the residual stresses and 
their magnitude are discussed hereafter. 

RESIDUAL STRESSES INDUCED BY COMPACTION 

Compaction of granular materials in pavements is 
required to provide sufficient strength and stabil­
ity (i.e., to resist shear failure and permanent 
deformation under applied repetitive loads). The 
effect of compaction on material characterization 
has in the past been taken into account in analyses 
only through the effect of density and degree of 
saturation on the material property. However, be­
cause the material is highly nonlinear and undergoes 
large shear deformation, compaction creates a stress 
history for the finished material. In other words, 
even in a newly constructed pavement, the initial 
stress condition is not stress free, as is generally 
assumed. 

Compaction produces a stable layer that will not 
deform under further rolling of the compaction 
equipment. This condition suggests that the finished 
material is confined. The hypothesis that residual 
compressive stresses are induced by compaction is 
well supported by laboratory test results (19) and 
full-scale retaining wall models with compacted 
backfill (20,p.187 21,p.21). The analysis evaluating 
the induced lateralpressures can be only approxi­
mate because large deformations are involved and the 
stress path in each material element is quite com­
plex. The simple method proposed by Broms !El and 
Ingold (23,24) appears to predict quite well the 
compaction:induced lateral earth pressure. This 
method is based on 

1. Classical earth pressure theory that defines 
the extreme limits for the lateral pressures that 
can be developed in a soil mass. 

2. The assumption that, under loading, the ver­
tical stress increases and the horizontal stress re­
mains unchanged until limit equilibrium is reached7 
then both the vertical and the horizontal stresses 
increase according to the limit corresponding to the 
active state case. That is, 

(7) 

where av and ah are the vertical and horizontal 
stresses, respectively, and Ka is the coefficient 
of active lateral earth pressure. Therefore, , hori­
zontal compression develops in the soil mass. 

J. The assumption that, under unloading, the 
vertical stress decreases and the horizontal stress 
remains unchanged until limit equilibrium is 
reachedi then both vertical and horizontal stresses 
decrease, according to the limit corresponding to 
the passive state case. That is, 

(8) 
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where Kp is the coefficient of passive lateral 
earth pressure. The final state of stress is reached 
when the vertical stress is equal to the overburden. 

4. Vertical stress under the roller is deter­
mined using line loading condition and semi-infinite 
elastic mass (Boussinesq case). 

Figure 6 shows the method of analysis for a vi­
bratory compactor applying 3 ton/ft ( 100 kN/m) and 
for a well-graded subbase or base material with c = 
O. 7 psi ( 5 kN/m2 ) and ~ = 45 degrees. The verti­
cal stress of 61 psi ( 420 kN/m 2 ) is determined at 
a 6- in . (0 . 15- m) depth corr espond ing t o the bottom 
o f t he laye r be i ng c ompac t ed . It i s seen t hat , under 
0 .4 4 psi (3 kN/ m2

) overburde n pressure, a maximum 
residua l horizontal st r ess o f a bou.t 6 psi ( 40 kN/ m2

) 

is expected to be i nduced. This example may be 
viewed as r epresentative o f granular ma te rials in 
pavement because the cohesion, the angle of internal 
friction, and the load magnitude are typical of 
present pavement construction technology. 
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FIGURE 6 Schematic representation of stress path 
during compaction. 

It is worth mentioning that, according to the 
method of analysis, the residual stress depends on 
the material properties and on the compacting load. 
For a cohesionless material, the envelope for the 
passive case (~ower envelope in Figure 3) intersects 
the overburden line at quite low horizontal stress 
compared to cohesive material. Furthermore, to de­
velop residual stresses, sufficient load must be 
applied to reach the active state condition. 

Lateral earth pressures of 2 psi (15 kN/m2
) and 

6 psi ( 40 kN/m2 ) have been measured for cohesion­
less and cohesive materials, respectively, compacted 
behind retaining walls and bridge abutments (1l_,.!_!). 
The values of the measured residual stresses were 
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found to be in good agreement with this method of 
analysis. 

ANALYSIS OF LAYERED SYSTEMS AND INVESTIGATION OF 
BEHAVIOR OF GRANULAR MATERIAL 

The behavior of granular material is investigated by 
analyzing different pavements, using a finite ele­
ment program for axisymmetric problems. Constant 
moduli of elasticity are assigned to the asphalt 
concrete layer and to the subgrade. Equations 1 and 
6b are used for the resilient moduli of the base and 
subbase granular materials. With Equation 1, only 
the geostatic stresses (vertical stress = overburden 
pressure1 horizontal stress = coefficient of earth 
pressure a t r es t times the vertical stress) are con­
sidered. When Equation 6b is used, different addi­
tional res idual hor izontal stresses (induced by com­
paction) are assumed t o exist in granular layers. It 
should be mentioned that, because the intermediate 
and minor principal stresses are not equal in the 
pavement, the deviator stress (ad) in Equation 
6b was replaced by the octahedral shear stress. 

The pavements analyzed are made of 4 in. of as­
phal t concrete with a modulus of elasticity of 
500,000 psi , 6 in. of dense g raded aggregate base 
(se e Figur e 4) , 8 or 14 in . of g r avel subbase (see 
Figur e 5) in Pavements I a nd II , r espectively . Two 
subg rade moduli were incl ude·d in the analys is, 4 , 500 
a nd 15 ,000 ps i. Poisson' s ratios of 0. 4 were assumed 
fo r al l mater ials . Beca1.1se gra nula r materia l behav­
i or is described by a nonlinear l aw and the fini t e 
element program used t reats the t wo d imens i ona l 
( axisymmetr ic) case, only a single wheel load is 
applied at the pavement surface. A contact area with 
a constant radius of 6 in. and uniformly distributed 
contact pressures were assumed. 

Figure 7 shows the distribution with depth of the 
computed moduli close to the axis of the wheel load 
when applying a contact pressure of 70 psi. The re­
sults shown correspond to Pavement I, and, using 
Equation 6b with different residual stresses and 
Equation 1, it is seen that (a) as t he r esidual 
str es s i ncreases , t he computed modulus i ncreases and 
(b) the modulus compu t ed using Equation 1 (without 
t he addit i onal r e s i dual stresses ) appears t o corre­
spond to a residua l stress o f about 2 psi in the 
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subbase and of more than 3 psi in the base (with 
Equation 6b). 

Figures 8 and 9 show the distribution along the 
radial distance of the computed moduli at middepth 
of the base and subbase layers for subgrade moduli 
of 4,500 and 15,000 psi, respectively. It is seen 
that: (a) The distributions obtained using Equations 
l and 6b are different. With Equation 1, the modulus 
is higher under the load than far from it. With 
Equation 6b, the modulus is in some cases higher and 
in other cases lower under the load than far from 
it. The distribution depends on the subgrade modulus 
that controls the sum of principal stresses and 
deviatoric stresses, especially under the load. (b) 
The modulus varies with the radial distance. There­
fore the commonly used layered analyses with con­
stant moduli for the granular layers must be viewed 
as approximate. 

To compare the results of analyses with the em­
pirical approach, an equivalent modulus of the gran­
ular material (base and subbase) was computed. It 
was derived on the basis of equal deflections at the 
center of the circular wheel load . 
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Figure 10 shows the results of computations for 
Pavement I and a subgrade modulus of 4, 500 psi. 
Three load levels are included. It is seen that Cal 
the modulus according to Equation 6b increases with 
increasing residual stresses and with decreasing 
load level, (b) the modulus according to Equation 1 
increases slightly with increasing load level, and 
(c) the range of empirical moduli of granular mate­
rial corresponds to residual stresses of up to 3 psi. 

Similar results are shown in Figure 11 for Pave­
ment II. From Figures 10 and 11, it can be clearly 
seen that the equivalent modulus increases with in­
creasing thickness of the granular material. The 
increase in the modulus is slightly more pronounced 
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with Equation 1. Figure 12 shows results of computa­
tions for a subgrade modulus of 15,000 psi and a 
contact pressure of 70 psi. It should be noted that, 
in this case of a strong subgrade, the empirical 
procedure predicts a modulus of the order of 40,000 
psi, a value that is not reached even with 5 psi 
residual stresses. . 
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SUMMARY AND CONCLUSIONS 

It has been demonstrated that Equation 1 is not suf­
ficient to describe the behavior of granular mate­
rial in the test results from which it is derived. 
Although the modulus values obtained in pavement 
analyses are in the proper range, their variation 
with respect to load level and position (under and 
far from the load) does not appear to fit experi­
mental results. Analyses with Equation 1 show that 
the ' granular modulus increases as the load level in­
creases, a trend that is not, to the knowledge of 
this author, supported by field test results. It 
should be remembered that Equation 1 neglects the , 
effect of shear strains. 

The results of analyses using Equation 6b appear 
to be in good agreement with all aspects of granular 
material behavior, provided that a residual stress 
induced by compaction is postulated. The modulus in­
creases with decreasing load level and increasing 
granular layer thickness. The residual stress re­
quired to develop values in the proper range, com­
pared to empirical values, appears to be 1 to 2 psi. 
On full-scale retaining wall models, such values 
have been measured even with sandy backfill. It will 
therefore be not unrealistic to assume that dense 
subbase and base materials that comply to specifica­
tions will develop residual stresses of this order 
of magnitude. 

Further research is required to better understand 
the material properties and construction techniques 
that govern the induction of residual stresses. 
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Failure Criteria and Lateral Stresses in 

Track Foundations 

HARRY E. STEW ART. ERNEST T. SELIG. and GILLIAN M. NORMAN.GREGORY 

ABSTRACT 

In conventional track systems the ties are supported by an unbound ballast 
layer underlain by subballast or the subgrade, or both. Analytical models used 
to estimate stresses and deflections of these multilayer systems predict that 
the lower portions of the unbound layer will develop significant incremental 
tensile stresses. Their magnitude is such that, when combined with the normally 
expected geostatic stresses, failure of the ballast is predicted. Some analyti­
cal models have incorporated failure criteria for the unbound layer as a means 
of limiting these stresses to permissible values. A discussion of these ap­
proaches is presented along with the implications that predicted failure would 
have for permanent deformation prediction methodologies. An alternative method 
based on residual lateral stresses in the ballast is presented. A description 
is given of a laboratory box testing device used to measure residual lateral 
stresses. Experimental results <.re shown that indicate that relatively large 
residual stresses, due to repeated applications of loading, can develop in bal­
last. The effects of combining the initial lateral stresses in the unbound 
layer with the incremental tensile stresses predicted hy continuum or finite 
element models are discussed. Particular attention is given to the effects that 
these residual stresses have on prediction of permanent deformation. 

The deformation analysis of conventional track 
structures requires characterization of the overall 
track system. This system includes the rails and 
ties that are supported by a foundation. The founda­
tion consists of a ballast layer that is underlain 
by a subballast layer, in some cases, followed by a 

subgrade. This foundation is a multilayer system 
wherein a relatively stiff ballast layer lies above 
a softer subballast or subgrade. The stiffness of 
each layer is generally represented by its resilient 
Young's modulus (Eyl. 

There is a need to improve the modeling of these 
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systems with emphasis on the geotechnical properties 
of the foundation layers. Methods of practice may 
make use of simplified approaches for estimating 
vertical stresses on the subgrade. Although the 
American Railway Engineering Association (AREA) Man­
ual of Practice does not contain a method for pre­
dicting foundation stresses, a procedure such as 
that described by Talbot in the 1920s may be used. 
These simplified procedures do not address the mul­
tilayer nature of the foundation, nor do they ad­
dress the internal stresses in the ballast that 
would be needed to predict permanent deformations of 
that layer. 

Analytical models (1,2) are used to obtain esti­
mates of the stresses "°iind deflections in these mul­
tilayer systems under specified loading conditions. 
These results are then used for design applications 
by predicting either allowable resilient deflections 
or permanent deformation. These models, based on 
either multilayer elastic theory or finite element 
methods, predict that loading will cause significant 
incremental horizontal tensile stresses to develop 
in the lower portions of the ballast layer. When 
these stress states at the base of the ballast layer 
are combined with the normally expected geostatic 
stresses, the resulting total horizontal stresses 
are usually still tensile and thus a failure condi­
tion is predicted, 

Methods have been used to limit these stresses to 
allowable values by incorporating either special 
conditions for the failed zones or specific failure 
criteria for the unbound ballast layer. A discussion 
of these methods will be presented, along with the 
implications that predicted failure would have for 
permanent deformation prediction methodologies. 

An alternative method is based on residual lat­
eral stresses in ballast. These residual lateral 
stresses affect the unloaded or geostatic stress 
state and thus influence the total stress states in 
the loaded condition, A description will be given of 
a laboratory testing device used to observe residual 
lateral stresses, along with experimental results 
that indicate that relatively large residual lateral 
stresses can develop in ballast as a result of re­
peated loadings. 

The effects of combining these unloaded stresses 
with the predicted incremental tensile stresses will 
be discussed. Attention will be directed toward the 
implications that these residual stresses have for 
predictions of permanent deformation. 

STRESS STATES 

The unloaded vertical stresses (avol at depths 
within the ballast layer are determined by the 
weight of the overlying track structure (rails and 
ties) and the unit weight of the ballast. The un­
loaded lateral stresses (ahol are typically defined 
as aho = K0 avo• where K0 is the coefficient of lat­
eral earth pressure at rest. For the purposes of 
this paper it is assumed that the ballast is clean 
and free draining so that any effects of pore pres­
sure can be neglected. The unloaded stress state at 
the base of the ballast is entirely compressive, as 
shown in Figure la. When surface loads are applied 
to the multilayer system wherein the modulus of the 
ballast layer is greater than that of the underlying 
subballast or subgrade layer, incremental compres­
sive vertical and tensile lateral stresses will be 
analytically predicted near the base of the ballast 
layer, as shown in Figure lb. 

~he stress states in the loaded condition are de­
termined by adding the initial to the incremental 
stress states such that av = av0 + Aav and ah = oho 
+ Aah. Beneath the loaded area, at all depths, the 
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LESS STIFF LAYER 
(SUBBALLAST OR SUBGRAOE) 

FIGURE 1 Initial and incremental stresses at the 
base of a layered system. 

vertical stresses are always compressive. The incre­
mental horizontal stresses are compressive near the 
top of the stiff upper layer and become tensile in 
the lower regions. The transition depth from incre­
mental compressive to incremental tensile horizontal 
stresses is affected by the depth of the ballast 
layer and the relative stiffness of the ballast com­
pared to the underlying layer. 

Many analyses in geotechnical engineering require 
assuming a value of K0 because of a lack of either 
laboratory or field data. Typical values of K0 
might be in the range of 0.5 to 1.0 for granular ma­
terials such as ballast. The loaded stress states at 
the bottom of the ballast layer, for a K0 value of 
1. 0 and the incremental tensile stresses shown in 
Figure 1, are shown in Figure 2. This Mohr circle 
stress state is not allowable because it exceeds the 
Mohr-Coulomb failure envelope. Thus, near the base 

FIGURE 2 Loaded stress state in the tension 
zone for low K0 conditions. 

v 
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of the ballast layer, the incremental tensile 
stresses combined with the geostatic conditions 
described previously would indicate a condition of 
static failure. Because the loaded stress state 
shown in Figure 2 cannot occur, differences must 
exist between the predicted and the actual stress 
states in the "tension" zone. 

PREVIOUS APPROACHES 

Various methods have been proposed to circumvent the 
problem of predicted failure. One method is to sub­
divide the upper granular layer into many small sub­
layers about 1 in. thick fll. However, tensile 
stresses will still develop in the lower portions of 
at least some of the sublayers, or possibly in an 
entire sublayer. To determine the stress state for 
the stress-dependent resilient modulus for each of 
the sublayers, a middepth location is often used. 
This location may be above the predicted tension 
zones for some sublayers, but the predicted tensile 
stresses still may exist at middepth for lower sub­
layers. In such cases a lower modulus is arbitrarily 
assumed for the sublayer. This approach will cause 
the newly computed resilient moduli to decrease with 
depth and cause more gradual transitions in modular 
ratios, which reduces the tendency for tensile 
stresses. However, this method still does not ad­
dress the actual material behavior and may increase 
the computer time necessary to obtain the solutions. 

Another approach is to lower the modulus of the 
granular material in those areas where predicted 
failure occurs (1). This provides for a more gradual 
transition betwe;n the stiffer ballast layer and the 
softer underlying subballast or subgrade, but it is 
a compensating scheme that is not consistent with 
the material response. 

Figure 3 is a representation of a tr iaxial test 
result in which the sample is loaded to a failure or 
near-failure state and then unloaded and reloaded 
several times. During the primary loading, the tan­
gent modulus decreases as the sample approaches 
failure. When the material is unloaded the resilient 
portion of the strain is recovered and some perma­
nent strain remains. On reloading, the soil is 
stiff er than during primary loading. As the soil 
stresses approach the failure level, followed by 
another unloading, additional permanent strain de­
velops while the resilient strain is recovered. Even 
though the tangent modulus may be low near the fail­
ure state, the resilient modulus remains high. 

The appropriate soil modulus for the ballast 
layer in a track system, or for any layer in a sys­
tem subjected to repeated loadings, is the resilient 
modulus, shown in Figure 3, that remains high even 

u MODULUS -
;; RESILIENT I 
b- TANGENT MOOJLUS -

Vl­
Vl 
UJ 

~ 
V1 

PRIMARY 
'LOADING 

PLASTIC STRAIN 

FIGURE 3 Representation of a stress­
strain curve from a repeated load triaxial 
test to near-failure conditions. 
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when the material is repeatedly stressed to levels 
at or near static failure. Imposing an arbitrarily 
low modulus in those zones predicted to be in a 
state of static failure is equivalent to using a 
near-failure tangent modulus. This is not represen­
tative of the material's resilient response under 
the predicted stress state. The resilient modulus 
should remain high. The use of low moduli may elimi­
nate the tension zone predictions, but such moduli 
are uncharacteristic of actual material behavior and 
will overpredict elastic deformation. 

The Mohr-Coulomb failure er i ter ion has been used 
directly to modify the stresses predicted at the 
base of the granular layers in a multilayer system 
(4). To do this, Mohr-Coulomb parameters c and <I> 

a-;e fir st assigned to the granular materials, Pre­
sumably, the parameters c and <I> may be taken as 
the effective stress parameters for a granular mate­
rial, and the inclusion of the cohesion term (c) is 
to account for the curvature of the Mohr-Coulomb 
failure envelope and not to be interpreted as true 
material cohesion. 

The procedure given by Raad and Figueroa <il sets 
numerical limits on the major and minor principal 
stresses that can be developed at depths within the 
granular layer. These limiting stress states are 
based on principal stress ratios for active and 
passive failure, using the calculated values of ver­
tical stress (av) in each soil element as one of the 
principal stresses. These limi tinq principal stress 
states, for a given av, are shown in Figure 4 as 
(a1lmax and (o 3lmin• The computed minor principal 
stress (a 3 ) within a soil element is then compared 
with these limiting values and adjustments are made 
to the element stresses so that the modified 

t 
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FIGURE 4 Mohr-Coulomb limiting and 
modified failure stress conditions. 

stresses result in a Mohr circle, tangent to the 
failure envelope but having principal stresses be­
tween the (a 1>max and (a 3>min limits. This modified 
stress circle is shown as dashed line A in Figure 4. 
Alternatively, if a 3 is negative, the element stress 
state is set at that represented by dashed line B in 
Figure 4. The modified stresses are then used in a 
stress-dependent resilient modulus formulation, gen­
erally one based on bulk stress, and the foundation 
stresses are reanalyzed. This method is said <il to 
converge and satisfy equilibrium and boundary condi­
tions. The result of this procedure is that any pre­
dicted tensile stresses are adjusted to nontensile 
values and a high resilient modulus is maintained. 
However, conditions of static failure still exist, 
which makes the method unreasonable for use in per­
manent deformation predictions. 

Brown and Pappin (see their paper in this Record) 
have reviewed the results of the University of Not­
tingham research on layered system response. They 
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use the program SENOL to evaluate layer behavior in­
cluding the stresses developed in the unbound granu­
lar layer. Their soil model, termed "contour" model, 
is represented by families of strain contours on a 
deviator stress-mean normal stress plot. These plots 
were developed from extensive repeated load triaxial 
tests. This soil model is thus nonlinear and stress 
state dependent. The results show that the incre­
mental horizontal stresses from the load given by 
SENOL in the lower part of the granular layer are 
tensile. However, when the geostatic stresses are 
added, assuming Ko = 1, the combined loaded stress 
states are compressive. Furthermore, the stress 
state in the lower part of the granular layer is 
below failure. 

The elimination of the failure state in the ap­
proach by Brown and Pappin is believed to be a re­
sult of a more accurate soil model than that used in 
any other approaches. 

RESIDUAL STRESSES 

An examination of the horizontal stresses predicted 
from elastic multilayer theory led to the hypothesis 
that residual horizontal stresses are induced in 
ballast by repeated wheel loads. A laboratory study 
was undertaken to examine the nature and extent of 
these horizontal stresses. To do this a ballast box 
was constructed (Figure 5) with instrumented side 
and end panels to measure horizontal stress and a 
flexible bottom to represent the effect of subgrade 

FIGURE 5 Ballast box apparatus. 
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conditions. The box was intended to simulate condi­
tions in track near the rail seat and adjacent crib 
areas. The ballast box was 12 in. wide, 24 in. long, 
and 19 in. deep. Further details on construction of 
the box are given elsewhere (5). 

The ballast material used - in these tests was an 
angular traprock with an AREA No. 4 gradation. The 
loads were applied through a tie segment 9 in. wide 
by 11. 5 in. long. The ballast depth below the tie 
segment was about 12 in. The maximum cyclic load was 
4,000 lb, producing a tie contact pressure equiva­
lent to that of a 32-kip wheel load from a train. 

Typical measurements from the side panels of the 
box are shown in Figure 6. The results indicated 
that there was a rapid buildup of horizontal 
stresses during the first loading and that high 
residual stresses develop after the first unloading. 
Furthermore, the horizontal stresses in the loaded 
state decreased and the residual stresses increas ed 
up to about 100 cycles. After 100 c ycles, the hori­
zontal stresses tended to stabilize and the unloaded 
value tended to converge to the loaded value. This 
means that the horizontal stresses tended to become 
constant during the load cycle. The maximum hori­
zontal stresses acting on the side panels occurred 
at about middepth of the ballast. The minimum hori­
zontal stresses on the side panels occurred near the 
base of the ballast layer. 
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FIGURE 6 Horizontal stresses on side 
panels. 

The measured horizontal stresses at the end pan­
els are shown in Figure 7. Similar rapid buildup of 
the lateral residual stresses was observed at the 
ends of the box. The maximum lateral stresses again 
occurred about 6 in. above the base of the ballast 
layer. 

Although the magnitude of the effects may be a 
function of the box boundary conditions, these tests 
clearly show that substantial horizontal residual 
stresses can develop in ballast. The measured resid­
ual stresses in the unloaded state were used to cal­
culate values of Ko· Theoretically, the maximum re­
sidual horizontal stress must be limited to stresses 
at the passive failure condition. The ratio of the 

major principal s tress at failure (01fl to the minor 

principal stress at failure (0 3f) at the passive 
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FIGURE 7 Horizontal stresses on end 
panels. 

failure condition, for a strictly cohesionless mate­
rial such as ballast, is defined as 

(Kolmax =KP= [(l +sin$) 

+ ( 1 - sin $) l (1) 

The calculated K0 values, hased on the unit 
weight of the ballast, the static surcharge of the 
tie segment, and the box test side and end panel 
measurements, are shown in Figure B. All are greater 
than unity except in the crib above the base of the 
tie segment. The extremely large values of K0 for the 
upper portion of the side zone would require a fric-

tion angle (-;) of about 56.5 degrees, which is unusu-
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FIGURE 8 Variation of K0 as a function of depth 
from box experiments. 

ally high. However, if the curved failure envelopes, 
the possible interlock of the large particles, and 
the low vertical stresses in this zone are consid­
ered, a friction angle of this magnitude is possi­
ble. Certainly, values of K0 = 6 would be possible 
because the required friction angle would be only 
about 45.5 degrees. Triaxial tests, run on a variety 
of ballast materials, have shown that friction 
angles within this range are possible for low effec­
tive confining pressures. 

These experimental observations of the high re­
sidual lateral stresses and correspondingly high 
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K0 values may be one of the main considerations 
necessary to account for what actually occurs in the 
lower portions of the granular base in a multilayer 
system. 

IMPLICATIONS FOR PERMANENT DEFORMATIONS 

Methods of analysis that make use of significantly 
reduced moduli and static failure criteria contain 
inconsistencies or make assumptions that are not 
compatible with observed material response. One main 
disagreement is that a condition of static failure 
cannot exist at the base of a granular layer such as 
the ballast in track. Static failure, in terms of 
the Mohr-Coulomb criterion, represents a limiting 
stress condition where the full strength of the 
material has been developed. Unlimited strains would 
result if such a stress state were developed. In 
track systems, such a failure condition near the 
base of the ballast would mean that excessive defor­
mations would occur under a single load cycle. How­
ever, because the layered systems used in track and 
pavements do not fail under even one load cycle, let 
alone continuously fail under repeated load as would 
be evidenced by large, rapid surface deterioration, 
the use of failure criteria contains fundamental 
inconsistencies. 

The loaded stress states in track are dependent 
on both the geostatic stresses and the incremental 
stresses imposed by the applied loading. The exis­
tence of high residual compressive stresses in the 
unloaded state could offset the predicted incremen­
tal tensile stresses. If these residual stresses are 
large enough, a nonfailure final stress state would 
result. This is shown in Figure 9 for the same mag-

FAILURE 
ENVELOPE~ 

FIGURE 9 Loaded stress state in the tension 
zone for high K0 conditions. 

CJ 

nitude of initial vertical stress (oval and incremen­
tal stresses (~av and ~ah) as shown in Figure 2. The 
initial residual horizontal stress (crh 0 ) is larger 
than ova because the K0 value is greater than unity. 
The final vertical stress (av) in Figure 9 is the 
same as that given in Figure 2, but the final hori­
zontal stress (ah) is sufficient to reduce the maxi­
mum stress difference and thus maintain a nonfailure 
loaded stress state. 

Considerable effort has been devoted, both in the 
United States and abroad, to predicting the perma­
nent deformations that accumulate in track due to 
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repeated loadings (6-8), The approaches taken in the 
United States make ~s~ of the stress path method by 
combining estimates of stresses in a layered track 
system with laboratory measurements of the inelastic 
soil response under representative stress conditions 
in a triaxial test. When zones in the track founda­
tion are predicted to be in a state of failure, 
there is no way to predict the amount of permanent 
strain that can be expected to develop. When resid­
ual stresses are used to eliminate the nonallowable 
tensile lateral stresses such that the final 
stresses are permissible, as conceptually shown in 
Figure 9, the stress path approach can be used. The 
approach taken by Brown and Pappin (see their paper 
in this Record) showed that K0 = 1 was sufficient to 
eliminate the tensile stresses. Use of even higher K0 
values such as observed in the ballast box will re­
sult in lower permanent strain predictions that 
could well prove to be even more realistic when com­
bined with their estimated stress paths. 

SUMMARY 

The purpose of this paper has been to discuss 
methods of dealing with predicted failure zones in a 
layered system. An approach based on experimental 
measurements of residual lateral stresses is recom­
mended. 

The use of many sublayers and the selection of 
depth points above the predicted tension zone may, 
in some cases, give reasonable results, but this by­
passes and does not fully address the problem. Ad­
justment of the soil modulus to a low value may re­
duce the tendency for incremental tensile lateral 
stresses to develop but does not represent the ac­
tual resilient modulus of the granular material even 
at a failure condition. Thus even the predicted 
elastic deformations should be unrealistic. The ap­
plication of static failure criteria and the adjust­
ment of the stresses to limit equilibrium conditions 
may result in satisfactory predictions of the resil­
ient surface vertical deformation of a layered sys­
tem. However, failed soil zones beneath the loaded 
areas would imply large plastic deformations, which 
is inconsistent with actual responses. The use of 
residual horizontal stresses, as observed in the 
ballast box experiments, does not eliminate the pre­
dicted incremental tensile stresses, Instead, these 
residual stresses compensate for the tensile 
stresses and result in nonfailure loaded stress 
states. 
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Measurement and Prediction of Vertical Track Modulus 

HARRY E. STEW ART 

ABSTRACT 

Field measurements of vertical deflections and track modulus under static load­
ing conditions were obtained at four revenue service track locations. The track 
sections contained both concrete and wood ties. The measurements were made be­
fore a scheduled track maintenance operation and were repeated after the sur­
facing to determine the effects of maintenance on the vertical track response. 
Differences between the pre- and postmaintenance results were found and are 
discussed in terms of physical state of the ballast and the characteristics of 
the layered track systems. The resilient foundation properties of the field 
sites were obtained from both field and laboratory measurements. Predictions of 
vertical track response at the sites were then made using a three-dimensional, 
nonlinear, elastic, multilayer track analysis program. The predicted values of 
vertical track response were in general agreement with the measured values, 
although some differences were evident. The major variables affecting track 
modulus are identified and conclusions are presented on the usefulness of ver­
tical track modulus as a measure of track performance. 

The supporting capacity of conventional track is 
frequently characterized by the track modulus. An 
understanding of the factors influencing track modu­
lus and of the effects of maintenance on the track 
support values is important. This is particularly 
evident when track modulus values are used for de­
sign purposes or in assessing track performance. 

The results of field measurements of vertical 
track response, under static loading conditions, 
from four revenue service track locations are pre­
sented. The measurements were made before a sched­
uled track maintenance operation and were repeated 
after the surfacing. In addition, field and labora­
tory measurements of the resilient foundation prop­
erties were made. These properties were used to pre­
dict the track responses at each of the sites so 
that a further understanding of the factors influ­
encing vertical track response could be developed by 
comparing measured and predicted track moduli. 

DESCRIPTION OF SITES 

Four revenue service track locations were selected 
as test areas for this project. The revenue service 
sites included three locations that contained con­
crete cross ties and a control section with wood 
cross ties. The wood tie control section and one 
concrete tie section are located in Leeds near 
Streator, Illinois, in the north-central section of 
the state. The cemull·,i., ·.; >:.-, . ,,, _, .-:~ ~tc! tie test sec­
t ions are lc~.: a r:~~.J i.J. t . .J..i.Je!:' c}(~en t Maryland r and IJor­
>'i ine, Virginia. A detailed description of each of 
-CL~s-,, fonr sites is given elsewhere (1). 

Thf! woocl tie tesc ,;ecC:ion at Leeds is an 800-ft­
lm,q portion of tar.gent track owned by the Atchison, 
Topeka, and Santa Fe (ATSF) Railroad. It is built on 
a fill embankment approximately 12 ft high. The bal­
last in this section is slag, and the ties &re hard­
wood at 19.5-in . nominal center-to-center spacing. 

~he Leeds concrete tie test section is contiguous 
to the wood lie section on the same track. This con­
crete tie section contains granite ballast, and both 
RT--7S and Costain Conferee CC244C ties at 24-in. 
center-to-center spacing. The total test section 
length is 800 ft, but the tests and measurements 

were confined to the track section having the 
Costain ties. Pandrol spring-clip fasteners are used 
on the Costain-type ties. 

The Lorraine, Virginia, concrete tie test instal­
lation is owned by the Chessie system and is located 
in the western Richmond suburb of Lorraine, on the 
north bank floodplain of the James River. The test 
section is on a single main-line track built on an 
embankment about 7 ft high on the south side. This 
Lorraine concrete tie test section contains both 
CC224 ties and RT-7S ties. The test section is in 
the middle of a 3-degree curve, with a 3-in. super­
elevation on the outside rail. The ballast is pre­
dominantly gneiss and limestone. The ties are lo­
cated at 25-in. center-to-center spacings. 

The Aberdeen, Maryland, site is on one of three 
parallel main-line electrified tracks, owned by Con­
solidated Rail Corporation (Conrail) , that carry 
traffic between Baltimore and New York. The ballast 
in the test section is a traprock. The track is tan­
gent with RT7-SS2 concrete cross ties at 24-in. 
center-to-center spacings. 

TRACK MODULUS FORMULATION 

Tbe use of track modulus for assessing track perfor­
mance is common in the railroad industry. The theo­
retical formulation of track modulus is based on the 
assumption that the rail acts like a beam continu­
ously supported on an elastic foundation. Track mod­
ulus (u) is defined as the supporting force per unit 
length of rail per unit deflection in the track sys­
tem. A diagram of the assumed conditions for the 
formulation of track modulus is shown in Figure 1. 

The differential equation describing the deflec­
t ion, due to an applied vertical load, of a uni­
formly supported rail on a linear elastic foundation 
is given by 

EI(d'o/dx'l = q -uo 

where 

EI rail bending stiffness (units= FL2
); 

o vertical rail deflection (units= L)1 

(1) 
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x = horizontal distance along the rail, measured 
from the applied load point (units = L): 

u = track modulus (units = F/L/L): and 
q vertical foundation supporting force (units 

F/L). 

The solution to Equation l is given by 

6 = ((6P/2u)e]-8X(cos 8x +sin 8x) (2) 

where P is the applied load and 

8 = (u/4EI)l / 4 (units = l/L) (3) 

LAR G E L 

p 

FOUNDATION 

FIGURE I Assumed conditions for beam theory 
formulation of track modulus. 

The maximum rail deflection occurs at x 
given by 

6x=O = 8P/2u 

0, and is 

(4) 

The equation for maximum rail deflection can be re­
arranged by substituting 6 from Equation l and 
solving for u. The resulting equation for track mod­
ulus is 

u = l/4[(P/6)' • l/EI]l/3 (5) 

An important difference between the actual track 
support and the idealized formulation of a rail on 
an elastic support is that the rail load is actually 
applied to the foundation through discrete supports, 
which are the ties, not through support distributed 
along the track foundation. Another difference, for 
concrete tie track systems, is the inclusion of 
flexible tie pads between the rails and the tie rail 
seats. Even though these differences exist between 
the actual track structure and the theoretical for­
mulation, the track modulus has bis tor ically been 
used as a measure of track quality. Further details 
on the historical development and interpretation of 
track modulus can be found elsewhere (~,ll. 

SELECTION OF PARAMETERS FOR PREDICTIONS 

The GEOTRACK mode l (!, ~) wa s u s ed to dete rm i ne trac k 
d e flections f or p r edicting values of track modulus 
for th e revenue field si te s . To do th is , th e track 
structural properties a nd foundat i on characte ristics 
o f each site bad to be chosen. Tabl e l g i ves the 
s tructur a l propert i e s repres e nting e ac h o f the s ites . 

The subg r ade layer prope rtie s u s ed f o r the 
GEOTRACK analyses wer e chosen on the basis of the 
res ults shown in Figures 2 and 3 . The subgrade 
values shown in Figures 2 and 3 were derived from 

TABLE 1 Track Structural Properties for Field Sites 

Leeds 

Param eter Wood Concrete Aberdeen 

Tie type Hardwood CC244C RT7-SS2 
Tie spacing (in. ) 19.5 24 .0 24.0 
Tie length (in .) 102 102 102 
Tie botto m width (in .) 9.00 10.75 10.75 
Tie bending stiffness 

[El(Ib/in.2 x 106 )] 386 1740 1740 
Rail section 136RE 136RE 140RE 
Rail bending stiffness 

[EI(Ib/in .2 x 106 ) ] 2742.6 2742.6 2797. 5 
Rail fastene r type Cut spikes Pandrol Pandrol 
Rail fas tener or pad stiff-
ness (Ib/in.2 x 106

) 6 4 4 
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repeated load triaxial tests (§._) and additional cor­
relations made between cone and standard penetration 
data ( 7) . Layer divisions for the subgrades were 
made where there appeared to be significant changes 
in the measured resilient properties. The average 
resilient modulus for each layer was used as the 
representative value for the layer. The moduli for 
the subgrade layers were held constant because 
stress-state-dependent relationships were not avail­
able for the subgrade. 

A shear stress-resilient strain formulation (_I!) 

was used to characterize the stress-dependent bal­
last properties for these sites. The moduli (Erl 
of the ballast from the final iteration of the 
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FIGURE 3 Resilient modulus versus depth 
for Lorraine and Aberdeen. 

GEOTRACK program for the track modulus predictions 
are given in Table 2. The dependency of the ballast 
resilient modulus (Er) on stress state is evident 
from the change in modulus with wheel load. 

COMPARISON WITH FIELD MEASUREMENTS 

Measurements of track vertical load-deflection re­
sponse were made at each of the revenue f i e l d site s 
by Battelle-Columbus Laboratories (BCL). For the 
test, a point load of known ·magnitude was s imulta­
neously applied to both rails using vertical hy­
draulic j ack s reac t ing aga i nst a loaded f re ight car. 
Rail deflections were me a s ured by s ighting a s tee l 
scale with a surveyor's theodolite. The scale was 
attached to the rail. Seven to ten measurements at 

TABLE 2 Ballast Moduli Determined for Track 
Modulus Predictions 

Thickness Resilient Modulus (E,) in psi 
of 
Ballast Wheel Load: Wheel Load: 

Site Layer (in.) 6 Kips 30 Kips 

Leeds 
Wood 9 5,300 25,500 
Concrete 7 10,000 35,000 

7 7,800 15,500 
Lorraine 14 8,700 29,000 

14 6,500 17,200 
Aberdeen 10 10,800 34,500 

10 9,500 15,000 
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random tie locations were made to assess the vari­
ability in the load-deformation responses within the 
track sections. These measurements were made both 
before and after the maintenance operations to de­
termine what differences in track support resulted 
from the surfacing operation. 

The measured averages and standard deviations for 
the pre- and postmaintenance load-deflection curves 
are shown in Figures 4-7 for the Leeds wood, Leeds 
concrete, Lorraine, and Aberdeen sites, respec­
tively. The premaintenance curve for the Leeds con­
crete section (Figure 5) was based on measurements 
taken after about 1 month of traffic had passed in­
stead of immediately before maintenance because a 
surfacing operation had taken place just before the 
initial site visit. Although both pre- and postmain­
tenance values for the Aberdeen site were recorded, 
only the postmaintenance results were reported by 
BCL. 

A small amount of slack may have been present in 
the track structure as indicated by an initial break 
in the curves as shown in Figures 4-7. This initial 
slack was assumed to have been eliminated after 
about a 6-k ip load was applied. To remove this ef­
fect, the track modulus values were calculated for 
the 6- to 30-kip load range. 

The variabilities of the track modulus measure­
ments were estimated using the mean track deflec­
tions from the averaged load-deflection curves, and 
the deflections at :!:l standard deviation at the 
6- and 30-kip load levels shown in Figures 4-7. How­
ever, the actual variabilities of the track modulus 
measurements were probably greater than the esti­
mates determined in this manner. For the purposes of 
this paper, the standard deviations of the track 
modulus values will refer to the limits calculated 
on the basis of the standard dev iations of the rail 
deflections. It must be noted that these are not the 
true standard deviations, and these values of stan­
dard deviation are not symmetrical about the mean 
values. 

To determine track modulus with GEOTRACK, deflec­
tions were calculated for the single-axle solution 
with loads of 6 and 30 kips. The difference in loads 
and the difference in deflections were substituted 
into Equation 5 to obtain track modulus. 

The measured values of track modulus and the es­
timated standard deviations for all of the revenue 
field sites are given in Tables 3 and 4 and shown in 
Figure B, along with the predicted values based on 
the GEOTRACK analyses. Several items on Figure B 
deserve attention. First, there were no significant 
changes in the track modulus values as a result of 
the surfacing operations. However, the premainte­
nance values did appear to be less variable than the 
postmaintenance values. This variation is also ap­
parent in the average load-deflection curves (Fig­
ures 4-7) where the scatter about the mean is vis­
ibly larger for the postmaintenance values. That the 
average measured values were greater in the Leeds 
wood and Lorraine sections after maintenance is 
probably not statistically significant because the 
estimated standard deviations all overlap. 

Another observation from Figure B is that there 
did not appear to be a correlation between height of 
raise and postmaintenance track modulus. Raises of 
1.5 to 2 in. were given to the Leeds and Lorraine 
sections and only about 0.1 in. to the Aberdeen sec­
tion. In spite of this, the pre- and postmaintenance 
values for any one test section were approximately 
equal, and the Aberdeen value was between the Lor­
raine and Leeds values. 

An explanation of the increased variability of 
the postmaintenance modulus values compared to the 
premaintenance values could be that the surfacing 
decreased the uniformity of track support conditions 
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between the locations. One purpose of track mainte­
nance is to improve the overall track surface by 
smoothing out longitudinal differential track defor­
mations. Varying amounts of raise must be applied 
beneath the ties to achieve a uniform surface. vari­
ations in the actual raises applied beneath the in­
dividual ties could cause local differences in the 
amount of ballast disturbance, hence variations in 
physical state of the ballast from one tie to an­
other. 

O "--~----'----'----' 
0 0.05 0.10 0.15 0.20 

VERTICAL TRACK DEFLECTION (IN .) 

FIGURE 7 Track load-deflection curve 
for Aberdeen. 

Part of the difference in absolute magnitude of 
the average field track modulus measurements can be 
explained in terms of the differences in the track 
substructures. A parametric study using the GEOTRACK 
model (5) indicated that track modulus increased as 
ballast -depth increased. The Leeds wood section had 
only about 9 in. of ballast beneath the tie, whereas 
the Leeds concrete section contained about 14 in. 
The Aberdeen site had 20 in. of ballast, and the 
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TABLE 3 Measured Averages and Estimated Standard 
Deviations for Revenue Field Sites 

Track Modulus for 6- to 30-Kips Load Range 

Pre maintenance Post maintenance 

Field Site -a Average +a -a Average 

Leeds 
Wood 2.1 2.2 2.5 2.3 2.9 
Concrete 3.5 3.9 4 .3 2.9 3,3 

Lorraine 6.4 7.0 7.9 6.0 7.6 
Aberdeen 4 .9 5.5 

TABLE 4 Predicted Values for Revenue 
Field Sites 

Field Site 

Leeds 
Wood 
Concrete 

Lorraine 
Aberdeen 

Note: Units of u = kips/in .2 

Track Modulus (u) 

5.2 
5.5 
8.9 
5.6 

+a 

3.7 
3.8 

10.6 
6.5 

ballast depth at Lorraine was estimated to be 28 in. 
below the tie. Although the influence of site loca­
tion cannot be separated from the results, this 
trend of increasing track modulus with increasing 
ballast depth for the field sites was confirmed by 
the field measurements as shown in Figure 9. 

SUBGRADE EFFECTS 

The track modulus is also influenced by the subgrade 
character is tics. The GEOTRACK model indicates that 
the compression of the ballast layer accounts for 
about 10 to 20 percent of the total vertical deflec­
t ion of the track structure. The remainder of the 
total deflection is due to the compression of the 
subgrade materials. Furthermore, 25 to 40 percent of 
the subgrade deformation indicated by GEOTRACK oc­
curs below a depth of about 10 ft, even though the 
stresses below this depth are low (5). 

The Lorraine test section was found to have the 
greatest depth of ballast-type material and the 
stiffest subgrade. Correspondingly, the Lorraine 
section had the highest values of measured and pre-
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d icted track modulus. As can be seen in Figure 9, 
the predicted value of track modulus was higher than 
the average measured values but well within the es­
timated standard deviations. 

The Aberdeen postmaintenance value was lower than 
the Lorraine value because of a combination of re­
duced ballast thickness and lower overall subgrade 
stiffness. The predicted track modulus for the Aber­
deen site was in close agreement with the measured 
values. 

For the Leeds sites, the predicted values of 
track modulus were higher than the field values. 
However, the field values appear to be unusually 
low. The lower ballast thickness at the Leeds sites 
can account for some of the differences between the 
Leeds sites and the other two field sites, but thes e 
differences in ballast layer thicknesses were not 
enough to cause the low values measured at both 
Leeds sites, 

Given the similarity between the subgrade stiff­
nesses at the Leeds sites and the Aberdeen site, 
closer agreement between the field measurements from 
these sites would be expected. It is possible that 
the embankment in the Leeds wood section resulted in 
reduced subgrade confinement and hence increased 
vertical deflections. This would result in lower 
values of track modulus. However, the concrete sec­
tion at Leeds, which was built at grade, had compar­
ably low track modulus values. Thus the embankment 
condition must not have been a major factor. 

It would be necessary to reduce the subgrade 
stiffnesses that were used in the GEOTRACK analyse s 
by at least 50 percent to match the field track mod­
ulus measurements at the Leeds test sections. How­
ever, no rational justification for making adjust­
ments of these magnitudes could be found. If the 
soil moduli were overestimated at the Leeds sites, a 
similar systematic error should have occurred with 
the Lorraine and Aberdeen subgrades. Because the 
predicted Lorraine and Aberdeen values were in good 
agreement with the measurements, a similar adjust­
ment to the subgrade moduli at those sites would 
shift the predicted values away from the measure­
ments. 

SUPPORT CONDITIONS ANO MAINTENANCE EFFECTS 

The measured and predicted values of track modulus 
are dependent on several factors, one of which is 
the support condition of the tie. Support conditions 
are a function of track settlement and maintenance 
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effects. The support conditions would affect con­
crete and wood ties in different fashions. 

The GEOTRACK model uses uniform properties 
throughout each layer, including under all ties. 
Field plate load tests (9) showed that the ballast 
stiffness was not uniform under the ties: it was 
greater near the rail seat areas than under the tie 
centers. Furthermore, after maintenance the physical 
state of the ballast was more uniform than before 
maintenance. However, even uniform physical state or 
modulus does not result in uniform support condi­
tions along the tie. 

After a main tena nce o perat i on in which a high 
raise was g iven to t he t r 'ac k, t he physical proper­
ties of the ballast would be more uniform. However, 
the tamping a nd r a i se dur ing the maintenance is done 
only near the rail seats, which would cause a gap 
near the center of the ties. This causes the actual 
load-bearing areas to be near the rail seats because 
of the lack of contact near the tie centers. This 
increased load bearing near the rail seats would 
cause higher rail deflections directly under the 
applied load than would result from a continuously 
supported condition. The GEOTRACK model uses contin­
uous contact between the tie directly under the 
applied vertical load and the ballast surface, lead­
ing to a lower rail deflection and a higher track 
modulus than measured in the field after maintenance. 

As traffic accumulates over the track, the bal­
last beneath the rail seats is recompacted and be­
comes stiffer, but the tie contact becomes continu­
ous. The more uniform support across the tie leads 
to a lower rail deflection and hence a higher track 
modulus. In the case of a small maintenance raise, 
the initial physical state of the ballast may be 
less uniform under the tie than after a large raise. 
However, the contact may be more continuous. This 
would result in a higher track modulus after a small 
raise than after a large raise, or at least not much 
change in the pre- and postmaintenance values. 

In the case of centerbound track, for example, a 
greater portion of the rail loads would be carried 
by the central portion of the ties. In this situ­
a tion, as the applied loads increased, the wood ties 
would begin to conform more to the ballast surface 
and this would probably lead to a more uniformly 
distributed surface load than the concrete ties be­
cause the bending stiffness of concrete ties is 
about 4.5 to 6 times greater than that of wood ties. 
Load transfer to the tie center would cause lower 
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rail deflections under a particular applied load 
and, therefore, comparatively higher values of track 
modulus. 

The interactions among variable physical states 
of ballast, tie support conditions, and structural 
factors such as tie stiffness and rail size make 
ge neral izat i ons about track modulus uncertain. This 
i s pa r ticular.ly t r ue because the degree and type of 
mai nt ena nce d is t u rbance and traffic history of a 
s ite can change t he physical state of ballast in 
varying amounts. The scatter of the field measure­
ments was such that there were no clear trends dis­
tinguishing the premaintenance track modulus values 
from the postmaintenance values. The predictions of 
track modulus using the GEOTRACK program are some­
what limited by the uniform layer property, the full 
contact representations, and the inability to rep­
resent the maintenance factors for the field sites. 
For these reasons variations between the measured 
and the predicted track modulus values for the sites 
can be expected because of the variations in ballast 
properties and support conditions that were affected 
by the maintenance operations. 

The possible centerbinding and uniformity of sup­
port conditions beneath the tie bottom may not, how­
ever, be a significant factor contributing to the 
track modulus values, although the effects are phys­
ically rational. Differences between the bending 
stiffnesses of wood and concrete ties would also not 
result in large differences in track moduli. Because 
only 10 to 20 percent of the total track deformation 
is due to ballast compression, the subgrade deflec­
tions appear to be much more important. It has been 
shown that variations in tie stiffnesses (8) do not 
have a major effect on the vertical - subgrade 
stresses beneath the rail seats. Thus the subgrade 
contribution to track modulus should be about the 
same for wood and concrete ties. Also, dynamic mea­
surements of resilient subgrade deflection (5) 
showed no significant difference between the defle~­
tions in wood and in concrete sections. This would 
indicate that, although the stress distributions and 
def o r ma tiooii i n the ballast layer were affected by 
t i e s tiffness and possibly centerbinding, the sub­
g rade t esponses were controlled mainly by the sub­
g i:ade p r ope rties , with some effects of ballast layer 
th ickness. 

SUMMARY 

The main purpose of this paper was to make available 
the experimental results of maintenance effects on 
track modulus and, by comparing the field measure­
ments with predictions of track modulus for the rev­
enue sites, to develop a further understanding of 
the factors affecting vertical track response. 

Several observations were made on the basis of 
the results presented. The field measurements did 
not indicate that significant changes in the magni­
tude of track modulus could be attributed to mainte­
nance. Also, the longitudinal variability of the 
track support was not improved as a result of the 
surfacing, as shown by the increased variability of 
the postmaintenance load-deflection curves. 

The uniformity of ballast properties under indi­
vidual ties was improved by the raise and tamping 
operations, as was indicated bt the plate load tests 
(.2,). The uniformity of contact between the ties and 
ballast surface, however, may not be improved. Uni­
formity of ballast properties and contact should 
lead to a lower track modulus, but because the bal­
last is always relatively stiff compared to the sub­
g rade and the relative contribution of the ballast 
deformation to the overall track deflection is 
small, maintenance does not have a great effect on 
track modulus. 
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The major factors contributing to the magnitude 
of vertical track modulus were ballast depth and 
subgrade stiffness. Variations due to tie spacing or 
tie stiffness were not significant factors. Predic­
tions of track vertical deflections made with 
GEOTRACK were generally in reasonable agreement with 
the field measurements. The use of track modulus 
alone for assessment of the quality of track may not 
be too helpful, especially if the assessment is 
based only on the average magnitude of track modu­
lus. The variability of track modulus between tie 
locations is a direct measure of the longitudinal 
uniformity of the track, which is extremely im­
portant. 
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Behavior of Stabilized Layers Under Repeated Loads 
LUTFIRAAD 

ABSTRACT 

An improved method of analysis for pavements with stabilized layers has been 
proposed. The method incorporates the bimodular properties (i.e., tensile mod­
ulus different than compressive modulus) of the stabilized layers and the 
stress-dependent behavior of granular and subgrade soils. The proposed method 
could be used to predict stresses, resilient strains, and deformations using a 
finite element representation of pavement structures. The proposed method is 
used to study the behavior of stabilized layers under repeated loads. Results 
of a limited number of split tension and flexure tests conducted on a cement­
treated silty clay are presented to illustrate the bimodular behavior of the 
material and the influence of testing procedure and computation method on mod­
ulus values. On the basis of laboratory results it is proposed to characterize 
the stabilized layer in terms of its split tensile modulus, bimodular ratio, 
and split tensile strength. This method of characterization is incorporated in 
the analysis of the behavior of stabilized layers in pavements. Specifically, 
the influence of material characteristics on response prediction, and on frac­
ture of stabilized layers under repeated loads, has been investigated. 

Cement- and lime-stabilized layers are used in pave­
ment structures to enhance their load-carrying ca­
pacity and improve their performance. Although 
shrinkage and fatigue are two common types of fail­
ure of stabilized layers, pumping and loss of foun­
dation support are other modes of failure that could 
result in excessive stresses and deflections in the 
stabilized layer and thereby increase its rate of 
deterioration. Performance prediction of stabilized 
layers under repeated traffic loads is a soil-struc­
ture interaction problem in which the interaction 
between traffic loads, stabilized layer, and other 
soil layers in the pavement structure should be con­
sidered. 

An improved method of analysis for determining 
the response of pavements with stabilized layers 
under repeated loads is presented. The proposed 
method uses the finite element technique to predict 
the stresses, strains, and deflections in the pave­
ment section. The method incorporates the load­
deformation characteristics of stabilized soils in 
tension and compression, the nonlinear stress-defor­
mation behavior of granular and subgrade soils, and 
a failure er i ter ion for these soils based on the 
Mohr-Coulomb theory. The proposed method is used to 
study the behavior of pavements with stabilized 
layers under repeated loads. Specifically, the 
analyses include the following: 

1. The significance of materials characteriza­
tion in the response of stabilized layers and 

2. The fracture of stabilized layers overly ing 
soft and stiff subgrades. 

PROPOSED METHOD 

The finite element method is used to determine the 
stresses and resilient deformations in a given pave­
ment structure assuming axisymmetr ic, plane strain, 
or plane stress conditions. Stabilized materials in 
the pavement section are assumed to have bimodular 
properties (i.e., modulus in tension different than 
modulus in compression). Granular and subgrade soils 

are assumed to 
granular soils 
expressed as 

have stress-dependent moduli. 
(_!) , the resilient modulus (MR) 

where 

a 1 , o 2 , and o 3 
K and n 

01+02+03, 
principal stresses, and 
material constants. 

For 
is 

(1) 

For fine-grained soils, a typical representation 
of resilient modulus (MR) as a function of repeated 
deviator stresses (o 1 - o 3 ) has been proposed by Fi­
gueroa (~) and is shown in Figure 1. Similar func­
tions proposed by others (11 !) could be incorporated 
in the· proposed method. 

The nonlinear properties of the granular and 
subgrade layers and the bimodular properties of the 
stabilized layers are included by means of a succes­
sive iteration technique. On the first iteration the 
modulus in tension (Etl of the stabilized layer is 
set equal to the modulus in compression (Ec), 
whereas the moduli of the subgrade and granular 
layers are set equal to an assumed initial value. On 
successive iterations the modulus in tension is 
substituted in directions of principal tension for 
elements in the stabilized layer. Elements in the 
subgrade and granular layers are assigned values 
depending on the stress state at the end of the pre­
vious iterative step. The principal stresses in the 
granular and subgrade layers are modified at the end 
of each iteration so that they do not exceed the 
strength of the material as defined by the Mohr­
Coulomb envelope. The procedure for stress modifica­
tion has been developed by Raad and Figueroa and is 
presented elsewhere (5). A reasonable degree of con­
vergence is attained- in three or four iterationsi 
and constitutive relations, equilibrium equa'tions, 
and kinematic and boundary conditions are essen­
tially satisfied. 
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FIGURE 1 Resilient modulus of subgrade soils. 

CHARACTERIZATION OF STABILIZED LAYERS 

The use of advanced analytical techniques to predict 
the response of stabilized layers requires proper 
material characterization in order to obtain mean­
ingful results. Stabilized layers are generally 
characterized using the flexure and split tension 
tests for the determination of elastic moduli and 
tensile strength. Analyses (6, 7) indicate that elas­
tic moduli and strength values could be different 
for the same material as a result of the bimodular 
behavior of stabilized soil as shown in Table l. The 

TABLE 1 Correlation Between E5/E1 and 
Tr/T, as a Function of the Bimodular Ratio 
Ec/E1 

EcfEt E,/E1 Tr/T, 

1.0 0.90 1.56 
2.0 1.3 5 1.67 
5.0 2.06 1.71 

10.0 2.38 1.78 

Note: E5 = split tensile modulus, Ts = split tensile strength, 
Tf = nexural strength, Ee= compressive modulus, and 
Et = tensile modulus. 

same method of analysis would therefore yield dif­
ferent results depending on the input properties 
used for the stabilized layers. Moreover, the deter­
mination of the thickness of a stabilized layer re­
quired to carry a given t raffic depends on the ten­
sile strength used for the material if a stress 
criterion is chosen for design. In thi.s case the 
tensile stress on the underside of the stabilized 
layer should be compared with the actual tensile 
strength of t.he material, which could be reasonably 
estimated from the split tension test according to 
Raad et al. (§) • 

A limited number of flexure and split tension 
tests were conducted on a cement-treated silty clay 
(CL, PI = 12, LL = 29) to study the difference be-

73 

tween flexural and split tensile moduli and to in­
vestigate the bimodular behavior of the material. 
The cement content used was ll percent. Cylindrical 
specimens 4 in. in diameter and 3 in. high and beam 
specimens 21 in. x 6 in. x 6 in. were prepared using 
a drop hammer compactor and modified AASHTO compac­
t ion energy. The specimens were wrapped in polyethyl­
ene sheets and cured in a humid room for 42 days at 
73° F. The compaction characteristics of the mate­
rial are shown in Figure 2. At the end of the curing 
period, l-in.-long SR-4 strain gauges were glued to 
the top and bottom of the beam specimens in the mid­
dle one-third portion. Similar strain gauges were 
glued on both sides of the cylindrical specimens at 
the center to measure lateral tensile strains (Fig­
ure 3). In both the flexure and split tension tests 
the load was applied through a loading head at con­
stant rate of displacement equal to 0.0120 in. per 
minute. The strain gauges were monitored continu­
ously during loading . Vertical deflections at the 
center of beam specimens were also monitored using a 
0.0001-in. dial gauge. 

Flexural modulus values Ef and Ef based, respec­
tively, on moment-curvature relations and deflection 

'§ 135.0 
u 

fl 

£1310 
~ 
('J 

0 

i'.:'121-0 
0 

!190 

• Beam Specimens 

.t. Cyl1ndncal Specimens 

1150·.._ _ _._ _ _ .._ _ __._ __ _._ _ ____J. _ _ ...._ _ _ 

50 70 90 110 130 150 17.0 

Moisture Content rt.) 

FIGURE 2 Compaction characteristics of cement­
treated silty clay. 
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FIGURE 3 Representation of flexure and 
split tension teste. 
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at the center of the beam, were determined and com­
pared with split tensile modulus (E 5 ) • A summary 
of expressions for modulus values in the flexure and 
split tension tests is given in Table 2. The rela­
tionship for the split tensile modulus in terms of 
tensile strain (Etl at the center of the specimen has 
been derived using the finite element method of anal­
ysis, a Poisson's ratio equal to 0.20, and a bimod­
ular representation of the stahilized material. The 
average error in this case does not exceed ± 9.0 per­
cent for a bimodular ratio variation between 1 and 10. 

TABLE 2 Expressions for Modulus Values 
Determined in the Flexure Test and Split 
Tension Test 

Flexure Test 

fu; (23/648)(PL 3 /di) 
Er; (PL/3I)[h/(Ec + e,)] 

Split Tension Test 

E, ; (P/tL'l)(v + 0.2732) 
E,; (I .6S)(P/rrRte1) 

Note: P =applied load; L =length of beam specimen; 
d =deflection at center of beam specimen; I = momenl of 
inertia of beam cross section; Ee= compressive strain at top of 
beam specimen; Et = tensile strain at bottom of beam specimen 
or at center of cylindrical specimen; 8 =lateral deformation 
across diameter of cylindrical specimen; v = Poisson's ratio; 
R,t =radios and thickness, respectively, of cylindrical speci ­
mens; and h =depth of beam specimen. 

The variation of Efr Ef r and Es with compaction 
moisture content is shown in Figure 4. Although the 
trend of variation with compaction moisture content 

is similar, values of Ef, Efr and Es for specimens 
having the same dry density and compaction moisture 
content are different (Figure 5). Values of Es are on 

the average 1.25 times greater than those of Ef but 
could be as much as 6 times greater than Ef• 

Bimodular behavior was investigated by comparing 
the compressive strain {E 0 ) and tensile strain 
(Et) at the top and bottom of beam specimens in 
the flexure test. The bimodular ratio is expressed as 
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The bimodular ratio appears to reach a maximum value 
at optimum compaction moisture content (Figure 4d). 
Moreover, the bimodular ratio is stress dependent as 
shown in Figure 6. It attained values between 0.80 
and 6 .O. Similar observations concerning bimodular 
behavior of stabilized soils using flexure, direct 
tension, and direct compression tests show that sta­
bilized soils exhibit bimodular ratios in the range 
Of 1 to 10 (8,9). 

Bimodular- behavior could be incorporated in the 
analysis of pavements by using compressive and ten­
sile moduli that correspond to the level of tensile 
and compressive stresses or strains in the stabi-
1 ized layer. Modulus values corresponding to a 
stress level equal to 50 percent of the modulus of 
rupture in the flexure test could be used in this 
case. 

Although the compressive modulus (E0 ) and the 
tensile modulus (Etl could be used to characterize 
a stabilized layer, an alternative approach would be 
to use the split tensile modulus (Esl and the bimodu­
lar ratio Ee/Et• If the values of Es and E0 /Et are 
known, the values of E0 and Et are estimated from the 
relationship between Ee/Et and Es/Et, shown in Table 
1, and are then used in the analysis of the stabi­
lized layer. 

BEHAVIOR UNDER REPEATED LOADS 

The behavior of pavements with stabilized layers 
under repeated loads has been investigated using the 
proposed method. Specifically, the influence of 
load-deformation characteristics on response and the 
fracture of stabilized layers under repeated loads 
have been studied. In all these cases the material 
properties used to characterize the stabilized layer 
include the elastic modulus (Eb), the bimodular ratio 
(Ec/Etl, and Poisson's ratio. Eb corresponds either 
to the split tensile modulus or to the flexural mod­
ulus derived from moment-curvature relations in the 
flexure beam test. An axisymmetric loading condition 
is assumed in the analyses. 
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Influence of Material Characteristics 

The pavement section analyzed is shown in Figure 7. 
Two cases are considered (Table 3). In the first 
case the stabilized layer is assumed to be linearly 
e lastic with a bimodular ratio equal to 1. No fail­
ure criterion is used for granular and subgrade 
soils. In the second case the stabilized layer is 
assumed to have the same elastic modulus as in Case 
l, but a bimodular ratio equal to 10 and a Mohr­
Coulomb failure criterion are used for the granular 
and subgrade layers. 

Results of analysis indicate that an increase of 
b i rnodular rat io of f r om 1 t o 10 would incre a s e t he 
tens ile strain s on the under side o f the s tabilized 
l ayer by 38 percent but would decreas e the t e ns ile 
stresses by 4 5 perc en t a s s hown in F i gure 8. More­
ove r, th.e u s e of t he Mohr-Coulomb fa ilu re mode l in 
the pr oposed approach would r:esu l t i n a "no tens ion" 
zone in t he g ranu lar subbase . The l ater a l s t r e sses 
predicted us ing t he higher b im0dular ratio and f ail -

J2.:.:. 
I I •~ p = 80 psi 

10" Stabilized Loyer 1----------------5··11-------------..o ___ Grarula Subbase 

JOO Ooy ""'""'' 

R1g1d Base 

FIGURE 7 Pavement section analyzed for response 
prediction. 

TABLE 3 Material Properties Used in Response Prediction 
Under Applied Load 

Case 

2 

Stabi l ized layer 

Eb = l.O x l 06 psi 
E,/E1=1 
v = 0.20 
E11 = 1.0 x 106 psi 
E,/E1=10 
v = 0.20 

Granular Sub base 

K = 7000 
11 = 0.35 
v = 0.35 
K = 7000 
11 = 0.35 
</> = 32 degrees, 
c = 0.0 

v= 0.35 

Subgrade 

Soft (Figure 1) 
1'=0.47 
Soft (Figure 1) 
¢ = 0.0 degree 
C = 7 .0 psi 

v = 0.47 

No te: Eh:::::: modulus of stabilized layer, Ee/Et = himodula r ratio , v = Poisson's 
ratio, C and <Pare cohesio n and iJngle of friction dete rmined from Mohr-Coulomb 
envelof)e, Kand n are defined in Equation I , 
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FIGURE 8 Influence of matel"ial characterization on response. 
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TABLE4 Cases Studied in Fracture Analysis of Stabilized Layers 

Modulus of 
Stabilized 
Layer (Eb) Subgrade 

Case in psi Stiffness 

1 3.0 x 106 Soft (Figure I) 
2 3.0xi06 Stiff (Figure I) 
3 3.0 x IDS Soft (Figure I ) 
4 3.0 x I as Stiff (Figure 1) 

ure criterion are higher but decrease with depth of 
the granular subbase, as shown in Figure B. 

Fracture Behavior of Stabilized Layers 

The fracture behavior of two-layer systems consist­
ing of a stabilized layer overlying a clay subgrade 
has been analyzed under an applied circular load 
that has a 12-in. diameter and a uniform surface 
pressure. Fracture behavior under long-term loading 
(i.e., 10 6 repetitions) and short-term loading 
(i.e., 1 repetition) has been considered. A mecha­
nistic model for strength and fatigue based on the 
Griffith failure theory (_!Q) has been used in the 
analysis. 

For fracture behavior under long-term loading, 
the stress state in each element of the stabilized 
layer was determined and the number of repetitions 
required to crack the most critically stressed ele­
ment was estimated. The fractured element was taken 
out of the system and a new stress field was deter­
mined. The number of additional repetitions required 
to crack a new most critically stressed element was 

i1000 
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roo 
400 

200 

Eb=3-0xl0
6

psi 
Soft Subgrode 

Split 
Bimodular Tensile Thickness of 
Ratio Strength Stabilized 
(Ec/E1) (T,) in psi Layer (h) in in. 

1 5 10 150 300 4681216 
1510 150 300 4681216 
I 5 IO 50 100 4681216 
I 5 JO 50 100 4681216 

estimated. This process was continued until the 
crack had propagated to the surface of the layer. 

For fracture behavior under short-term loading, 
the load needed to crack the most critically 
stressed element was calculated. The fractured ele­
ment was taken out and a new stress field was found. 
The additional load increment required to crack the 
next most critically stressed element was calcu­
lated. This was repeated until complete fracture of 
the stabilized layer had occurred. 

For a given pavement system, the analysis pro­
vided a relationship between the thickness of the 
stabilized layer and the magnitude of load required 
to induce fracture. Table 4 gives a summary of the 
cases analyzed. In all these cases the subgrade was 
considered to be a layer 300 in. thick resting on a 
rigid base. The analyses performed lead to the fol­
lowing conclusions: 

1. The load required to fracture the stabilized 
layer (i.e., ultimate load capacity) under long-term 
loading (10 6 repetitions) and short-term loading 
(1 repetition) increases with increase in layer 
stiffness, layer thickness, and subgrade stiffness 
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FIGURE 9 Repeated load requried to fracture stabilized layer after 106 

repetitions. 
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FIGURE 10 Ultimate load required to fracture stabilized layer 
after 1 repetition. 
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but decreases with increase in bimodular ratio 
(Figures 9 and 10). The decrease is more pronounced 
for bimodular ratios greater than 5. Reducing the 
tensile strength of the stabilized layer by 50 per­
cent leads in general to a reduction of layer capac­
ity in the range of from 45 to 50 percent. Results 
shown in Figures 9 and 10 correspond to tensile 
strength of 300 psi (Eb= 3.0 x 10 6 psi) and 100 psi 
(Eb= 3.0 x 10' psi). 

2. The load-carrying capacity under short-term 
loading (i.e., l repetition) (Pu) predicted using 
the proposed method could be greater or smaller than 
the ultimate capacity (P0 ) predicted using Meyer­
hof theory (11) depending essentially on the bimodu­
lar ratio of-;he stabilized layer. For Ee/Et= 1, Pu 
could approach 2 P0 , whereas for Ee/Et = 10, Pu could 
be as low as 0.40 P0 as shown in Figure 11. Meyerhof 
theory tends to overestimate the ultimate capacity 
(Pul for bimodular ratios greater than 5 and underes­
timate Pu for bimodular ratios smaller than 5 . The 
modulus of subgrade reaction (k8 ) assumed in the 
Meyerhof analysis was 50 psi per inch for the soft 
subgrade and 450 psi per inch for the stiff subgrade. 

3. Experimental data presented by Suddath and 
Thompson (12) for ultimate capacity of lime-stabi­
lized layers fall in the range of predicted values 
using the proposed method (Figure 12). 

200 4G.!l 600 BOO 000 1200 

4. Comparison between load capacity under short­
term and long-term loading associated with crack 
initiation on the underside of the stabilized layer 
and crack propagation to its surface is shown in 
Figures 13 and 14. Ultmate Load Carryng Capacity, Ii (Kips) 

(Meyemof Theory) 

FIGURE 11 Comparison of load capacity predicted by proposed 
method and by Meyerhof theory. 

Results demonstrate that contrary to some current 
practice, which assumes that cracking of the base 
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propagates quickly to the surface of the stabilized 
layer (!l) , the load required for crack propagation 
could be substantially greater than that needed for 
crack initiation, especially for layers with low 
bimodular ratios. A similar conclusion can be 
reached by comparing the load required to fracture 
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the stabilized layer using Meyerhof theory with that 
required to induce a tensile stress at its interior 
(J_!) equal to the tensile strength, as shown in Fig­
ure 15. 

SUMMARY AND CONCLUSIONS 

An improved method of analysis for pavements with 
stabilized layers has been proposed. The method in­
corporates the bimodular properties (i.e., tensile 
modulus different than compressive modulus) of the 
stabilized layer and the stress-dependent behavior 
of granular and subgrade soils. The proposed method 
could be used to predict stresses, resilient strains, 
and deformations using a finite element representa­
tion of the pavement structure. 

The proposed method has been used to study the 
behavior of stabilized layers under repeated loads. 
A limited number of split tension and flexure tests 
conducted on a cement-treated silty clay show that 
the material exhibits bimodular behavior and that 
modulus values computed for similar specimens are 
generally different and depend on testing procedure 
and method of computation. On the basis of labora­
tory results, it has been proposed to characterize 
the stabilized layer in terms of its split tensile 
modulus, bimodular ratio, and split tensile 
strength. This method of characterization was incor­
porated in t he a nalysis to study t he behavior of 
stabilized l ayers in pave ments . Spec ifically, the 
influence of mate rial c haracteristic s o n response 
prediction and t he f r ac tur e of stabilized layers 
under repeated loads have bee n i nvest i gated . 

Results of the analyses show that an increase in 
bimodular ratio tends to increase the tensile 
strains and decrease the tensile stresses on the 
underside of the stabilized layer. Fracture of 
stabilized layers, on the other hand, depends on 
stiffness, strength, and bimodular properties of 
stabilized material and on stiffness of underlying 
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FIGURE 15 Load capacity in terms of crack initiation and 
propagation using Westergaard approach and Meyerhof theory. 

subgrade. Agreement between predicted ultimate ca­
pacity using the proposed method and Meyerhof theory 
depends essentially on the bimodular ratio of the 
stabilized layer. Reasonable agreement between pre­
dicted capacity and experimental data has been at­
tained within the common range of bimodular ratios 
of stabilized soils (i.e., Ee/Et between 1 and 
10). Results also indicate that loads associated 
with fracture of the stabilized layer could be sub­
stantially greater than those required for crack 
initiation on its underside. 
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Analysis of Track Support and 
Determination of Track Modulus 

GERALD P. RAYMOND 

ABSTRACT 

A design methodology that uses an approach similar to that outlined in the 
American Railway Engineering Association Manual for Railway Engineering for 
calculating the stresses below cross ties of conventional railway tracks is 
presented. There is discussion of the practical effects of track modulus vari­
ability and its possible optimization from the point of view of both static and 
dynamic loading with particular reference to ballast and subgrade stress 
levels. These stresses are then used to estimate track deformation. Track 
deformation may then be used to calculate a conventional track modulus. With 
such a technique it is possible to calculate the effects of ballast depth vari­
ability and compressibility of crossties on track response. 

The two main requirements of a stable subgrade are 
the provision of sufficient granular or soil-modi­
f ied cover to ensure that overstressing does not oc­
cur and the provision of a granular filter blanket 
to prevent the piping and thus loss of subgrade 
fines from below the track bearing area. To ensure 
that over stressing does not occur, the track 
stresses need to be calculated. A means of calculat­
ing these stresses that follows an approach similar 
to that of the American Railway Engineering Associa­
tion's Manual for Railway Engineering is outlined 
herein. Presentation of subgrade stahility tech­
niques is beyond the main scope of this work. 

STATIC DESIGN OF CONTINUOUS WELDED RAIL 

Talbot CJ) has demonstrated that the theory of a 
continuous beam on an elastic support, or, more cor­
rectly, a linear spring (Winkler) foundation gives 
calculated bending moments for the rails close to 
those measured in freshly tamped track. Many inves­
tigations, including extensive ones performed by the 
Association of American Railways, have confirmed the 
validity of this theory. The American Railway Engi­
neering Association (AREA) in its Manual for Railway 
Engineering (£) also endorses this method of analy­
sis (chapter 22, article 3.2, paragraph 3.2.1, sec­
tion a): 

Because of the many variables involved in 
tie and ballast track, the calculation of 
track stress and strain cannot be regarded 
as an exact science. However, in-service 
tests have shown that the track structure 
can be analyzed within acceptahle limits of 
accuracy .by considering the rail as equiva­
lent to a continuous beam resting upon uni­
form elastic supports. 

This design method results in the representative 
differential equation for the elastic beam (rail) 
subject to a vertical (wheel) load (P) of 

EI(d'z/dx') + Uz 0 (1) 

where 

E elastic modulus of the beam, 
I second moment of area of the beam, 
z = deflection at a point x from the applied load, 
x = distance along the beam from the point of ap-

plication of the load, and 
U modulus of the elastic support commonly known 

as the track modulus (note that the track mod­
ulus as used in common practice and in the 
AREA manual relates to a single rail) • 

For a single wheel load (P) on an infinitely long 
beam the solutions to this equation are well known: 

zx = ().P/2U) (cos ).x + sin ).x) exp(-).x) ( 2) 

(P/4).) (cos AX - sin ).x) exp(-).x) (3) 

where 

),, = [U/(4EI)]0.25 (4) 

The maximum values of z and M are directly below the 
load at x = o. 

).P/(2U) (5) 

P/(4).) (6) 

These results are normally given in the form of the 
influence chart shown as Figure 1 in which the dis­
tance to zero moment (X1 ) is used as a distance 
base [e.g., exhibit 1 of chapter 22, AREA manual 
(£)]. 

Alternatively, but not so commonly, a 
wavelength of 2n/). is used. The rail 
are commonly calculated as 

Ox = zxUS = (1/2) ).SP (cos AX 

+ sin ).x) exp(-).x) 

(7) 

deformation 
seat loads 

(8) 

where s is the spacing of crossties. For a crosstie 
placed directly below the load (x = 0) 

Q0 = P).S/2 (9) 
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FIGURE 1 Influence chart for track design. 

As an example of the effect of track modulus on 
rail seat loads, Figure 2 shows the variation of the 
rail seat loads in the vicinity of a single 147-kN 
(33-kip) wheel load on 68-kg/m (136-lb/yd) rail for 
two different crosstie spacings in which the central 
crosstie (crosstie 1) is directly below the load 
(i.e., the crosstie is positioned to produce a maxi­

mum rail seat load), Examination of Figure 2 indi­
cates that, within the limitations of values likely 
to occur in practice, variation of the track modulus 
has a much greater influence on the rail seat load 
than does crosstie spacing. 

EFFECT OF MULTIPLE WHEELS OR AXLES 

Because the preceding theory is based on elastic 
response, the theorem of superposition applies and 
the effect of multiple wheels or axles can be simply 
calculated as 

Zj (10) 

(11) 

(12) 

where the different values of x are the distances of 
each wheel load from the position point j, 

Example calculations of the maximum track deflec­
tion and maximum rail base bending stress are plo _­
ted on Figures 3 and 4 for both a single-axle and 
two coupled G-75 trucks (wheel spacing l. 78 m, 1.99 
m, and 1.78 m or 70 in., 78.5 in., and 70 in.) sup­
ported by either 45-kg/m (90-lb/yd) rail or by 68-
kg/m (136-lb/yd) rail. Maximum deflection occurs 
below the int.erio.: ax l e s and maximum rail str ess C! s 
occur below the outer axles. Examination of these 
curves show that as the track modulus decreases from 
the region of about 35 to 70 MN/m2 (5 to 10 kips/ 
in. 2 ) of rail there is a rapid increase in deflec­
tion or rail stress, and if the track modulus in­
creases from this region of values a gradual reduc­
tion of deflection or rail stresses occurs. It may 
be concluded that for statically loaded track 35 to 
70 MN/m 2 (5 to 10 kips/in. 2

) of rail may be an­
ticipated as an optimized value range of track modu­
lus, at least for initial consideration. 
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CALCULATIONS OF STATIC SUBGRADE STRESSES 
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u 
z 

Similar calculations were made using Equation 12 for 
the determination of the rail seat loads obtained 
from multiple axles. The rail seat load may then be 
used to calcu1ate tie bearing pressures and subgrade 
stresses. Sufficient evidence is available in the 
technical literature to show that where soils are 
unable to resist tensile forces the vertical stress 
is given by superposition of Boussinesq's solution 
for stresses within a semi-infinite elastic solid 
with surface loading. Below each rail seat the 
crosstie can be assumed to produce a rectanqularly 
loaded area on the ballast. This permits the use of 
the solutions developed by Love (.:l_) who extended 
Boussinesq's solution to a rectangularly loaded 
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area. The area of the crosstie bearing surface per 
rail seat (~) may be calculated according to the 
AREA manual as 

Ab {per rail seat) b(l - P.rl {l 

where 

b 
l 

tr 
t 
c 

- [C{P. - P.r)/t0.75]) 

width of crosstie, 
length of crosstie, 
distance center to center between rails, 
thickness of crosstie, and 

(13) 

constant = 0.04 (0.018) if dimensions are in 
millimeters (inches) (note constant is de­
pendent on units). 
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Alternatively, the area is assumed equal to some 
tamper influence distance on either side of the 
rail. The AREA method results in rail seat bearing 
areas the width of the crosstie and a length deter­
mined by the formula (Equation 13) that results in 
879 mm (34.6 in) for a crosstie 178 mm (7 in.) deep 
by 2.55 m (8 ft 6 in.) long and 975 mm (38.4 in.) 
for a crosstie 178 mm (7 in.) deep by 2.70 m (9 ft 0 
in.) long. For purposes of illustration two rail 
seat bearing lengths of 914 mm (36 in.) each below 
each of two rails spaced 1.50 m (60 in.) centerline 
to centerline apart have been assumed. This is con­
sidered the approximate distance influenced by the 
tamper tines. 

contact pressure or vertical stress at zero depth 
for a single axle load may be seen to increase as 
the fourth root of the track modulus (i.e., an in­
crease of track modulus by a factor of 16 doubles 
the contact stress). With depth the difference in 
vertical stress decreases slowly such that, even at 
0.8 m (32 in.), the effect of track modulus variation 
on subgrade stresses from the single axle is consid­
erable. 

Figure 5 shows the solution obtained using dif­
ferent track moduli of the underlying maximum verti­
cal support stress resulting from a single axle load 
on 68-kg/m (136-lh/yd) rail and 279-mm (11-in.) 
crossties spaced at 610-mm (24-in.) centers. The 

Figure 6 shows similar calculations, using the 
same crosstie size and spacing, for two coupled G-75 
trucks having 294-kN (33-ton) axle loads. Interac­
tion between axle loads is sufficient under the 
lower values of track modulus to cause a consider­
able increase in the contact pressure or vertical 
stress at zero depth. This reduces the dependence of 
either maximum contact pressure or maximum subgrade 
stress on the variation of track modulus. Usinq the 
two highest track moduli interaction actually caused 
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a reduction in these maximum values from those cal­
culated for a single axle. 

The effect of variation of both track modulus and 
crosstie spacing is shown in Figure 7. In this fig­
ure is plotted the effect of using a 229-mm (9-in.) 
crosstie at 458-mm (18-in.) centers versus a 279-mm 
(ll-in.) crosstie at 610-mm (24-in.) centers on 
track having moduli of 14 MN/m2 (2,000 lb/in2

) 

of rail and 224 MN/m2 (32,000 lb/in. 2 ) of rail 
with 68-kg/m (136-lb/yd) rail. If no change is made 
in track modulus, only about a 10 percent change in 
contact stress occurs for a change in specified 
crosstie size and spacing. On the other hand it is 
clearly evident from Figure 7, and from the maximum 
rail seat loads shown in Figure 2, that much higher 
support stresses result from a change in specified 
track modulus. This effect is more pronounced for a 
single axle than for coupled G-75 trucks. 

In the case of a single axle on 68-kg/m (136-
lb/yd) rail changing the modulus from 14 MN/m2 

(2,000 lb/in.') of rail to 224 MN/m 2 (32,000 
lb/in. 2

) of rail causes the crosstie-ballast in­
terface stress, for the same crosstie spacing, to 
approximately double (i.e., 100 percent increase). 
Interaction of axles is more pronounced on softer 
track because the rail is more effective in spread­
ing the load thus reducing the effect of track mod­
ulus change on support stresses for the coupled G-75 
trucks. Changing the track modulus but retaining the 
same rail and crosstie size and spacing reduces the 
increase interface stresses to an increase of ap­
proximately 30 percent for the 229-mm (9-in.) cross­
ties and approximately 25 percent for the 279-mm 
(11-in.) crossties. 

In the event of changing from crossties 229 mm (9 
in.) wide at 458-mm (18-in.) spacing to crossties 
279 mm (11 in.) wide at 610-mm (24-in.) spacing, the 
effect of modulus change from 14 MN/m2 (2,000 
lb/ in. 2

) of rail to 224 MN/m2 (32,000 lb/in. 2 ) of 
rail on the interface stress for a single static 
axle would be an increase of approximately 120 per­
cent. Axle interaction for the two coupled G-75 
trucks would reduce this increase to approximately 
35 percent. 

A point worth noting from Figure 7 is that as the 
depth increases the support vertical stresses re­
sulting from similar wheel loadings and the same 
track modulus tend toward similarity. This, of 
course, is to be expected from "Saint Venant's prin-
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ciple," which says that two different distributions 
of force, having the same resultant acting on a 
small part of an elastic body, will produce the same 
stress except in the immediate neighborhood of the 
loaded part. Thus, provided the ballast is clean and 
of full section so it can function effectively, 
changes in crosstie spacing or the size of the bear­
ing area are unlikely to affect the magnitude of the 
subgrade stresses but would affect the stresses in 
the ballast. These conclusions are verified in Fig­
ures 8 and 9 that show the distribution of support 
stresses for a single axle using different crosstie 
spacings and crosstie sizes, respectively. As pre­
viously shown, multiple axles decrease the differ­
ences shown by single axles and have been omitted 
from these figures. 

At much greater depths than shown on Figure 5 
(such greater depths are of little practical signif­
icance) the effect of modulus change would also be 
negligible. As far as normally anticipated ballast 
depths are concerned, track modulus variation is 
much more significant in affecting the magnitude of 
the subgrade stresses than variation in crosstie 
spacing or bearing area within the normally used 
1 imi ts of these variables. This is not to suggest 
that changes in crosstie spacing and bearing area do 
not affect the track modulus but rather that their 
effect on any change in track modulus (which is not 
given by the theory) has a greater influence on sup­
port stresses than their direct effect from theoret­
ical stress distribution theory assuming no change 
in track modulus. 

Similar calculations, done to show the effect of 
changing rail mass, are shown on Figure 10. Although 
there is some effect on the subgrade and ballast 
stresses for a single axle on the softer track, in­
teraction of wheel loads for the coupled G-75 trucks 
reduces this difference to a negligible amount. The 
effect of subgrade stress reduction is much more ap­
parent from a rail mass increase when the track is 
extremely stiff. This reduction occurs both for the 
single and the multiple axle case with maximum 
stresses being less for multiple axles than for sin­
gle axles on extremely stiff track. 

ESTIMATE OF TRACK MOOULUS 

The solutions developed by Love <1> for a rectangu­
lar loaded area allow for the calculation of not 
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only the vertical stress but also the six stresses 
(three normal and three shear) that define the state 
of stress at any point. Knowing the pseudoelastic 
parameters of the support soil allows the calcula­
tion of the strain at that point, which, by numeri­
cal integration, allows the calculation of support 
deformation. Addition of such deformations to those 
produced by the rail seat load on the crossties via 
the tie plates allows the total deformation to be 
estimated for a given set of conditions. Because 
different track moduli produce different calculated 
support stresses and rail seat loads, a series of 
calculations of total deformations using different 
track moduli is required. These results should then 
be compared with the deformations predicted by the 
"beam on elastic support" theory to determine the 
track modulus that defines identical deformations. 
It should be clearly understood that the deformation 
experienced by the rail at the rail seat includes 
not only the deformation of the track support but 
also that of the crosstie and its accessories. An 
example of the results of such a series of calcula­
tions is shown in Figure 11. These results are for a 

. . . 

single axle loading because many field measurements 
of track modulus are obtained using a long loaded 
flatcar with two central loading jacks one above 
each rail. The jacks are used to apply, in incre­
ments, the equivalent of a single axle load of dif­
ferent magnitudes. Because of voiding below the 
crosstie, the modulus is calculated from the defor­
mation recorded between ahout 36 kN (8 kips), the 
weight on an unloaded truck wheel, and 147 kN (33 
kips) on each jack. 

The results shown in Figure 11 were obtained us­
ing 305 mm (12 in,) of clean ballast overlying 610 
mm (24 in.) of clean subballast overlying a heavily 
compacted silt or clay subgrade, The exact compres­
sibility of the subgrade can be expected to vary 
throughout the year from negligible in extremely dry 
hot weather to a maximum during extremely wet or 
thaw conditions if subjected to freezing. Figure 11 
represents calculations for extremely dry subgrade 
conditions. It may be seen that track on such a sup­
per t constructed with concrete cross ties and stiff 
pads would have a track modulus of about 140 MN/m2 

(20,000 lb/in. 2
) of rail. Use of the softer 
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grooved pads recently installed on the u. s. North­
east Corridor reduces the track modulus to about 69 
MN/m 2 (10,000 lb/in.2> of rail. The compressi­
bility of hardwood crossties is similar to that of 
the softer Northeast Corridor pads; however, the 
major compression observed in tests on wood crosstie 
track has been the elastic compression and rebound 
of the ballast penetration of wood or ballast-cross­
tie interface. The magnitude of this interface com­
pression is shown on Figure 11 from which it is seen 
that wood crosstie track has a considerably lower 
track modulus than does concrete crosstie track. The 
curves plotted on Figure 11 suggest a track modulus 
of 24 MN/m2 (3,500 lb/in.2) of rail; however, 
the variability of the interface compression means 
considerable variation from this value would not be 
unrealistic. 

An alternative method of calculating the deforma­
tions from the support alone is to use Stein­
brenner' s solutions for the settlement of the corner 
of a rectangular loaded area extended to deal with a 
layered foundation. Steinbrenner's original solution 
assumes a homogeneous isotropic elastic layer of 
constant elastic parameters; thus an extension to 
deal with layers of different elastic parameters 
must be used to obtain the same results as are ob­
tained by the use of Love• s solution. Both these 
techniques assume that the stresses, but not the 
strains, are given by homogeneous elastic theory ir­
respective of any variations in the soil properties. 
When the stress distribution has been obtained, the 
deformations may be calculated from 

5z = !{ [az - vi(ax 

+ ay) ]/Ei}dz 

where 

a = normal stress, 

(14) 

vi pseudo Poisson ' s ratio of the soil layer, and 
Ei pseudoelastic modulus of the soil layer. 

The integration is usually done numerically by 
dividing the foundation into a relatively large num­
ber of soil layers and then summing the resulting 
layer deformations. Note that the pseudoelastic 
properties of granular soils vary with degree of 
compaction and the properties of cohesive soils with 
moisture content or, more correctly, soil suction. 
In addition, an underlying soft cohesive soil tends 
to prevent compaction of an overlying granular soil; 
thus the selection of appropriate pseudoelastic pa­
rameters requires considerable judgment. The main 
point, however, is that once the selection has been 
made the calculations are relatively simple. Results 
from typical calculations showing the deformation 
between the base of the crosstie and the given depth 
are shown in Figure 12 for a granular layered de­
posit in a loosely compacted, and in a densely com­
pacted, state making the somewhat simple assumption 
that the wheel load is taken 50 percent by a central 
rail seat and 25 percent by adjoining rail seats. 
Because the calculations assume elastic response, 
the support deformations are directly proportional 
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to any variation in the central rail seat load of 
73.5 kN (16,500 lb). The calculations should, of 
course, be done for the actual distribution of rail 
seat loads produced by the different track moduli to 
obtain the best estimate of modulus. 

The 50 to 25 percent load distribution does, how­
ever, permit a quick rough estimate of track modulus 
because, from Equation 8, 

(15) 

where Qo is the maximum rail seat load for the 
single wheel load P and 60 is the total summa­
tion of rail seat deformation at Q0 • Thus a rough 
estimate of U can be obtained as 

U = P/(2S650) (16) 

where 6 50 is the total deformation using 50 per­
cent of P as the maximum rail seat load (note Figure 
12 shows only the contribution to the total deforma­
tion due to the soil support of the shown 610 mm or 
24 in. directly below the tie base). 

CALCULATION OF DYNAMIC INCREMENT FOR CONTINUOUS 
WELDED RAIL 

Kenney (_1) has shown that on perfect track trans­
versed by perfect wheels track forces rise extremely 
slowly with speed requiring a speed of about 1600 
km/hr (l,000 MPH) to reach track resonance. Track 
irregularities or wheel irregularities are therefore 
the principal cause of major dynamic track forces 
given current (1985) speeds. Any complete theory 
dealing with track and wheel irregularities is 
clearly complex but because the track mass is much 
less than the unsprung mass of a wheel set it ap­
pears reasonable to neglect the track mass as a 
first approximation and to take the effect of the 
suspension spring as a steady force. The equation of 
motion then reduces to 

M(dw2/dt2
) + K (w + s) O 

where 

w displacement of the unsprung mass 
static equilibrium position, 

s amplitude of the irregularity, 
M unsprung mass, and 
K track stiffness. 

(17) 

from the 

Track stiffness is related to the track modulus by 

K • (64 E I u3)0.25 (18) 

The solution to Equation 17 leads to a relationship 
for dynamic increment of load of the form 

Pa - Po= cs (M K)o. 5 f(V) 

where 

Pa = dynamic wheel load, 
P0 static wheel load, 

C = a proportionality parameter, 
f(V) = a function of speed. 

(19) 

and 

For a well-maintained track made of continuous 
welded rail that is not corrugated the major track 
or wheel irregularity is believed to be due to wheel 
flats. Data on wheel flat impact obtained by the 
Association of American Railroads (5) on wheel flat 
impacts along with a first trial solution of Equa­
tion 19 are shown in Figure 13. According to Equa­
tion 19, for any given speed and weight of rail the 
dynamic increment should increase linearly with the 
irregularity depth. Because the wheel flats were 
carefully made as square flats, the irregularity 
increases with flat length as shown. This is seen as 
in reasonable agreement with the data considering 
the scatter in the results. Also from Equation 19, 
for any given speed the axle load should make no 
difference to the dynamic increment obtained from a 
given wheel flat and this is reflected in the theo-

. . . 
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retical curves shown. Thus, from the test data ob­
tained, the dynamic increment for wheel flats from 
other vehicles and other track constructions may he 
obtained as 

Pa - P0 is proportional to M0.5 u0.375 (20) 

The data of Figure 13 were obtained using a 70-ton 
(net) freight car with an unsprung axle mass of 1705 
kg ( 3, 750 lb) on wood cross tie track. One hundred 
ton (net) cars with 20 percent heavier axle loads 
are in more common use today (1985). These cars have 
an unsprung axle mass of about 1977 kg (4,350 lb) 

(KIP-IN) 
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that suggests an 8 percent increase in impact load­
ing on wood cross ties. For concrete cross tie track 
with stiff pads and stiff subgrades (e.g., dried out 
clay) , the dynamic increment is estimated at an 
additional 98 percent, whereas soft pads would re­
duce this increment to 55 percent. For 100-ton cars 
on concrete crosstie track the increment would be 
105 and 59 percent for the stiff and soft pad, re­
spectively. However, due to the nonlinear compres­
sion of the components of the track structure, the 
difference in track moduli for wood and concrete 
crossties to be applied to the dynamic increment is 
probably not as numerically diverse as shown in Fig­
ure 11 because the track has been compressed by the 
dead load when the impact of the wheel flat occurs. 

Field data in support of differences of dynamic 
wheel increment associated with different track 
stiffness, assembled from published data for passen­
ger train wheel loading on the u.s. Northeast Corri­
dor (NEC), are shown in Figure 14 (6,7). It may be 
seen that more than 90 percent of all wheels give 
similar loadings consistent with near-perfect wheels 
on track of similar roughness. The few percent of 
wheels having major imperfections are those, accord­
ing to theory, that would show major differences in 
dynamic increment and this difference is seen (Fig­
ure 14) to be largest between wood crosstie track 
and concrete crosstie track. Although the differences 
in measured wheel load on concrete crosstie track 
are small but nevertheless measurable, the effect of 
a softer track on the rail seat bending moments of 
the differently padded concrete crossties is clearly 
evident. Because of the better load-spreading capa­
bility of the same rail section on softer track, the 
bending moments associated with softer pads are con­
siderably less than those associated with the 
stiffer pads when the dynamic increment becomes 
large (i.e., at small occurrence levels). It is un­
derstood that the experimental results have (rightly 
according to theory) led to the adoption of softer 
pads for all further concrete crosstie installations 
on the NEC and the use of flat wheel detectors as an 
addition to the normal visual inspection that forms 
part of normal railroad practice for restricting the 
access of wheels with flats to track. It is clear 
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that, although no optimization of track modulus has 
been established or is evident for dynamically 
loaded track, there is a penalty to be paid by over­
stiffening track that is subject to wheel and rail 
irregularities, which presently (1985) is occurring 
on North American track. Optimum track stiffness for 
dynamic loading is probably less than that for 
static loading. 

TYPICAL STATIC PLUS DYNAMIC SOLUTION 

Figure 15 shows results from a typical calculation 
based on a 51-mm (2-in.) square flat on both wheels 
of one inside axle of two fully loaded coupled G-75 
trucks (i.e., 30-tonne or 66-kip axle load) for 
three track conditions. The 51-mm (2-in.) flat is 
the maximum permitted by Association of American 
Railroad Cll.l recommendations. The track conditions 
were track made from wood crossties 229 mm (9 in.) 
wide with 458-mm (18-in.) spacing giving an assumed 
track modulus of 14 MN/m2 (2 kip/in. 2

) of raili 
track made from concrete crossties with soft pads 
279 mm (11 in.) wide with 610-mm (24-in.) spacing 
giving an assumed track modulus of 84 MN/m2 (12 
kip/in. 2

) of raili and track made from similar 
crossties with stiff pads giving an assumed track 
modulus of 224 MN/m2 (32 kip/in. 2

) of rail. 
Figure 15 shows the static loading conditions for 

the maximum vertical support stress along with a 
combination of both static and dynamic conditions. 
The total dynamic axle (static + increment) loads 
for the three assumed moduli were calculated as 294 
kN (66 kips), 447 kN (100 kips), and 926 kN (208 
kips) , respectively. These values are likely to be 
higher than generally measured in track because 
wheel flats are never square in practice and are 
normally taken out of service before becoming the 
maximum allowable. The concrete cross tie moduli are 
also somewhat higher than estimated in Figure 11. 
These higher values were used because such values 

89 

have been measured and thus the calculation illus­
trates the negative effect of having extremely stiff 
track associated with the high unsprung mass of 
freight vehicles. 

BALLAST DEPTH DESIGN 

Clearly evident from Figure 15 is the dramatic ef­
fect that a higher track modulus has on the dynamic 
increment. Fortunately concrete crosstie track and 
its higher track moduli are generally associated 
with firmer, and thus generally stronger, subgrades. 
In addition, wheels do not generally have carefully 
made square flats associated with "worst condi­
tions.• Thus stresses as high as the upper limit 
shown on Figure 15 are the exception not the rule. 
Typical foundation design is often based on dead 
load plus some percentage (often 50 percent) of the 
live loadi the reasoning is that safe bearing 
stresses include some measure of safety factor and 
may thus be exceeded on a limited basis. As an ex­
ample, the Manual for Railway Engineering of the 
American Railway Engineering Association (2) sug­
gests a dynamic increment of approximately 1-percent 
of static loading for each 1. 6 km/hr (1. 0 MPH) of 
the maximum track speed although the writer would 
question the sufficiency of the recommendation for 
the more recently introduced stiffer concrete cross­
tie track. On the basis of percentage live load 
chosen, the limits, after proportioning, may be re­
lated to the safe bearing stress established for the 
subgrade soil in question to obtain the required 
granular (subballast plus ballast) design depth. 
Figure 16 shows the typical safe bearing stress val­
ues or related empirical test values developed for 
use in highway and airport design C2l, both of which 
require much smaller surface deflection than do 
railways for good performance. Because railroads are 
more flexible than major highways it is this 
writer's opinion that the limits shown in Figure 16 
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are conservative limits for use in track support 
subgrade design and could probably be increased 50 
percent. In addition, where climatic conditions re­
sult in freezing temperatures, minimum granular 
cover equal to at least half the depth of frost pen­
etration is generally specified. 

BALLAST STRESSES 

It is quite obvious from the data presented that as 
the track modulus increases, so do the stresses in 
the ballast, particularly those close to the cross­
tie bearing area. Because a higher modulus is asso­
ciated with concrete crossties than with wood cross­
ties, it is not surprising that higher quality 
ballast is generally specified when concrete cross­
ties are used. In addition, most concrete crossties 
are made with silica sands composed of minerals hav­
ing a Mohs hardness greater than 6. To prevent 
mineral-to-mineral abrasion, or ballast powdering at 
the cross tie surface, the ballast must be composed 
of minerals of similar hardness. Thus ballast for 
concrete crossties must be obtained from hard 
mineral tough aggregate. This is best assured by 
conducting "thin section analysis" on proposed ag­
gregate sources. Thin section analysis also enables 
the rejection of aggregates that have extensive 
micro-fractures and former fractures bonded with 
weak secondary minerals that weather quickly. 

SUMMARY AND CONCLUSIONS 

A design methodology for calculating stresses below 
conventional railway crosstie tracks has been pre­
sented. Rail seat loads were calculated from the 
beam on elastic support. The rail seat loads were 
assumed to cause a rectangular pressure distribution 
on the ballast from which stresses were calculated 
using isotropic elastic theory for the distribution 
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of stresses. These stresses were used to calculate 
strains on the basis of pseudoelastic properties for 
the different soil layers. The resulting deforma­
tions that were calculated to increase with an in­
crease in track modulus were compared with the de­
formations from beam on elastic support theory whose 
deformations decrease with an increase in track mod­
ulus. It is suggested that the best design track 
modulus occurs where both solutions result in the 
same deformations (assuming correctness of estimated 
component track properties) • An optimum track modu­
lus based on static loading is suggested to occur at 
about 35 to 70 MN/m2 (5 to 10 kip/in.2) of rail, 
and this is regarded as possibly too high on the 
basis of dynamic loading for present (1985) North 
American track and vehicle standards. 

It is shown theoretically that the variation of 
track modulus has a major effect on the track compo­
nent stresses and that limited field data support 
the theoretical conclusions. 
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New Method of Simulating Layered Systems of 

Unbound Granular Material 

W. 0. YAN DELL 

ABSTRACT 

The stress-strain analysis of multilayered pavements is becoming more precise-­
commencing with elastic solutions and developing through the more complex 
finite element analyses. The mechanolattice has heen reasonably successful in 
predicting pavement performance because it takes relative plastic behavior into 
account. Recently, an option was developed that enables the mechanolattice to 
simulate any unbound granular layers in pavement. The principles of operation 
of the unbound simulation are described and its effects demonstrated using 
Sections 2 and 9 of the Pennsylvania State Test Track. The effects predicted 
with the "all bound" assumption are contrasted with those in which unbound 
layers are simulated as unbound. It is pointed out that the differences are 
functions of modulus ratios and the maqnitude of relative plastic behavior. 
Many of the effects are not dependent on the absence of creep or relaxation. 

Most modern pavement design and rehabilitation 
systems have used the theory of linearized elasticity 
to carry out the structural assessment of multi­
layered flexible pavement (.!_-.£) • Period of loading 
or temperature, or both, have sometimes been taken 
into account to simulate so-called visio-elasticity. 
The Council for Scientific and Industrial Research 
in Australia has produced investigatory stress­
strain analyses such as CIRCLY and PAVAN that con­
sider such things as cross-anisotropic materials and 
stress-dependent elastic moduli. 

The author, recognizing the need to consider the 
plastic components as well as the elastic components 
of load-deformation behavior, developed the mechano­
lattice stress-strain analysis for multilayered 
elasto-plastic pavements (3-10) • He used this to 
investigate the effects of the build-up of residual 
stresses and strains. However, the original version, 
like other techniques, was only suitable for bound 
road materials. Because some layers or the subgrade, 
or both, consist of unbound granular material an 
option was built into the mechanolattice package to 
enable selected layers to be treated as unbound and 
incapable of resisting tensile stresses. 

ELASTIC 

LOAD 

ELASTIC 

(a) 

A simple demonstration of one form of differing 
behavior resulting from lower layers being bound or 
unbound is shown diagramatically in Figure 1. A line 
load is applied to two-layer systems supported on 
rigid foundations. The upper layers are elastic and 
the lower are elasto-plastic. When the line loads 
are released there are two different outcomes. 
Figure 1 (a) , in which the lower layer is considered 
bound, shows a permanent deformation of the upper 
elastic layer with residual tension in the bottom 
surface and residual compression in the top. In 
contrast, Figure l(b), in which the lower layer is 
considered unbound, shows that the elastic layer is 
able to spring up leaving a space under it hut has 
no residual stress. Also, this form of behavior 
would obtain if both layers were bound but not bound 
to each other. This is of course a gross oversimpli­
fication when considering the greater realism of the 
mechanolattice analysis. 

The mechanolattice multilayered analysis for 
bound material, followed by the unbound granular 
simulation option, is briefly described. 

Comparisons are made between field observations 
and bound and unbound based predictions. Sections 2 

Residual 
stress 

' 

ELASTO - PLASTIC 
UNBOUND UNBOUND 

( b) 

FIGURE 1 Differing behavior with bound and with unbound lower layer. 
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and 9 of the Pennsylvania State Test Track are used 
for comparison purposes. 

MECHANOLATTICE ANALYSIS 

The mechanolattice analysis has been described fully 
elsewhere (~-10). When it is applied to multilayered 
roads each layer is considered to be elasto-plastic. 
Figure 2(a) shows by broken lines the repeated load­
ing on a load deflection plot for a hypothetical 
triaxial test. It will be observed that the residual 
deflections accumulate as repeated loading continues. 
To simplify computation the load-unload curves are 
simulated by straight lines. Possible load deflec­
tion behavior is shown in Figure 2(b). 

LOAD 

DEFLECTION 

( a ) Simplification of Elasto- plastic Hysteresis 
Loop 

LOAD 

DEFLECTION 

( b) Possible Load- Deflection Behavior of an 
Element 

FIGURE 2 EIW1to-plastic behavior. 

To solve a problem, a type of three-dimensional 
mechanolattice unit was developed to simulate the 
behavior shown in Figure 2. The cube shaped units 
consist of straight line members that have different 
loading and unloading compliances. Figure 3 shows 
separately the volumetric and rectilinear elements 
in one view [Figure 3(a)] and the shear elements in 
the other [Figure 3(b)]. 

About 3,300 of these units are joined to simulate 
Section 9 of the Pennsylvania State Test Track as 
shown in Figure 4. 

SEQUENTIAL TECHNIQUE FOR SOLUTION 

Figure 5 shows a longitudinal section of the simu­
lated pavement through the load. The units on the 
extreme left side, shown by broken lines, represent 
the initial conditions before a particular wheel 
pass. Elastic theory is used for predicting the 
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a Volumetric and Rectalinear Elements 

b. Shear Elements 

FIGURE 3 Three-dimensional 
mechanolattice unit. 

shape of each unit as it arrives at the simulating 
region from the residual no-load condition well 
forward of the "present" load. The consequent change 
in unit shape will cause the elements to change in 
length and therefore change their element load also. 
Similar things happen when the "wall" of units moves 
another place closer to the load. Thus, as the se­
quential movement of the wall of units from left to 
right--toward, under, and away from the load--takes 
place, the load-deflection history of each element 
is followed mathematically. This is done by cal­
culating changes in length and changes in load with 
the aid of the stiffness factors. A permanent in­
ventory of element loads is kept up to date. 

Figure 5 also shows the sequential loading of a 
typical element of a unit as the load traverses from 
right to left--the three-dimensional problem is 
solved by imagining that the pavement structure 
moves from left to right with the wheel load con­
sidered to be fixed in position. For example, an 
element of units 1, 2, 3, and 4 has already been 
subjected to a loading history from previous wheel 
passes and as a result there is a residual stress 
state represented by point "a" of the inset figure 
of Figure s. As the unit moves relative to the wheel 
from position A to position B the element becomes 
subject to a load level represented by point "b." 
Thus, as the load completely traverses the pavement, 
the loading of the element follows the path of a, b, 
c, d, e, f, and g, thus leading to a residual load. 
Similar behavior occurs in the other 27 elements of 
a unit as it moves toward, under, and away from the 
wheel load. 

The computer program performs a similar, though 
more complex, task after each cycle of element 
length-load calculation in which the forces at each 
joint emanating from their attached elements are 
resolved into vertical, longitudinal, and lateral 
components. The joint is then moved in a damped 
manner in the direction of the unbalanced forces. The 
calculation damping factor is proportional to the 
largest force that is instantaneously out of balance 
at any free joint. The process is continued until 
all out-of-balance forces of free joints become in­
significant. For this problem, between 1,500 and 
2 ,000 computation cycles are needed. After conver­
gence and after stresses have been calculated, the 
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BY 660 MECHANO - LATTICE 
UNITS MODIFIED BY INFLUENCE 
FACTORS 

FIGURE 4 Simulation of pavements by assemblies of cube-shaped mechanolattice units. 
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wall of uni ts on the right of 
residual condition) is used as 
for the next simulated wheel pass 
repeated. 

Figure 5 (in the 
initial conditions 
and the process is 

The foregoing techniques can be used to simulate 
the behavior of other materials such as elastic, 
perfectly plastic, and nonplastic energy absorbing 
material subject to gross deformation Ill). The 
mechanolattice analysis is a rigorous technique that 
preserves equilibrium and has strain compatibility 
although some of the boundary conditions do involve 
approximations. 

The stiffness factors of the elements are cal­
culated by frame analysis. The loading moduli are 
determined from creep compliance tests (12). The 
unloading moduli [Figure 2 (a)] are calculation ex­
pedients to set the relative plastic behavior. The 
plastic behavior is determined from repeated load 
triaxial tests (12) • 

UNBOUND OPTION 

Although the mechanolattice technique may offend 
some because it does not employ classical mathe­
matics, finite difference, or finite element tech­
niques, it is rigorous, preserving both equilibrium 
and continuity. It also has a great advantage in its 
adaptability to a wide range of material property 
simulations with a minimum of extra computational 
effort. Thus the simulation of unbound granular 
material behavior is relatively simple. 

The simulation will allow the material to crack 
when subject to tensile stress. Recompression will 
not start until the crack has fully closed. The 
incidence of cracking in a particular direction 
depends on the following preconditions: 

l. The forces in the volume diagonals [Figure 
3 (a) l become tensile or the sum of the lengths of 
those four diagonals becomes greater than that ob­
tained in the initial condition, or both (Figure 5) • 
Then and only then will the forces in those diagonals 
be assumed equal to zero. 

2. Also then and only then will the simultaneous 
occurrence of a tensile force in a horizontal, ver­
tical, or lateral element lead to a crack opening in 
that direction. 

3. Also, no increments of force can be added at 
the passage of an increment of time (moving from 
left to right in Figure 5) when condition "a" occurs 
cojointly with that element being longer at that 
instant than at the initial condition (left side in 
Figure 5). This ensures that recompression does not 
occur until the crack closes. 

This logic is shown diagrammatically in Figure 6. 
The author has taken the liberty of assuming that 
shear stress can still be resisted when small cracks 
occur in that plane in this simulation of granular 
unbound material. 

A pavement is analyzed by first solving the se­
quential multilayer problem assuming all layers are 
bound. The unbound criteria for base and subgrade 
are then invoked and an additional 1,000 iterations 
are made to achieve convergence once again. The cost 
per wheel pass i~ $87 on a central digital computer 
76i the time required is 15 min. Cost of a full life 
prediction would be about $250. 

Because the author is not aware of solutions to 
this type of problem by established finite element 
analysis, comparisons with it are difficult. How­
ever, finite element solutions to, for example, 
nonlinear problems of similar size are partly itera­
tive and would take about 5 min. on a similar ma­
chine. Convergence of the mechanolattice is being 
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= zero or Lateral element 

= zero 

FIGURE 6 Flow diagram for unbound granular material option. 

improved. Finite element analysis has the advantage 
of being more widely used and understood and the 
disadvantage of being less adaptable to pavement 
problems and, so far, not being able to solve this 
type of problem. When the loading and unloading 
moduli are made equal the mechanolattice gives close 
agreement with other elastic analyses. The analysis 
has been used successfully for predicting the rut­
ting and horizontal flow behavior of an indoor test 
track (7), the phenomenonological investigation of 
asphaltiC concrete (A/Cl cracking (13), and the 
behavior of two test roads in Sydney (14,15). 

EFFECT OF TREATING SOME LAYERS AS UNBOUND 

Rutting and fatigue cracking behavior are compared 
for the two analyses of Sections 2 and 9 of the 
Pennsylvania Test Track as follows: 

1. All three materials are considered by the 
mechanolattice analysis to be bound. 

2. The subbase and subgrade are considered un­
bound. 

Section 9 is obviously not a representative case 
because its asphaltic concrete layer acts with less 
plasticity than its subbase and subgrade and the 
difference in predicted effects between the bound 
and the unbound assumption is great. In contrast, 
Section 2 of the same test track has all layers 
acting with closer plasticity and the treating of 
some layers as unbound instead of bound has little 
effect on predicted fatigue and rutting. Plastic 
behavior for a particular layer and material may be 
represented here by the residual deflection shown in 
Figure 2(a). Such behavior is a function of the 
repeated stress and of the loading and the unloading 
modulii. In Section 2 these residual strains are of 
a similar magnitude for each layer whereas in Sec­
tion 9 they are largest for the lower layers. 
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Rutting 

Figure 7 shows by hal f c ross sec t i on a comparison of 
rutting after a few standard axle passes predicted 
by (a) assuming bound mater i al (£ul l lines ) and (b) 
assuming the subbase and s ubgrade o f Sect i on 9 are 
unbound (broken lines) • 

It will be noted that the absolute rutting (or 
settlement) and straight-edge rutting is less at the 
surface when the unbound option is used. But rutting 
at the top of the subgrade and subbase is much 
greater with the unbound option, leaving an increas­
ing horizontal gap between the asphaltic concrete 
and the subbase as each wheel passes. The gap, which 
was due to the asphaltic concrete behaving less 
plastically than the subbase and subgrade, could not 
occur when all layers were assumed bound in them­
selves and to each other. The asphaltic concrete 
then held the subbase and subgrade up and suffered 
greater permanent rutting itself. Horizontal gaps or 
cracks similar to these were observed by the National 
Institute of Transport and Road Research in South 
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Africa (C.R. Freeme, NITRR, personal communication, 
1984). 

Figure 8 shows a comparison between rut predic­
tion and rut measurements for up to 1.5 x 106 

standard axle passes. It will be noted that the 
straight-edge rutting for the all-bound cases is 
seven times as great as for the unbound case whereas 
the absolute rutting is only one and one-half times 
as great. This is because the unbound subbase and 
subgrade had not the tensile strength to maintain 
the residual curvature in the asphaltic concrete 
layer. Figure 9 shows a similar comparison for Sec­
t ion 2. In contrast to the behavior in Section 9 
there is little difference between rutting predic­
tions in the bound and unbound cases. This is due to 
the more uniform plasticity between layers. 

Fatigue Life 

A comparison of lateral stresses in half cross sec­
tions under the traveling wheel load in Section 9 is 

Permanent Vert. 
Deformation Section 9 
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FIGURE 8 Comparison of VESYS- and mechanolattice-predicted rutting with measured rutting in 
Section 9. 
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FIGURE 9 Comparison of VESYS- and mechanolattice-predicted rutting with measured rutting in 
Section 2. 
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shown in Figure 10 for the third standard axle pass. 
It will be noted, in the bound case, that tensile 
lateral stresses occur at the bottom of the subbase 
under the wheel path. However, as expected, no ten­
sile lateral stresses exist in the subbase for the 
assumed unbound case. This means the subbase has no 
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FIGURE 10 Half cross sections of transient lateral stress 
patterns in Section 9 under the moving load (a) with bound 
and (b) with unbound suhbase and subgrade. 
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beam action to distribute the load laterally so the 
asphaltic layer has a greater imposed bending moment, 
increasing the bottom fiber tensile stress from 77 
psi to 88 psi. 

Figure 11 shows that part of the fatigue envelope 
chart near fatigue life end. Repeated loglO (lateral 
strain) is used as ordinate by convention. The 
strains are elastic equivalents to calculated 
stresses using the loading Young's modulus for the 
conversion. The radial stress at the bottom of the 
A/C increases with axle passes in Section 9 due to 
the accumulation of residual tension there, and the 
predicted life is thereby shortened. This is due to 
the A/C acting less plastically than the lower 
layers. 

In Section 2 all layers acted with similar plas­
ticity so small tensile residual stresses accumulated 
in the bottom of the A/C so the fatigue life was not 
shortened greatly (Figure 11). However, the fatigue 
life in the unbound case was shorter than in the 
bound case. This behavior is opposite to that of 
Section 9. 

In Section 9, although the lateral tensile stress 
in the bottom of the asphaltic concrete is initially 
larger in the case of unbound lower layers, it in­
creases at a lower rate because the accumulating 
residual tensions are less, which leads to a longer 
fatigue life as shown in Figure 11. This can be 
explained as follows: because the A/C is able to 
spring up after each wheel passes, it goes through 
greater ranges of stress and hence accumulates more 
residual tensile strain thus relieving accumulating 
tensile stresses. It will also be noted from Figure 
11 that the size and shape of the contact patch have 
a great effect on fatigue life. 

CONCLUSION 

Any precision that the mechanolattice analysis may 
have could be partly due to its taking the elasto­
plastic behavior of each material directly into 
account as well as to its simulating the loaded 
wheel as traveling in one direction. However, it was 
seen here that treating the unbound layers as unbound 
has brought th is analysis closer to reali ty--as it 
would any analysis. It is ironic that having an 
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unbound base and subgrade in certain cases apparently 
extends the fatigue life of the asphaltic concrete 
by giving it a greater plastic behavior. However, 
other possible effects of these greater strain cycle 
ranges are unknown. 

The effect of introducing the unbound option 
varies with the relative plastic behavior between 
the layers and with the modular ratios. In contrast 
to those of Section 9 the behavior predictions of 
Section 2 of Pennsylvania State Test Track were 
relatively insensitive to the unbound option. 

It should be noted that the unusual behavior 
predicted in Section 9 with the unbound option of 
the mechanolattice analysis does not depend for its 
validity on the absence of creep or stress relaxa­
tion. 

The computer programs used here and user manuals 
should be generally available by early 1985. 
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Pavement Design Based on Shakedown Analysis 
RICHARD W. SHARP 

ABSTRACT 

The realistic analysis of pavement performance requires an approach that recoq­
n izes the incremental mode of failure of such structures when subjected to 
repeated moving loads. The theory of structural shakedown provides such an 
approach. Procedures for the analysis of the shakedown of layered continua are 
developed. Parametric studies demonstrate the application of the analysis to 
representative problems, and the results of field studies are examined. It is 
found that pavement shakedown may be both observed and accurately predicted. A 
more general relationship between pavement life and shakedown predictions is 
formulated; the theory is applied to typical design problems, and a generalized 
design procedure is presented. 

For economic reasons pavements are required to per­
form at stress levels that exceed the elastic limit 
of their constituent materials. Further, such stress 
levels may be repeated 10 6 or more times during 
the 15- or 20-year life of the structure. Failure, 
therefore, occurs by gradual deterioration not sudden 
collapse. 

In modeling structural behavior, it is important 
that the analysis take into account the progressive 
accumulation of permanent strains during a pave­
ment's service life. Recognition of the incremental 
model of failure permits the exploration of the 
substantial reserve of strength that exists between 
the elastic limit and the point of static collapse. 

Many authors have recognized that repeated load­
ing may induce failure of a body through the gradual 
accumulation of permanent deformation at particular 
locations. Ultimately, material breakdown may occur, 
resulting in failure by 11 incremental collapse. 11 

Other load sequences may instead induce yielding 
alternately in compression and tension, with an 
"alternating plasticity" failure as the final re­
sult. Alternatively, a load sequence may be such 
that after a certain number of load cycles no fur­
ther permanent strains develop and the material 
subsequently responds elastically. In this case, the 
body is said to have undergone "shakedown" by a 
process of adaptation. This approach lends itself 
particularly to the analysis of pavements, in which 
incremental collapse is frequently observed. It is 
reasonable to expect that a pavement's life under 
traffic will be directly related to its resistance 
to incremental failure--and under ideal conditions, 
a satisfactory pavement will be one that shakes down. 

The theory of shakedown, first presented by Melan 
(1), has been widely applied to discrete structures 
s;ch as trusses and frames. Application to more 
complex structures has been confined primarily to 
plates (2-4), and it appears that apart from brief 
examinat~;s of the problem of a long strip footing 
(5,6) no numerical applications of the theory to 
general continua have been made. 

A method of analyzing the shakedown behavior of 
pavements is presented. Road test results demon­
strate the application of this analysis to the pre­
diction of pavement performance, and the paper con­
cludes with a discussion of the design procedures 
that may be developed from such an approach. 

PAVEMENT MODEL 

The analysis of a general horizontally layered pave­
ment subjected to wheel loads of varying magnitude, 
contact area, and spatial distribution represents a 
problem of considerable complexity. The following 
simplications have therefore been introduced: 

1. The actual wheel loading (Figure 1) is ap­
proximated for plan strain pavement by a roller 
loading (Figure 2). In the most critical region, the 
vertical plane through the centerline of the wheel­
path, stresses will be modeled reasonably accurately; 
elsewhere stresses may be somewhat overestimated. A 
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FIGURE 1 General three­
dimensional pavement and 
loading. 

conservative estimate of the load limit is therefore 
likely to be produced. 

2. A large number of passes of the roller may be 
expected to give rise to a pattern of permanent 
deformation that is uniform over any horizontal 
plane. The distributions of both permanent deforma-
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FIGURE 2 Plane strain pavement and loading. 

tion and residual stresses thus become functions of 
depth only. 

3. The observations of several authors <2-21 
suggest that the longitudinal variation of normal 
stresses due to a pneumatic tire may realistically 
be approximated by a trapezoidal distribution shown 
in Figure 3. The distribution of longitudinal shear 
stresses is more variable: however, for constant 
wheel velocities a trapezoidal variation is again an 
appropriate first approximation. 

;(] 1111 [J-~~~;~;n V Apph<2d 

lbf=B_j x ! ~alf L<2ngt h 

FIGURE 3 Definition of pavement loading. 

4. The conventional parameters of elastic modulus 
(E) and Poisson's ratio (v) serve as an adequate 
characterization of the stiffness of most pavement 
materials. More diversity of opinion exists regard­
ing the description of material strength: the Mohr­
Coulomb yield condition [parameters of cohesion (c) 
and angle of internal friction ($)I does, however, 
appear to offer simplicity along with a realistic 
modeling of behavior. A more detailed survey and 
discussion are presented elsewhere (10). 

SHAKEDOWN ANALYSIS OF PAVEMENTS 

Algorithms for determining the shakedown limits of 
discrete structures have existed for some time and 
are generally based on the techniques of linear 
programming. Continuous structures, however, are not 
so readily treated, and a means of solution was 
first presented by Maier (11). This approach, which 
also employs linear programming, has been applied by 
Sharp (10) to determine the shakedown limit of a 
plane strain layered continuum subjected to repeated 
moving surface loads. 

Although it represents a vast improvement over 
step-by-step methods of elastoplastic analysis, the 
linear programming approach suffers from several 
shortcomings when applied to continua. Most signifi­
cant among these is that the computing effort is 
approximately proportional to the cube of the number 
of constraints, so program execution time increases 
alarmingly as the yield surface is more accurately 
modeled. 

A method of analysis that overcomes this dif­
ficulty, and permits the true Mohr-Coulomb yield 
surface to be used, has been developed by Sharp 
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( 10) • By considering stresses to consist of two 
components--elastic and residual--and adopting the 
convention of compressi1re stress positive, it is 
possible to reformulate the Mohr-Coulomb no-yield 
condition as 

F(crXR':q = acr~R2 + 2hcr). + bi. 2 + 2gcrXR + 2fA 

+ k > 0 (1) 

where 

>. load factor, 
crxR residual direct horizontal stress, 

a cos2 $, 
h -(crZE - crXE) sin' $ (crZE + 0xE)' 

b (oZE - (JxE>' + 4TE2 sin' $ (crZE 

+ <JXE)'' 

q -2c sin$ cos $ 1 

f -2c sin $ cos $ (azE + ozE) , 
k -4c2 cos2 $, 

and (crXE• <JZE• TE) represents the plan strain state 
of stress at Point P(x,z) due to unit applied load, c 
is material cohesion (> 0) , and $ is material angle 
of internal friction (O-< $ < ~/2). 

The region F < 0 en;;loses those combinations of 
load factor i. and-residual stress crxR for which fail­
ure at P(x,z) will not occur. The boundary to this 
domain 

(2) 

may then be seen to represent a general conic sec­
tion. 

For analysis purposes, the region of interest at 
each depth zj is that common to the p sampling points 
Xi : i = l, 2 ••• p. That is, 

i.zj =max [>. : F(crXR• i., xi, zj) < o, 
(i = l, 2 .•• p)] (3) 

Then the pavement shakedown limit (>.so) is 
given by 

min 
>-so= j (Azjl (4) 

Figure 4 shows a number of typical domains F(oxR• ;., 
Xi, z) and the determination of the value i. 2 • 

The determination of >-max (x,z) may be most simply 
performed analytically by setting 

di./dcrxR = o in F = o 

to yield 

(Sa) 

for 

R1, 2 = (c/{cos il>[l + (crzEfTE) tan$)}).:_ 0 (Sb) 

A finite positive 1ralue of •max (x,z) = max !i.1, >.2) 
therefore exists in the region defined by (TE > ozE 
tan$ or TE< - crzE tan$). In many cases Equations 

min 
Sa and Sb followed by the comparison •z = x [Amax 
(x,z)) are sufficient to obtain the required value. 
In other cases, as suggested by Figure 4, this test 
gives only an upper bound to >.z, and a simple algo­
rithm to determine intersections of curves must be 
added to obtain the true value of Az. 
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FIGURE 4 Typical shakedmm domains for 
depth z and the determination of Az. 

The shakedown limit for the continuum is then 
found by 

min 
"so z P·z> (6) 

RESULTS ANO GENERALIZATIONS 

The analysis just presented has been used to deter­
mine the shakedown limits of a number of representa­
tive pavement structures. Results for a homogeneous 
half-space (various angles of friction) are shown in 
Figure 5. First yield and static collapse loads are 
included for completeness. 

As a second example, Figure 6 shows values of the 
shakedown limit for a two-layer structure. The in­
fluence of layer thickness and relative layer stiff­
ness on the structure's response to repeated moving 
loads is recorded, and the shape of the curves pro-
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FIGURE 5 Influence of material friction angle on first yield, 
shakedown, and static collapse loads. 
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vides a pleasing consistency with observed behavior. 
For low values of surface layer stiffness, for exam­
ple, little stress is attracted toward the surface, 
and fatigue of the subgrade tends to be the initial 
mode of failure. In contrast, extremely stiff sur­
f ace layers themselves attract a large proportion of 
the stresses, caused by loading, and fatigue failure 
in this case is initiated within the top layer. A 
wide range of results is presented elsewhere (10), 
and further attention will be directed toward these 
in the discussion of design procedures that con­
cludes this paper. 

By way of verification, a more general "three­
dimensional" analysis been also developed and imple­
mented. Although this will not be given detailed 
attention in this paper, it should be noted that 
both uniform and layered continua have been analyzed 
using the more general approach. 

It is evident from the results that the shakedown 
limit of a pavement derived by three-dimensional 
analysis may be closely related to that obtained 
using a plane strain approach. In this way, the ap­
proximations used in developing the latter have been 
shown to be appropriate. Further, the plane strain 
analysis not only provides a suitable approximation 
to the more elaborate approach but is also generally 
conservative in its estimates, yielding a lower 
bound to the true shakedown limit. 

The advantages of the plane strain method are, 
therefore, considerable. Not only are its estimates 
safe and reasonably accurate, but its formulation is 
simpler conceptually and its execution faster. In­
deed, for a typical pavement analysis, the time re­
quired in computing is of the order of one-hundredth 
of that consumed in a corresponding three-dimensional 
analysis. For parametric studies and the development 
of design charts, then, the plane strain approxima­
tion provides a tool of far greater convenience and 
is really the only practical approach. 

CASE STUDY 1: THE AASHO TESTS 

The AASHO Road Test, conducted in the late 1950s by 
the Highway Research Board (HRB) in the United 
States, provides a large and valuable body of data 
concerning pavement performance and its relationship 
to traffic loading and thickness design. Some of this 
information, fully documented in the HRB Special Re­
ports 61, A-G (g) , has been used to investigate the 
applicability of shakedown theory to the performance 
under traffic of asphaltic concrete pavements. 

Table 1 gives the material strength and stiffness 
properties adopted for analysis, obtained from the 
HRB reports and an extensive testing program re­
ported by Shook and Fang (13). Loading parameters 
are also included, the primary source of which in­
formation is Kent (14). 

Pavement performance during the test was obtained 
by monitoring various indicators (rutting, cracking, 
patching, and longitudinal profile variations) and 
quantifying the measurements as a "present service­
ability index" (p). The value of p may be regarded 
simply as a measure of pavement standard. For most 
pavement sections, p was found initially to be about 
4.5, and the progressive deterioration of each sec­
tion under traffic was reflected in declining values 
of p. 

The performance of pavement is therefore given by 
the variation of p with time or number of axle ap­
plications. Failure was said to have been reached 
when p declined to a value of 1. 5; shakedown may 
also be detected by a stabilizing of the value of p 
after a certain number of load applications. Typical 
performance trends, and the means by which relative 
performance may be defined, are shown in Figure 7. 
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FIGURE 6 Influence of layer thickness on shakedown limit of two-layer 
pavement. 

TABLE l Material and Load Parameters for AASHO Road Test Studies 

Material Elastic Parameters Failure Parameters 
E MPa (ks i) 

Asphaltic Concrete 5000 
(730) 

Base 85 
( 1 2) 

Sub-base 50 
( 7. 3) 

Sub-grade 1 0 
( 1. 5) 

Configuration Single 

Load on Axle 8.2 10.2 
Group (tonnes) 

Maximum pressure 570 570 
v kPa (psi) 

Radius B mm 

4 

( 83) ( 83) 

(ins) 105 120 
( 4. 1 ) ( 4. 7) 

Numarals indicat12 
pav12m12nt s12ction 
numb12rs 

1 3. 6 

610 
( 88) 

130 
( 5. 1 ) 

I.., 
I"' 
12 
1 ... 
1 0 
I 'C 

li'J 

"ti 

0.4 

0.3 

0.3 

0.3 

14.5 

530 
( 77) 

1 00 
( 3. 9) 

c kPa (psi) ID o 

4000 30 
(580) 

40 55 
( 5. 8) 

30 45 
( 4. 4) 

1 0 20 
( 1.5) 

Tandem All i ~ 
18 .1 21. 8 

i b i } 
8 

570 610 b H 
( 83) ( 88) 1f = o.s, µ = v= o.4 

Pavement Loading' 
110 120 (Plane 
( 4. J) ( 4. 7) 

Un1ail12d at 12nd 
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FIGURE 8 Pavement performance related to load ratio (V /V so). 

Using the material and loading parameters as 
given, the 180 pavements comprising Loops 4, 5, and 
6 of the Road Test were analyzed, and their shake­
down limits, defined as the ratio of shakedown load 
to applied load (V so/Vl , determined. The shakedown 
limit, a measure of the fatigue strength of the 
pavement, may reasonably be expected to correlate 
with pavement life, and indeed this proved to be the 
case. For consistency with the S-N curves of fatigue 
studies, however, the approach adopted in Figure 8 
was to plot dimensionless load (V/VsD• the inverse 
of shakedown limit) against performance. Despite the 
scatter in the results (characteristic of fatigue 
tests generally and to be expected in view of typical 
material variability), Figure 8 clearly shows that a 
lighter loading or higher shakedown limit is asso­
ciated with a longer life. More significant, the 
line V = VsD clearly may be used to distinguish 
between those pavements that failed (V > VsDl and 
those that attained a stable state (V < Vsnl • Also 
shown in the region p > 1.5 are those pavements that 
had neither failed nor reached shakedown by the end 
of the testi of these little can be said except that 

their relatively good performance is again associated 
with lower values of V/Vso• 

CASE STUDY 2: SYDNEY REGION 

A second case study was undertaken with the aims of 
verifying the results obtained in Case Study 1, and 
examining the applicability of the shakedown approach 
to Australian conditions. The test program involved 
the sampling of failed pavements at 18 locations and 
the testing of material from each pavement layer to 
determine stiffness (E,v) and strength (c,~) 

parameters. Traffic life of the pavement was also 
determined from both field surveys and traffic vol­
ume records. Full documentation of the study is 
provided elsewhere (10). 

Using the material properties and pavement pro­
files for each structure, a set of one-dimensional 
shakedown analyses was performed. Figure 9 shows 
these results plotted to relate pavement life to 
shakedown limit. The variations in results appro-
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FIGURE 9 Pavement performance related to shakedown limit. 
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PR OFI LE MATERIAL E MPa " c kPa 11 0 
l ksi l (psi) 

flu s h Se al 

Crushed Rock 70 0 . 3 80 50 
Road base I 1 o l ( 1 2) 

Gravel/Shale 50 0.3 80 30 
Sub-base ( 7 . 3) ( 1 2) 

Clay Sub-grade 20 0.35 40 15 

LOAD FORM 

__,, __ _ 

I 2. 9 I 

b 
R 

( 5. 8) 

H o.s, µ =v = o. 4 

V = 700 kPa 
(100 psi) 

FIGURE 10 Flush·sealed pavement for development of design charts. 

priate to certain sites are represented by error 
bars and the data from the AASHO Road Test are in­
cluded for completeness. Although the possible 
magnitude of some errors is quite large, as might be 
expected for a field study of this type, the graph 
serves to demonstrate two important points. First, 
it is clear that data of this study are consistent 
with those of the much more controlled AASHO test. 
Second, Figure 9 allows an estimate of the relation­
ship between life and shakedown limit to be made, 
and further permits an approximate design curve 
(lower bound to life) to be deduced. Despite the 
spread of data, it appears that this curve may be 
estimated with some confidence. 

The study attempted to examine the relationship 
between the predictions of shakedown theory for 
pavement structures and the life of a number of 
local pavements under normal traffic conditions. In 
so doing, it demonstrated that 

1. Pavement materials ma y be tested in the 
laboratory to yield useful information on both 
stiffness and strength properties . 

2. The traffic life of a pavement may be esti­
mated with some accuracy from readily available 
information. Data on heavy vehicle percentages and 
lane usage, both extremely important influences on 
life, are, however, rather limited and could benefit 
from further study. 

3. The shakedown limit, obtained by the approxi­
mate (one-dimensional) means detailed previously, 
shows considerable promise as a means of estimating 
pavement life. Not only is the analytical approach 
consistent with features of normal pavement perfor­
mance, but this study has shown that within the 
estimated limits of variation in pavement life and 
materials it may be used to predict the minimum 
expected life of a flexible pavement structure. 

APPROACHES TO DESIGN 

The process of engineering design involves the 
selection of dimensions and properties of components 
in order that the completed structure shall perform 
in a specified manner. In the case of pavement de-

sign, the properties of materials can often be de­
fined within practical limits, and the aim of design 
is to select suitable layer thicknesses in order 
that the pavement should meet particular performance 
requirements. To those solutions from which satis­
factory performance may be expected, a further step 
of optimization (economic or otherwise) may be ap­
plied. 

It has already been demonstrated that the cal­
culated shakedown limit of a pavement offers a valu­
able guide to its ultimate performance, expressed in 
terms of its serviceable life under traffic. However, 
the design of a pavement is complicated by the number 
of parameters that influence performance. Because the 
behavior of one particular material may be ideally 
described by four fundamental parameters (E,v,c,~) 

and pavements typically consis t of three or more dis­
tinct materials, the task of formulating design pro­
cedures involves determining the influence of perhaps 
a dozen or more variables. This represents a con­
siderable problem, and, in this section, some ap­
proaches to its solution are developed. 

0 ·5 1·0 

hse;R 

1·5 

FIGURE 11 Shakedown limit of flush­
sealed pavement (fixed properties) as 
function of thickness design. 

2·0 
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PROF'ILE MATERIAL E MPa 
'\I c kPa 115 0 

( ksi) (psi) 
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FIGURE 12 Representative three-layer pavement for development of design charts. 

Two Layers on Subgrade (fixed properties) 

Sharp and Booker (15) present a first step toward de­
sign employing shakedown theory, examining the case 
of a single layer overlying a subgrade and the in­
fluence on performance of variations in layer stiff­
ness and strength. 

By fixing material properties for a representa­
tive flush-sealed pavement (Figure 10), it is pos­
sible to explore the influence of layer thicknesses 
alone. With only three variables (hB, hsB• and A), 
the results of the analyses lend themselves to graph­
ic presentation using contours of constant shakedown 
limit (Asnl over a range of thickness combinations. 
Figure 11 shows the resulting design chart. For the 
given materials, a pavement with a shakedown limit 
of, for example, ASD = 0.65 may then be constructed 
using any one of the thickness combinations lying on 
that line. It may also be seen that the combination 
that optimizes construction cost can now be readily 
determined by graphic or other means. 

Three Layers on Subqrade (fixed properties) 

The case of three layers overlying a subgrade (Fig­
ure 12) may be treated in a similar manner. If once 
again material properties are known, then only four 
variables (hAC• hB, hsB• and A) are to be related. In 
this case it is preferable to keep the three thick­
nesses (hAC• hB, and hsBl together and prepare a 
family of charts, each one representing a particular 
value of Asn and hence a particular performance stan­
dard. Figures 13 and 14 show two typical charts for 
the given materials, and it may be noted that, when 
the required performance has been selected, a single 
chart is capable of presenting the range of suitable 
thickness designs. 

As before, an optimum design may then be deter­
mined. Given the applicable cost function, a small 
number of calculations should serve to locate the 
most economical design and its associated costi if 
completeness is desired, superimposing contours of 
constant functional value will readily highlight 
that point at which cost is minimized. 
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FIGURE 13 Design chart for three-layer 
pavement (fixed properties), performance 
standard ~SD = 0.6. 
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FIGURE 14 Design chart for three-layer 
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TWo Layers on Subqrade (general materials) 

Many existing pavements may be idealized as two-layer 
structures overlying a subgrade, Clearly most flush­
sealed designs fall into this category; however, 
many designs that include thick asphaltic concrete 
are also of this form. An asphalt-granular base-sub­
grade structure is here used as a demonstration. 

With little loss of generality, typical values of 
Poisson's ratio (v) and friction angle (~) may 
be assigned to each material, leaving as variable 
the modulus, cohesion, and thickness of each layer, 
as given in Table 2. 

Three further simplifications may be made at this 
point. First, it is shown elsewhere (10,15) that the 
shakedown performance of each layer may be examined 
individually, with results superimposed after analy­
sis to yield the structure's shakedown limit. Atten­
tion will therefore be restricted to the subqrade; 
other layers may be treated in the same manner. 
Second, the shakedown limit may be normalized with 
respect to wheel load and layer cohesion. Third, 
pavement response is a function of modular ratios, 
rather than absolute values of modulus, because it 
is the modular ratio that determines the stress 
distribution within the structure. As a result the 
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number of variables under consideration is reduced 
to five: (EAclEsGl, (EJa/EsGl, ChAc/R), (ha/R), and 
P·soV/CsGl • 

The detailed derivation of relationships between 
these variables is set out elsewhere (10). In sum­
mary, it is found that base relati;; stiffness 
(EB/'EsGl and base thickness (hB/'R) both exert ap­
proximately linear influences on the shakedown limit 
of the pavement. This enables the original five vari­
ables to be reduced to three, with relationships 
formalized as 

F1 function (Asn• Ea/EsGl; 
F 2 function (F1, hafRl ; and 

(hAc/R) ~ function (F2, EAc/EsGl • 

This formulation, in which the effects of the vari­
ables are isolated by simple approximations, lends 
itself to presentation as a multiple-intercept chart 
occupying three quadrants. Figure 15 is such a chart. 

The dotted lines in Figure 15 demonstrate the use 
of the chart in designing a pavement required to 
have a shakedown limit (Ago) of 1.75. The pave­
ment is to carry traffic having a representative 
tire load equivalent to 560 kPa on an area of radius 
100 mm, and the available materials (asphalt con-

TABLE 2 Fixed and Variable Parameters for Two-Layer Pavement Design 

PAVEMENT 

LOAD 

Bos12 
Thicknczss 

Material Thickness Stiffness Strength 

Asphal tic 1 
hAC EAC '1:0.4 cAC Ill= 30 ° 

Concrete 

Granu l ar i hB EB "'1)=0. 3 CB Ill= 50° 

Base 

Sub-grade 00 ESG 'll=0.35 cSG Ill= 1 5 ° 

I R • I• 
b •I b H 

V1 i i'\lv 8:0.5 µ=v=o . 4 

A=100mm, V:?OOkPa 
...... ~ ~ ...... ( 4") (100 psi) 

Bas12 
Stiffnczss 

10 20 30 40 50 
~ormalisczd Shakczdown Limit 

p:lo:: AN=AsoV/csG 
U1 

~05 2 3 
~ Shakczdown Limit Aso for V= 700kPa 

CsG= 40kPa 
u 
£ 
I-.., 

W:....-'--"''--...L..."'-"~ ....... _.__._.__.___,'--_,_~__.3 0 
.c 
a. 
U1 
<( 

FIGURE 15 Design chart for two layers on suhgrade. 
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crete, base course, existing subgrade) have stiff­
nesses of 1000 MPa, 200 MPa, and 20 MPa, respec­
tively. The subgrade cohesion is found to be 28 kPa. 
Using these parameters, the normalized shakedown 
limit (AN) may be calculated as 35, and relative 
stiffnesses of 50 and 10 apply to asphalt and base 
course, respectively. Then, as Figure 15 shows, a 
base thickness of 200 mm requires 170 mm of asphalt, 
whereas a thicker base (for example, 400 mm) re­
quires less asphalt--in this case, 90 mm. Here, 80 
mm of asphalt bas been replaced by 20 0 mm of base 
course. It needs to be noted, however, that this 
ratio of replacement (or "material equivalency") 
depends on both material properties and the form of 
structure being considered and should not be blindly 
applied to other pavement design processes. 

When the relationship between asphalt and base 
thickness has been determined in this manner, con­
siderations of construction convenience and cost may 
be superimposed (as previously illustrated) in order 
to arrive at the final pavement design. 

CONCLUSIONS 

'rhe behavior of pavement structures under traffic 
loading is most appropriately analyzed by methods 
that take due account not only of finite material 
strength and the movement of loads but also of the 
gradual accumulation of plastic deformations within 
the structure. The theory of shakedown lends itself 
to this purpose. 

Procedures have been developed whereby the shake­
down behavior of continua such as pavements may be 
examined quantitatively. The results of parametic 
studies demonstrate the use of such procedures, and 
two case studies serve to confirm that pavement 
shakedown may be both observed and accurately pre­
dicted. A more general relationship between pavement 
life and shakedown predictions is then formulated. 

The application of shakedown theory to a number 
of typical design problems follows, enabling a num­
ber of approaches to the construction of generalized 
design procedures to be developed. 
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Automated Cone Penetrometer: A Nondestructive 

Field Test for Subgrade Evaluation 

SAFW AN A. KHEDR, DAVID C. KRAFT, and JAMES L. JENKINS 

ABSTRACT 

The results of a comprehensive program for the design, development, and field 
testing of an automated cone penetrometer are presented as an effective method 
for evaluating the condition of subgrade soils. Using this newly developed 
device, as many as 70 locations were tested at a 3ite during an B-hr day. The 
current automated penetrometer has a penetration depth of 406 mm (16 in.) and 
provides penetration resistance output readings at incremental 25-mm (1-in.) 
depths. The use of the automated cone penetrometer device, including its unique 
features for field use as demonstrated in a comprehensive field evaluation 
program conducted at Kelly Air Force Base, San Antonio, Texas, is described 
along with the results of a California bearing ratio (CBR) versus cone index 
correlation study. Analysis of the field data revealed a linear correlation 
between CBR and cone index with a correlation coefficient of 0.875. A parallel 
laboratory testing program was conducted on three fine-grained subgrade soil 
types obtained from the same test site. The laboratory test results were con­
sistent with those obtained in the field. The use of the automated cone pene­
trometer technique and the correlation of its results to the CBR proved to be 
an effective, efficient, and reliable method for evaluating the subgrade soils 
encountered at the Kelly AFB site. The automated cone penetrometer holds promise 
as a good assessment tool for developing a statistical representation of sub­
grade conditions for fine-grained soils on both new and existing projects. 

Dynamic and static cone penetration tests are widely 
used in deep subsurface investigations and have been 
adequately researched. However, penetrometers for 
evaluating shallow subgrade soil conditions have 
received little, if any, attention from researchers 
during the past decade, although the cone penetrome­
ter, as an example, has proven to be a surprisingly 
accurate and efficient means for subgrade soil eval­
uation. The hand penetrometer has been used exten­
sively especially in the military. However, the 
device needed development and improvement for better 
operation and more representative and reproducible 
results. 

Dynamic penetration tests can be divided into 
two main types: constant rate of penetration and 
impact test. This investigation was concerned only 
with the first type, constant rate of penetration. 

A penetrometer is basically an extremely simple 
device, a kind of calibrated index finger. It is a 
rod with a larger diameter conical tip that is forced 
vertically into the ground i the penetration resis­
tance provides an indication of soil strength and is 
recorded as cone index (CI). The cone index is de­
fined as the force per unit area of cone base re­
quired to push the penetrometer into the soil at a 
certain rate of penetration. Previous studies by 
Selig and Truesdale (1) and Nowatzki and Karafiath 
(2) have shown that CT is a function of rod size, 
shape, size of cone tip, and rate of penetration as 
well as soil type, density, and moisture conditions. 
On the basis of these studies and the report by 
Freitag (].), an automated cone penetrometer was 
developed as a field soil testing device. 

Traditional methods of evaluating subgrade soil 
compaction and strength for existing and new highway 
projects include moisture-density, California bear­
ing ratios (CBRs), and plate bearing tests. Although 
these strength tests are considered satisfactory for 

evaluating, directly or indirectly, the load-carry­
ing capacity of in situ subgrade soil, the test 
procedures are rather lengthy, especially when con­
ducted on poorly prepared surfaces or when conducted 
at certain depths below the ground surface, or both. 
Practically, only four to six locations can be tested 
for field CBR during an 8-hr workday. This presents 
a problem in getting statistically representative 
values particularly when there is some variability 
in soil type, moisture, and compaction conditions. 
Using the newly developed device, as many as 70 
locations can be tested at a site each day. 

The objective of this study was to develop an 
efficient, reliable means of subgrade evaluation, 
namely, the automated cone penetrometer; to estab­
lish a data interpretation process; and to correlate 
its results in terms of CI to a well-defined, widely 
used measure of soil strength. 

DEVELOPMENT 

The automated cone penetrometer device was developed 
as part of a U.S. Air Force-sponsored program de­
signed to investigate unprepared and semiprepared 
soil runways as an alternative launch and recovery 
site for aircraft. The device developed provides the 
means for a quick, yet reliable, evaluation of the 
subgrade soil under various conditions. 

The penetrometer consists of a shaft 9.4 mm (3/B 
in.) in diameter with a 3.23-cm2 (0.5-in.2) base 
area and a 30-degree tip-angle cone at the top for 
shearing the soil while undergoing penetration. The 
penetrometer was mounted in a servo-drive electro­
hydraulic system that could maintain a constant rate 
of penetration [32 mm/sec (1.25 in./sec) was used]. 
The hydraulic actuator was mounted on a reaction 
frame that was attached to the front bumper of a 
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vehicle through two hydraulic jacks that were con­
trolled by the electrohydraulic system to lower the 
reaction frame at the test location and retract it 
during vehicle travel (Figures 1 and 2). The vehicle 
weight provided a maximum reaction of 1,800 lb to 
the frame. 

F1GURE 1 Autopenetrometer. 

FIGURE 2 Autopenetrometer on traveling vehicle. 

The penetrometer mounting arrangement permitted 
multiple penetration tests along the frame's cross­
beam centerline at the test location without moving 
the vehicle. During the test program, three penetra­
tion tests, 8 in. apart, were performed at each test 
location. Limit hydraulic switches permitted the 
penetrometer to penetrate to a maximum depth of 406 
mm (16 in.) measured at the base of the penetrating 
cone tip. Figure 3 shows the penetrometer during the 
test operation. Figure 4 is a schematic showing the 
essential features of the penetrometer. 

The soil's penetration resistance force was mea­
sured through a load cell mounted between the pene­
tration rod and the hydraulic piston. The penetra­
tion travel was measured using a linear variable 
differential transducer (LVDT) arrangement mounted 
to the hydraulic actuator. Both penetration resis­
tance and travel were recorded on a paper tape re­
corder that provided a continuous printout of the 
results in pounds and inches, respectively. Penetra­
tion resistance in pounds was subsequently converted 
to cone index (CI) in psi using the cross-sectional 
area of 0.5 in. 2 of the base of the cone. 
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FIGURE 3 Automated penetrometer ready for testing operation. 

The automated penetrometer ran on the vehicle's 
12-volt DC battery, and the test operation was per­
formed by one driver-operator. 

DATA INTERPRETATION 

The test data could be interpreted directly for any 
particular depth from the continuous recorder print­
out. Distinct soil stratification and layer transi­
tion, due to changes in soil type, moisture, or 
compaction, could be observed. In such cases it may 
be desirable to distinguish the- results for each 
strength zone. 

During the field testing phase of this study and 
during particular periods, it was observed that the 
upper 15 to 20 cm (6 to 8 in.) was generally of 
higher strength than the lower portion. Consequently, 
in determining cone penetration resistance, three 
different determinations were made : 

1. Average penetration resistance (psi) for the 
first 8 in. of penetration, 

2. Average penetration resistance (psi) for the 
next 8 in. of penetration, and 

3. Average penetration resistance over the full 
16-in. depth of penetration. 

To calculate a representative penetration value 
for the 16-in. depth, a simple computer-programmed, 
statistical procedure was followed in order to 
eliminate data scattered beyond a defined statistical 
range. The procedure assumes that the penetration 
readings at a particular location were of a normal 
population with T-probability distribution. The 
procedure checked whether the calculated mean of the 
readings was within 10 percent deviance from the 
true mean, with 95 percent degree of confidence. The 
calculated mean was accepted if it met this require­
ment. Otherwise, readings that were more than the 
mean plus the standard deviation, or less than the 
mean minus the standard deviation, were removed, and 
a new mean was calculated for the rest of the data. 
The overall cone index for a location is the average 
of the three penetrations at that location. 

FIELD TESTING PHASE 

An extensive field testing program was conducted at 
Kelly Air Force Base, San Antonio, Texas. Soil 
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FIGURE 4 Schematic of automated cone penetrometer. 

strength profile maps were made for soil runway 
strip and taxi areas using the automated cone pene­
trometer. Figure 5 shows an example of these maps. 
Field California bearing ratio (CBR) tests were 
performed at two different depths at 30 locations 
for which cone penetrometer results were also ob­
tained. The penetration resistance values were taken 
at the depths where CBR tests were performed. How­
ever, the penetration resistance at the deepest 
point of the penetrometer test was taken when the 
depth of the CBR test was 406 mm (16 in.) or more. 
An average of three penetrations was used for the 
CBR-CI correlation analysis. The results of these 
field tests are given in Tables 1 and 2 i Table 1 
gives the tests run in June 1982 and Table 2 gives 
those run in July 1982. 

The data in Tables 1 and 2 are for various fine­
grained soils encountered on site (silty clay and 
clayey silt). CBR values ranged from 3.8 to 30.0 for 
data obtained in June (Table 1) , and from 7. 5 to 
46.4 for the July period. The increase in strength 
range was due to the relatively dry weather between 
periods of testing. 

l 1 +50 12 >00 
Stations N-S 

12+50 

The results in both tables are shown in Figure 6. 
When data in Figure 6 are fitted to a linear rela­
tionship between CBR and CI (in psi), the following 
relationship is obtained: 

CBR 0.86 + 0.015 CI with correlation 
coefficient r = 0.875 (1) 

It should be noted that Equation 1 is the linear 
regression function for data obtained for various 
conditions of soil type, moisture, density, and 
postcompaction environment. Also, unavoidable elapsed 
time between CBR and penetration tests during the 
testing program may have been responsible for some 
of the scatter in data. 

The CI-CBR correlation previously developed by 
the U.S. Army Corps of Engineers (4) for the hand 
cone penetrometer is shown in Figure-6. It should be 
noted that cone tip dimensions are different from 
those of the one used in this study. The different 
trend of that correlation may be attributed to the 
limited capability of the hand penetrometer to main-

13+00 13+50 

3•70 
Jaw/Taxi Area 

4+QO 

! 
"' " 0 <lil 
0 
:;; 

~ 
4+50 

5•00...L..~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-' 

FIGURE 5 Soft soil test area strength contours, cone index (CI) in psi. 
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TABLE 1 CBR and CI Field Data, June 1982 

Average Field 
Location Unified Soil Moisture 
No . Classification Content W (%) 

1 CL 26.5 
1 CL 
2 CL 25.9 
2 CL 
3 CL 25.0 
3 CL 
4 9.7 
5 16.4 
5 
6 CL 20.0 
6 CL 
7 CL 25.3 
7 CL 
8 21.2 
9 16.2 
9 

IO CL 
JO CL 
II 20.5 
II CL 
12 CL 20.0 
12 CH 
13 CL 16.8 
13 CL 

TABLE 2 CBR and CI Field Data, July 1982 

Average Field 
Location Unified Soil Moisture 
No, Classification Content W (%) 

14 CL 11.6 
14 CL 
15 CL 9.2 
15 SM 
16 CL 15.0 
17 CL 14.1 
17 CL 
18 CL 10.3 
18 CH 
19 CH 8.7 
19 CL 
20 8.4 
20 CH 
21 CH 
21 CH 
22 12.3 
22 
23 CL 12.1 
23 CL 
23 CL 
24 12.9 
24 CH 
25 SW-SM 5.1 
26 CH 12.5 
26 CL 
27 CL 8.2 
27 CL 
28 CH 9.8 
28 CL 
30 CL 6.7 
31 10.7 
31 CL 

tain a uniform rate of penetration when testing 
relatively hard soil. 

LABORATORY TESTING PHASE 

A parallel laboratory testing program was designed 
and conducted to establish the degree of correlation 
between laboratory CBR (as compacted ASTM D-1883) 
and laboratory cone penetrometer tests on similar 
soil specimens. CBR specimens were prepared in molds 
152 mm (6 in.) in diameter and 178 mm (7 in.) high 
using standard Proctor compaction energy. 

Average Field Depth of CBR 
Dry Unit Measurement CBR Cl 
Weight 'YD (pcf) (in.) (%) (psi) 

90.8 5.0 7.5 390 
20.0 11.8 640 

88.05 7.0 20.5 1,044 
18.0 16.0 952 

89.1 5.5 9.2 566 
I 5.0 11.9 760 

I 10.0 21.0 10.5 406 
99.3 5.0 13.0 716 

21.0 14.2 1,082 
100.2 4.5 4.9 330 

17.0 16.3 804 
88.0 9.0 3.8 178 

16.5 23.2 1,590 
95.5 18.0 9.2 864 

101.0 3.0 10.9 428 
22.0 10.0 834 

5.5 9.8 314 
17.0 11.7 626 

93.I 3.5 6.6 326 
21.0 14.6 816 

94.6 5.5 6.0 360 
15.0 8.1 454 

97.7 4.5 11.5 324 
19.0 7.8 640 

Average Dry Depth of CBR 
Unit Weight Measurement CBR CI 
'YD (pcf) (in.) (%) (psi) 

96.8 4.0 46.4 1,824 
20.5 20.7 1,270 

103.9 3.5 40.0 2,482 
19.0 12.8 712 

97.S 20.0 22.3 966 
99.S 3.5 26.3 1,548 

20.0 10.2 796 
101.8 4.0 24.2 2,004 

16.0 12.2 1,276 
100.8 5.0 33.8 1,636 

19.0 10.0 800 
99.2 4.0 45.0 2,502 

20.0 12.0 730 
5.5 23.0 1,810 

24 7.5 1,232 
98.5 5.0 19.5 1,482 

16.0 18.5 1,388 
102.0 6.5 11.8 1,010 

6.5 14.2 1,010 
19.0 10.0 1,002 

99.6 5.0 31.0 1,432 
18.0 16.8 1,430 

111.6 8.0 15 .8 946 
103.8 5.5 15.2 980 

18.0 23.5 1,358 
110.I 5.0 32.0 2,392 

21.0 18.7 1,182 
105.4 5.5 28.3 1,830 

16.0 13.0 1,404 
115.2 5,0 32.5 2,104 
107.4 5.0 36.5 2,102 

20.0 11.5 1,168 

The penetration test was performed using a rod­
and-cone penetrometer similar to that used in the 
field. The penetration shaft was mounted on an elec­
trohydraulic materials testing system (Instron) 
shown in Figure 7. The Instron provided a constant 
penetration rate of 32 mm per second (1.25 in. per 
second). After each sample was tested for CBR, it 
was subjected to five penetration tests at the cen­
ter and 38 mm (1 1/2 in.) off center in four loca­
tions. The penetration-resistance force results were 
recorded on x-y graph paper. Figure 8 shows an exam­
ple of recorded test results. Zero penetration was 
designated at a position where the penetration cone 

. . . 
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FIGURE 6 Correlation of CBR and CI from field data. 

FIG URE 7 Laboratory test setup. 

was set in the soil mold so that its base would be 
at the surface of the soil sample. The penetration 
test was started from that position at the specified 
rate for the full depth of the sample. This proce­
dure avoided the effect of transition zones usually 
caused by the cone entering the soil sample and 
simulated the field test procedure. The penetration 
and resistance force were measured by an actuator­
mounted LVDT and a 13.3-RN (3,000-lb) capacity load 
cell, respectively. 

-;;; 

It was observed that penetration resistance 
varied somewhat with soil depth, reflecting soil 
compaction stratification in the mold. An average 
value was calculated to represent penetration resis­
tance for each sample. 

Four soil types encountered in the field were 
used in this testing phase of the study. Figure 9 
shows the gradation curve for these soils, and Fig­
ure 10 shows the general relationship of CBR (as 
compacted) and compaction water content. 

~ 320 Four Penetrations In Four Directions In S<1nple 

cu 
u 
c: 240 0 ..., 
"' c;; 
cu 160 "" g 
..., 
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F1GURE 8 Typical penetration-resistance curves for laboratory samples. 
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FIGURE 9 Grain size analysis results for sample soil. 
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FIGURE 10 CBR versus moisture content variations for laboratory prepared 
soil samples. 

The laboratory test results shown in Figure 11 
have a general trend similar to that of the field 
data. The regression line developed from field data 
is shown in Figure 11 and illustrates that trend. 

with Equation 1 provide the engineer with a highly 
reliable, effective means of evaluating fine-grained 
subgrade strength conditions. 

Given the nonhomogeneous nature of subgrade soils 
in general, Figure 6 and Equation 1 show good corre­
lation between CI and CBR. The quick and efficient 
test procedure of the automated penetrometer along 
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nuring the course of this study there was concern 
about the effect of the slower rate of penetration, 
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FIGURE 11 Comparison of field and laboratory CBR versus CI correlations. 
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which could result from relatively hard subgrade 
conditions, on measured penetration resistance. 
Different-rate penetration rate tests were performed 
on two soil samples in the laboratory. The penetra­
tion rate was varied between 6 mm (0.25 in.) and 32 
mm (1.25 in.) per second. The results are shown in 

Figure 12. Freitag (3) and Selig and Truesdale (1) 
have investigated the same relationship in previous 
studies. Figures 13 and 14 show their findings. 
Figures 12-14 show that the measured fine-grained 
soil resistance to penetration varied by approxi­
mately 0 to 10 percent for a change in penetration 
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rate of 6 mm (0.25 in.) to 32 mm (1.25 in.) per 
second. However, these apparent variations in soil 
resistance could also be attributed to the nonuni­
formity of the soil, even when laboratory controlled 
specimens are used. The actual change in penetration 
rate for the automated penetrometer used in field 
tests was smaller than shown in Figure 12. 

CONCLUSIONS 

On the basis of experience gained from use of the 
automated cone penetrometer as a tool for assessing 
subgrade strength conditions at the Kelly AFB test 
site, and recognizing the range of soil types and 
strengths (CBRs between 5 and 46), the following 
conclusions are drawn: 

1. An existing device, the cone penetrometer, 
has been improved through automation to evaluate 
subgrade soil conditions. The resulting technique 
and approach provide rapid, reliable, and reproduc­
ible results. The new device has a higher load ca­
pacity to test stronger subgrade soil than have 
existing hand-held penetrometers. 

2. Results of correlation studies between the 
cone penetrometer tests and CBR tests indicate a 
consistent and definable relationship. 

3. This improved test technique can be used to 
evaluate subgrade soil strength conditions under 
existing pavements as well as to provide a quality 
control technique for new pavement subgrade prep­
aration. 

4. The test technique does not require any spe­
cial soil surface preparation and is considered 
nondestructive in comparison with other types of 
strength tests when performed at various depths 
below ground surface. 
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5. The consistency and efficiency of the test 
technique offer a good approach to the statistical 
presentation and evaluation of field data, thus 
ensuring a better soil strength condition evaluation 
to a proper depth. 
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Rapid Determination of Base Course Strength 

Using the Clegg Impact Tester 

NOR.MAN W. GARRICK and CHARLES F. SCHOLER 

ABSTRACT 

The Clegg impact tester was developed in Australia in the mid-1970s and is com­
monly used for density control during compaction. However, studies show that 
this device may be useful for measuring the strength of a wide variety of soil 
types. The project discussed here investigated this potential use of the Clegg 
impact tester. It is also part of a larger effort to develop a feasible proce­
dure for evaluating gravel roads before paving. This device is particularly 
suited for the job because it is quick and simple to operate, portable, and in­
expensive. Furthermore, results of this study show that Clegg impact values 
(CIVs) accurately predict pavement performance. In many cases CIV may be con­
verted to an equivalent California bearing ratio value. Guidelines for testing 
are discussed, but additional research is required to refine the procedure. 
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The state of Indiana has more than 27, 000 miles of 
gravel roads under the jurisdiction of county and 
town governments. In general, these roads carry 
small volumes of traffic in sparsely populated 
areas. Local governments often desire to upgrade the 
roadway by providing a paved surface. However, these 
governmental bodies usually lack the expertise to 
properly design and execute such projects 1 hence, 
many newly paved sections are so poorly constructed 
that they require frequent maintenance to remain 
open. 

The Highway Extension and Research Project for 
Indiana Counties and Cities (HERPICC) at Purdue Uni­
versity has studied this problem and developed a 
simple and effective procedure for evaluating gravel 
roads before paving (1), A key element of this eval­
uation system is the- determination of base course 
strength or load-carrying capacity. Unfortunately, 
most current methods for measuring strength are too 
cumbersome or too costly for use at this level. A 
potential solution to this problem is a device 
called the Clegg impact tester, which is quick and 
simple to use but largely untested in the field. 

This project was conducted to assess the feasi­
bility of measuring base course strength with the 
Clegg tester. The object of Part 1 of this study was 
to correlate Clegg impact values (CIVs) for the 
spring thaw period with those taken in the fall. 
This provides a method by which the critical value 
of pavement strength can be estimated for design 
purposes without the need for field testing in the 
short spring thaw period. 

In Part 2 the relationship of CIV to base course 
thickness and to subgrade strength was investigated. 
This knowledge is important for interpreting labora­
tory studies on the Clegg tester and relating these 
results to field conditions. For example, CIV has 
been correlated with California bearing ratio (CBR) 
in laboratory tests, but in the field this relation­
ship is affected by varying thickness of the gravel 
layer. The nature of these relationships will be 
examined. 

DESCRIPTION OF THE CLEGG IMPACT TESTER 

The Clegg impact tester has three primary compo­
nents: a guide tube, a compaction hammer, and a 
meter (Figures 1 and 2). During testing the hammer 
is raised to a specified height and then allowed to 
fall and strike the test surface. The maximum decel­
eration of the hammer on impact with the surface is 
measured by an accelerometer in the head of the ham­
mer. The resulting signal is sent to a recording 
device composed of solid-state circuits for filter­
ing and adjusting incoming signals and a micrometer 
for recording the result. Each unit of CIV is equiv­
alent to ·10 gravities (.s_) of deceleration. 

Impact values are affected by variations in the 
weight of the hammer, the shape of the hammer head, 
the height of drop, and the number of blows of the 
hammer. Therefore, a standard testing procedure in 
which each factor is specified has been adopted. The 
standard test for granular material specifies a 
4 .5-kg (10-lb) hammer and a drop height of 450 mm 
(18 in.). For sand and other soft material a 
lighter, more sensitive hammer is better. In all 
cases, a square-ended hammer is used and the reading 
is taken after the fourth blow. 

REVIEW OF RELATED RESEARCH 

Relationship Among CIV, Moisture Content, and Density 

Good correlations have been found between CIVs and 
soil properties such as density and moisture content 
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FIGURE l Clegg impact tester. 

.. 

~- .:.--

, . 
FIGURE 2 Clegg impact tester in use. 
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(2). For most soil types, CIV decreases with mois­
t~re content and increases with density until the 
air void is between 5 and 10 percent depending on 
the soil. The general form of this relationship is 
as follows: 

% modified compaction = a CIV + b MC + c (1) 

where a, b, and c are constants and MC is moisture 
content. The constants vary with soil type but are 
in specific ranges: 0.3 to 0.4, 0.5 to 1.0, and 75 
to 8 S for a, b, and c, respectively. With fine 
sands, CIV increases with density but is not af­
fected by changes in moisture content. Furthermore, 
there is no limiting air void (point of instability) 
at which CIV begins to decrease with increasing den­
sity. 

Rela t ionsh i p Between Cl V and CBR 

Clegg impact values have also been correlated with 
CBR for laboratory samples, and the form of this re­
lationship is as follows Cliil : 

CBR = 0.07 (CIV) 2 (2) 

In Equation 2 the CBR value used is that for un­
soaked samples tested with no surcharge. 

There are some data relating CIV to subjective 
measures of unsealed road condition. In one study 
(2), Clegg found that poor, satisfactory, and good 
performance of gravel roads corresponded to average 
CIVs of 30, 50, and 70, respectively. 

DESCRIPTION OF FIELD TESTS 

Part 1: Spring and Fall CIVs 

Impact values were measured at specific points on 
three different county roads in April 1982 (spring 
thaw period) and during September and October 1982 
( S). In each case, readings were measured on cross 
sections 50 ft apart, with nine data points on each 
cross section. The test sections were approximately 
2,500 ft long and varied in width from 18 to 25 ft. 

Part 2: CIV, Base Th i ck ness, and Subgrade CBR 

Field tests for this part of the project were con­
ducted in May and June 1982 on the three roads used 
in Part 1. For each road, nine cross sections were 
selected on the basis of the spring CIV for the cen­
terline position. Five cross s ec t ions with high CIV 
and four with low CIV we re c hosen ·to give a wide 
range of values in the data set . Readings were taken 
at both the centerline position a nd a t a position 
7.5 ft right of center. 

Five readings of CIV were recorded and the aver­
age was determined for each test location. The base 
material was thell e i;,;.-in; te <.l t o "xi,;ose subgrade mate­
rial so that base thic kne ss could be measured. Fi­
nally, the subgrade CSR ~~a. s measured by a. dynamic 
none penetr ometer (6 , 7). Samples of base and sub­
g rade material were -·c;;llected and analyzed for each 
data point. 

DATA ANALYSIS 

Correlation of Spring and Fall CIVs 

Effect of Maintenance on Data Analysis 

Maintenance crews worked on all three road sections 
d•Jr ing the interval between the spring and the fall 
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tests. Therefore some of the changes in CIV between 
spring and fall resulted from either the addition or 
the removal of gravel during maintenance. Fortu­
nately, it was possible to isolate the effects of 
maintenance because portions of the roads were left 
undisturbed. 

An examination of the data showed a systematic 
pattern of change in CIV. In most cases CIV in­
creased between the spring and the fall i however, 
the largest increases were found for discrete groups 
of data points on the same or adjacent cross sec­
tions at both edge and middle positions on the 
roads. Those points with a large decrease in CIV 
were also clustered in this manner but were located 
predominantly in the middle of the road. In general, 
the data points with the largest increase in CIV 
represent locations where gravel was added, and 
those showing a decrease in CIV were the spots where 
gravel was removed by grading. Consequently, the 
data were divided into three groups on the basis of 
change in CIV over the period of the study: Group 
!--locations not affected by maintenance, Group 2-­
locations where gravel was added, and Group 3--loca­
tions where gravel was removed. 

Comparison of Group 1, Group 2, and Group 3 Data 

Figure 3 is a graph of average CIV by position on 
the cross section for Group 1, 2, and 3 data from 
one county road. At each position average spring 
CIVs were highest for Group 3 data {points where 
gravel was removed by grading in the summer and 
fall) • Group 2 points had the lowest values i this 
was where new material was added to the road sur­
face. If the maintenance procedure used for these 
roads is considered, it appears that points with the 
lowest CIV showed the most visible signs of distress 
because it was necessary to add gravel in mainte­
nance. 

These results give some insight 
tionship between CIV and pavement 

> 
(j 
al c 
i en 
• al .. .. 
0 
> c 

5 5 

45 

35 

25 

15 

10.0L 

Group I (no m•lnten•nc•I 
Group II lm•terl•I •ddedl 
Group Ill (m•t•rlel r•moved) 

5.0L 

into the rela­
performance 1 on 

5.0R 10.0R 

Position on Croaa-aectlon 

FIGURE 3 Average spring CIV by position for County Road 
325 W, Tippecanoe. 



118 

the basis of the preceding discussion it may be con­
cluded that Group l and 2 points (with no apparent 
signs of distress) gave satisfactory performances, 
whereas Group 3 points performed poorly. Table l 
gives the average CIV for Group l and 2 data (satis­
factory performance) and Group 3 data (poor perfor­
mance) for each of the three roads. Because traffic 
is concentrated in the middle of the road, values 
for the edge positions are atypical and were thus 
omitted in the computation of these averages. On the 
basis of these results, it appears that a minimum 
spring CIV of about 40 is required for satisfactory 
performance on these roads. 

TABLE 1 Relationship Between CIV and Pavement Performance 

Average CIV for Five Interior Positions 

Pavement Performance Co. Rd . 325 W Co. Rd. 600 N Co. Rd . 800 S 

Poor 
Satisfactory 

37.2 
44.5 

22.4 
48.2 

Seasonal Variation in Pavement Strength 

40.1 
49.9 

To obtain a true measure of seasonal variation in 
pavement strength it was necessary to analyze Group 
l data s.eparately. The results for each road were 
almost identical; therefore, the data were pooled to 
give the following regression model: 

Spring CIV = 0.973 Fall CIV - 10.05 
Coefficient of determination (r 2 ) = 0.93 (3) 

Thus the magnitude of strength loss due to spring 
thaw is of the order of 12 CIV and is virtually in­
dependent of the original impact value. 

Clegg impact values were also measured in May for 
a number of data points. The regression model relat­
ing spring and May CIV is as follows: 

Spring CIV = 1.03 May CIV - 8.13 
r 2 

z 0.76 (4) 

Comparison of Equations 3 and 4 shows little change 
in CIV between May and September, implying that 
strength of the unsealed gravel road is almost fully 
restored in the first few weeks after the spring 
thaw. 

CIV, Base Thickness, and Subqrade CBR 

Regression analysis for these data shows that CIV 
increases with base course thickness but is not af­
fected by changes in subgrade CBR. The six regres­
sion models relating CIV and thickness for the three 
roads are given in Table 2. In each case, the natu­
ral log function of base thickness gave the highest 
r 2 value. It should be noted that most of the val-

TABLE 2 Regression Models Relating CIV and ThickneSB for 
Three County Roads 

Road Position Model r2 

325 W Tippecanoe Center ClV = 16.81 In (BT)+ 19.24 0.79 
3 25 W Tippecanoe 7.5 ft right CIV = 16.81 In (BT)+ 13.25 0.79 
600 N Tippecanoe Center CIV = 16.81 In (BT)+ 15.21 0.79 
600 N Tippecanoe 7 .S ft right crv = 16.s11n (BT) - 9.49 0.79 
800 S Carroll Center crv = 45.20 In (BT)- 24.96 0.62 
800 S Carroll 7.5 ft right CIV = 30.51 In (BT) - 11.14 0.62 

Note: In (BT) is the exponential log of base thickness. 
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ues of thickness in the data were in the range of 2 
to 8 in. At the upper end of this range there is 
little increase in CIV with base thickness. This in­
dicates that there is some point at which increasing 
thickness does not result in a further increase in 
CIV. The limiting value of thickness app~ars to be 
about 8 in. 

On all three roads the regression models give a 
smaller CIV for the edge position (7. 5 ft to the 
right) than for the center position when the pave­
ment thickness is the same. This is due to the vari­
ation in density across the roadway, caused by a 
concentration of traffic in the middle. The results 
for county road 800 s (Carroll County) are notice­
ably different than those for the other two roads. 
The regression functions for this road may be inac­
curate because the data are limited to a narrow 
range of thickness values. 

DISCUSSION OF RESULTS 

Conversion of CIV to CBR 

CBR is the most widely used and accepted pavement 
strength parameter. As such, a method for converting 
CIV to an equivalent CBR value would enhance the 
usefulness of the Clegg tester for pavement evalu­
ation on gravel roads. Regression models correlating 
CIV and CBR have been developed for laboratory sam­
ples. In most cases these models are not applicable 
to field test results because of the effect of base 
course thickness on CIV. However, where the base 
course thickness is greater than 8 in., CIV can be 
converted directly to an equivalent CBR value. 

Measurement of Pavement Per formance 

A spring CIV of 40 appears to be the minimum re­
quired to reduce problems like rutting, potholes, 
and corrugations. This value depends on factors such 
as traffic level, traffic type, and climatic condi­
tions. Comparable results have been obtained for 
gravel roads in Australia <l l· 

Effect of Pavement Condition on CIV 

Seasonal variation in CIV can be modeled as a linear 
function of the original value. Thus the critical or 
weakest value of pavement strength can be estimated 
with a regression model that relates spring and fall 
readings. Furthermore, much of the strength is re­
gained in the first few weeks after the spring thaw, 
so a conservative estimate of this value may be ob­
tained by testing at any convenient time in the sum­
mer or fall. 

In this study the loss of strength during the 
spring thaw was of the order of 12 CIV. This value 
appears to be independent of material type and of 
the initial CIV. However, it will fluctuate from 
year to year with corresponding changes in weather 
conditions. 

The moisture content at the time of testing can 
significantly affect the readings. It is not practi­
cal to make a moisture content determination each 
time the Clegg tester is used; however, the effects 
of moisture may be mitigated by testing the road 
when the natural moisture content is at or near its 
lowest point. A period of about 7 days after heavy 
precipitation is usually sufficient for the road to 
dry out to this point. 
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Operation of the Clegg Tester 

The primary advantages of the Clegg tester include 
its size, ease of handling, and quick and simple 
testing procedure . In this project, approximately 35 
to 40 readings per hour were made. The Clegg tester 
clearly provides more comprehensive coverage of the 
test area than do conventional methods of evalu­
ation. Another advantage of this device is that the 
readings are quite consistent when the test is con­
ducted properly. 

CONCLUSIONS 

The findings of this study indicate that the Clegg 
tester is particularly suitable for use in the eval­
uation of base courses. Aside from being highly 
portabl e and simple to operate , the Clegg teste r 
a c cura t ely measures c ha nges i n t he l oad- c a r rying 
capaci ty o f unsealed gravel roads. Howe ver, t h e 
r eadi ngs are affected by ma ny f act9rs . Thus a l ow 
CIV may i ndicate an inadequate t h ickness o f base 
c our se material, a poor material q uality , a l ac k o f 
compaction, or a c ombi nat i on of t hese fac t ors . When 
t he Cl egg t e ster i s used for pavement eva luation, 
the r ead ing s shoul d always be s upplemented by deter­
mi na tion o f s oil p r operties and base course th ick­
ness. 

Some of the findings of this project need to be 
investigated more extensively, but the results are 
generally quite encouraging. It is hoped that re­
search will be continued so that the potential bene­
fits of using this device will be realized in prac­
tice. 
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Evaluation of Pavement Subgrade Support 

Characteristics by Dilatometer Test 
ROY H. BORDEN, CECEP N. AZIZ, WESLEY M. LOWDER, and N. PAUL KHOSLA 

ABSTRACT 

The problem of evaluating the as-compacted or existing properties of subgrade 
soils is an important aspect of the design and rehabilitation of flexible pave­
ments. The dilatometer has been shown to have significant potential for obtain­
ing this information both reliably and economically. The relationship between 
the dilatometer modulus and the as-compacted California bearing ratio (CBR) for 
three different natural soils has been investigated . In general, the test pro­
gram may be characterized as having evaluated: (a) a range of sample sizes in­
cluding cylindrical molds of 6.0 in. (152 mm) and 11 in. (200 mm) diameter, a 3 
ft x 4 ft (approximately l m x 1. 25 m) chamber, and several field tests; (b) 
compactive efforts equivalent to AASHTO T-180, T-99, 50 percent of T-99, and a 
lower effort that produced a density equivalent to 90 percent of T-99 maximum 
dry density; and (c) a moisture content range for each soil sufficient to es­
tablish maximum dry densities at each compactive effort. The results of the 
laboratory and field test program lead to the following conclusions: (a) Unique 
relationships between dilatometer modulus and CBR were found to exist for the 
as-compacted A-5 and A-6 soils regardless of density and moisture content con­
ditions. (b) A laboratory technique was developed whereby dilatometer penetra­
tion could be performed in CBR molds 6 in. (152 mm) in diameter such that both 
pieces of data could be obtained on the same specimen. Although the boundary 
conditions appear unfavorable in the small mold, the results were consistent 
with those obtained in an 11-in. (200-mm) mold and a chamber 3 ft x 4 ft (ap­
proximately 1mx1.25 m). This small mold test did not work well for the A-2-4 
soil and would probably not work for any soil that was dominated by granular 
material with little fine-grained component. (c) Limited field tests on a com­
pacted embankment from which one of the soils (A-6) used in the study was ob­
tained revealed excellent correlation with the laboratory test program, 

The problem of evaluating the as-compacted or exist­
ing properties of subgrade soils is an important 
aspect of the design and rehabilitation of flexible 
pavements. At present, this estimate is generally 
obtained by conducting in-place California bearing 
rati:o (CBR) tests or less frequently plate loading 
tests. These tests involve the removal of a section 
of pavement large enough that a technician can work 
in the excavated area at the subgrade level. The 
flat dilatometer, a device introduced in 1975 by 
Marchetti (1) ·for the in situ investigation of soil 
properties, -offers significant promise for providing 
a reliable and economical method for obtaining 
strength and stiffness characteristics associated 
with pavement design. 

FIGURE 1 Dilatometer and control unit. 

The flat dilatometer, shown in Figure 1, consists 
of a stainless steel blade with a thin, flat, circu­
lar, expandable steel membrane on one side. The body 
of the dilatometer has a width of approximately 3. 7 
in. (95 mm) and a thickness of approximately 0.6 in . 
(14 mm) • When at rest, t he external s urface of the 
membrane, approximately 2.4 in. (60 mm) in diameter, 
is flush with the surrounding flat s urface of the 
blade. The blade is jacked i nto the ground and when 
located at the desired depth the membrane is in­
flated by means of pressurized gas through a small 
control unit at the ground surface (also shown in 
Figure 1) . A longitudinal cross section of t 'he dila­
tometer is shown in Figure 2. Readings are taken of 
the "A" pressure required to just begin to move the 
membrane (related to the lateral stresses existing 
in the ground) and of that "B" pressure required to 

move its center an additional approximate 0.04 in. 
(1 mm) into the soil (related to soil stiffness), 

Movements of the membrane are measured by extensom­
e tei;s behind the diaphragm within the body of the 
device. On the basis of the assumption of linear 
elasticity, Marchetti (2) proposed that the lateral 
soil modulus be represented by the expression 

S0 = [2~pD(l - µ2) J/(11E) (1) 
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F1GURE 2 Section and details of dilatometer blade. 

where s0 is the approximate 0.04-in. (1-mm) deflec­
tion of the center of the membrane, 6p is the differ­
ence in the A and B readings corrected for membrane 
stiffness, D is the 2. 4-in. (60-mm) membrane diam­
eter, E is Young's modulus, and ~ is Poisson's ratio 
of the soil. The expression, E/(l - ~ 2 ), is then 
termed the dilatometer modulus (Ea) • 

The usefulness of lateral soil modulus data for 
predicting vertical stiffness has been demonstrated 
in a study by Bciaud a nd Shields (3). In their 
study, lateral stiffness data were obtained using a 
small diameter pressure meter and were shown to be 
linearly re lated to pavement bearing strength as de­
termined by McLeod plate tests. 

The laboratory and field tests reported in this 
paper were conducted in the first phase of a re­
search prog ram to evaluate the use of the dilatom­
eter for obtaining subgrade support characteristics 
both for pavement under construction and for those 
requiring rehabilitation. In the initial phase of 
the program, the objectives were the development of 
laboratory testing techniques and the establishment 
of correlations between dilatometer moduli and CBR 
values for a range of soil types and moisture-den­
sity conditions. Field verification tests were also 
conducted in a newly compacted subgrade as were pre­
liminary tests in an existing pavement system. In 
one instance, the dilatometer was hydraulically 
pushed through an asphalt pavement with the 7 ,500-
lb. (33.4-kN) capacity of a Mobile drill rig. Re­
search is continuing on developing field testing 
techniques for use beneath existing pavements and on 
correlating the lateral soil modulus obtained from 
the dilatometer with resilient modulus and con­
strained modulus response. 

EXPERIMENTAL PROGRAM 

To evaluate the potential usefulness of the dilatom­
eter for determining pavement subgrade support char­
acteristics, an experimental program was designed 
using the three natural soils the characteristics of 
which are given in Table 1. These soils were chosen 
for their range of properties and significance as 
locally encountered materials. Most notably, the 
first soil has a significant mica content, the sec­
ond has a higher silt-clay content, and the third 
has an extremely high sand content. Because the pri­
mary goal of this first phase of the research pro­
gram was to identify the potential for predicting 
in-place subgrade characteristics (as indicated by 
CBR value) from the dilatometer modulus, it was 
deemed important to evaluate the significance of 
soil type on the functional relationship. It was 
also anticipated that the insertion of the dilatom-
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TABLE 1 Soil Characteristics 

Soil 1 Soil 2 Soil 3 

Percentage passing no. 4 sieve 88 97 100 
Percentage passing no. 40 sieve 77 84 40 
Percentage passing no. 200 sieve 43 65 18 
Liquid limit (%) 46 37 26 
Plasticity index(%) 3 15 4 

'Yd max (pcf) 102.4 111.0 118.0 
wop!(%) 20 16.8 12.5 
'Yd max (pcf) 110.4 123.0 
wopt (%) 16.8 12.2 

Specific gravity 2.77 2.78 2.70 
AASHTO classification A-5 A-6 A-2-4 

Note: Dashes indicate not conducted. 

eter blade into a laboratory scale sample could pro­
duce results different from those that would be ob­
tained in the field due to boundary effects. The 
experimental program evolved because the findings on 
the first soil tested influenced the subsequent pro­
cedures. In general, the test program may be charac­
terized as having evaluated (a) a range of sample 
sizes including cylindrical molds 6 in. (152 mm) and 
11 in. (280 mm) in dlameter, a chamber 3 ft x 4 ft 
{approximate~y l m x 1 . 25 m), a nd several field 
tests; (b) compact i ve efforts equiva len t t o MSBTO 
T-180, T-99, 50 percent of T-99 , and a lower effort 
that produced a density equivalen t t o 90 percent o f 
the T-99 maximum dry den s ity; and (c) a mois ture 
content range for each soil sufficient to establish 
maximum dry densities at each compactive effort. 

The standard preparation technique for all sam­
ples involved the air drying of soil, followed by an 
increase in moisture content by means of a combina­
tion of hand and rotary mixing. All samples were 
then sealed in plastic bags and placed in a 100 per­
cent humidity room for at least 72 hr to enhance 
moisture equilibration. All specimens 6 in. (152 mm) 
in diameter were compacted using an automatic drop 
weight device fitted with a sector-shaped hammer 
head. Standard AASHTO compaction procedures were 
used. A fresh batch of soil was used for each com­
paction test. This eliminated the question of any 
residual fabric effects that can arise in some soils 
from the reuse of previously compacted material. 

For practical reasons it was not deemed feasible 
to compact the specimens 11 in. (280 mm) in diameter 
with the same drop weight procedure. Static compac­
tion using an MTS loading frame was employed to com­
press layers of soil to the desired density. In this 
way densities could be obtained that corresponded to 
the densities (T-180, T-99, and so forth) from the 
impact tests. Three layers were used to make speci­
mens approximately 13 in. (330 mm) to 13.8 in. (350 
mm) in height. After the last layer was compacted, 
three CBR tests were conducted in the top layer. The 
dilatometer test was performed once in each layer 
with the dilatometer positioned in such a way that 
the center of the membrane was approximately at the 
middepth of each layer. 

The CBR tests for each of the lower layers were 
performed after carefully removing the soils on top 
of them. The final wet unit weight of the compacted 
soil was determined as the ratio of the weight of 
soil in each layer divided by its final volume (tak­
ing into consideration the densif ication of the 
lower layers due to placing of the upper layers). 

To more clearly identify the influence of sample 
size that resulted from the presence of constraining 
boundaries, an even larger laboratory sample was 
used in the first test series. A test chamber with 
plan dimensions of 3 ft x 4 ft (approximately l m x 
1.25 m) and a height of 3 ft (approximately 1 m) was 
constructed. Soil for this sample was brought to the 
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desired moisture condition by mi.x1ng in a concrete 
mixer. A layer of sand was placed and compacted in 
the bottom of the chamber, followed by compacted 
layers of soil approximately 5 in. ( 125 mm) thick. 
Each soil layer was compacted using a hand-held me­
chanical field compacter. The dilatometer was pushed 
into the sample by means of a hydraulic piston 
mounted on an overhead frame. The use of pressure­
compensating flow control valves allowed the dila­
tometer to be inserted at a controlled rate. When 
the center of the dilatometer membrane was approxi­
mately at middepth of the first layer, the penetra­
tion was stopped and the membrane inflated. On com­
pletion of the test, the dilatometer was advanced to 
middepth of the next layer. This procedure continued 
until all three layers had been tested, with the 
sand layer providing a "cushion" to ensure that the 
tip of the dilatometer did not strike the bottom of 
the chamber when penetrating to the bottom layer. 
After the completion of numerous dilatometer inser­
tions, the box was excavated allowing for (a) con­
ducting "field" CBR tests at the middepth of the 
compacted layers and (b) an actual measurement of 
the as-compacted layer thickness and moisture con­
tent distribution. 

Finally, for the second soil tested, a local 
field site was identified where a compacted embank­
ment for a bridge abutment had recently been con­
structed. A ser'es of field density tests, field CBR 
tests, and di1atometer tests was conducted. The CBR 
tests were conducted using the loaded reaction truck 
shown in Figure 3, which was jacked off of its 
springs and supported on concrete cylinders. The 
dilatometer was hydraulically inserted by using the 
Mobile drill rig shown in Figure 4. Only minor mod­
ifications in the coupling of the union were re­
quired to attach the dilatometer to the existing 
equipment. 

FIGURE 3 Field CBR test. 

RESULTS 

The results of the laboratory and field tests con­
ducted in this study are presented in the sequence 
in which the three soils were tested because inter­
mediate conclusions were reached and these findings 
influenced subsequent testing procedures. During the 
initial stages of the testing program special atten­
tion was focused on answering the following ques­
tions: 

1. If specimens are made in a larger diameter 
mold, will differences in specimen preparation tech-
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FIGURE 4 Imertion of dilatometer with drill rig. 

nique substantially influence the density-CBR and 
the CBR-dilatometer relationships? 

2. How large does the mold into which the dila­
tometer is pushed need to be in order to reduce 
boundary effects to a minimal level for compacted 
soils? 

3. Can a unique relationship between dilatometer 
modulus (Ea) and CBR be found, regardless of soil 
density or moisture content conditions, for each 
soil tested? 

It was obvious that moisture-density relationships 
and CBR data would need to be developed in standard 
molds with conventional compaction procedures. How­
ever, it was initially believed that the dilatometer 
would probably need to be inserted into specimens 
that had a minimal diameter of the 11 in. (280 mm). 

Figures 5 and 6 show the compaction characteris­
tics and unsoaked CBR response, respectively, for 
the A-5 soil. For the lower moisture contents, the 
effect of increased compactive effort is to increase 
the CBR value. At higher moisture contents, the as­
compacted CBR values are lower for the specimens 
compacted with the highest energy level. This is due 
to the increased initial degree of saturation and 
resultant influence on the effective stress state 
during penetration. 

On the basis of the results of the impact-com­
pacted specimens reported in Figures 5 and 6, and 
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FIGURE 5 Moisture content versus unit weight for A·S soil. 
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using the smooth curves fit through the data, Figure 
7 was constructed (4). From this figure , the as-com­
pacted CBR value c;n be predicted for any combina­
tion of moisture content and dry density. This al­
lowed a comparison to be made between the CBR values 
obtained from tests on statically compacted samples 
and standard impact-compacted samples. The dry den-
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FIGURE 7 Unit weight versus corrected unsoaked CBR for A-5 
soil. 

sity and moisture content of the statically com­
pacted sample weze determined by excavating the sam­
ple after testing. When these two values had been 
determined , the predic·ted CBR value was found from 
Figure 7 a.nd compared with the vaiue obtained from 
the CBR test on the statically compacted sample . The 
degree to which these data agree is some measuze of 
the similarity of the specimens . The results of this 
comparison are shown in Figure B with several typi­
cal values noted. The 45-degree line indicates com­
plete agreement and the comparison is seen to be 
quite good. Although this is no guarantee that fab­
ric or structural differences between impact-com­
pacted and statically compacted specimens do not 
exist to any degree, it is an indication that they 
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FIGURE 8 Predicted CBR versus measured CBR for A-5 soil. 

are not significant near the optimum moisture con­
tent where the statically compacted specimens were 
prepared. 

Figure 9 shows a summary plot of the CBR versus 
d ilatometer modulus data for the tests conducted in 
the statically compacted specimens, the large test 
chamber previously described, and several tests con­
ducted in a mold having the same diameter as the 
s t andard CBR mold but that was considerably taller 
and allowed the impact compaction of a specimen 12 
in. (approximately 300 mm) thick. CBR tests were 
conducted on the surface and the dilatometer was in­
serted down to midheight of the mold. A linear re­
gression was performed using all data points except 
those circled ; this resulted in the regression coef­
ficients a= 0.07, b = .041, and an R2 value of 
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FIGURE 9 Dilatometer modulus versus corrected unsoaked CBR 
for A-5 soil. 

0.86. With an insignificant loss in predictive capa­
bility, the expression could be more simply s tated as 

CBR = 0.041 Ed (2) 

with the CBR value expressed as a percentage and the 
Ea value in tsf. 
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The three values that are circled in Figure 9 
represent dilatometer data obtained in the top layer 
of the statically compacted three-layer specimens. 
In each case the top J.ayer was approximately 4 in . 
( 100 mm) thick and the dilatometer membrane 2 . 4 in. 
(60 mm) in diameter was only 0.8 in. (20 mm) to 1.2 
in. (30 mm) below the soil surface. It appears that 
the insertion of the blade created enough distur­
bance of the adjacent soil to cause a loss of lat­
eral support. This was noted by visual observation. 
In subsequent tests on the third soil (predominated 
by its sand component) actual bearing capacity fail­
ures with significant uplifted zones were noted in 
some specimens. The data from the large box actually 
represent the average of two or three dilatometer 
modulus values within a 10-in. (254-mm) radius of 
the three CBR tests conducted in the center of each 
of the three layers. The CBR tests were conducted 
along the centerline of the box at the one-quarter, 
one-half, and three-quarter points on the plan area. 

An analysis of the data shown in Figure 9 re­
sulted in two important conclusions: 

1. The modulus data obtained in the 6-in. 
(152-nun) mold (standard CBR mold diameter) provided 
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FIGURE 10 Moisture content versus unit weight for A-6 soil. 
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data consistent with the larger mold and large box 
although the boundary conditions are obviously less 
favorable and 

2. The 0.8- to 1.2-in. (20- to 30-mm) penetra­
tion of the dilatometer diaphragm below the 11-in. 
(280-mm) mold surface was not sufficient. 

The similarity of the resu;Lts obtained in the 
three different size test specimens was not antici­
pated. It was postulated that the compression of the 
soil adjacent to the dilatometer membrane during in­
s ertion of the blade must have been essentially tbe 
same in each environment. This could explain the 
consistent lateral stiffness observed. The densifi­
cation that occurred at dista.nces away from the 
dilatometer may well have been a function of speci­
men size, but this behavior was not investigated, 

Therefore, two modifications were incorporated in 
subsequent testing. First, a technique was developed 
whereby the CBR mold could be used as a specimen f or 
di latometer testing after the CBR test was con­
ducted . Simply stated, the surcharge weights were 
removed, the t .op volume of the mold was filled with 
sand, the base plate was then disassembled and at­
tached to the top of the mold, the mold was in­
verted, and penetration .,,,as 111ade from the opposite 
end. This allowed for the generation of a large num­
ber of CBR and dilatometer data on identical speci­
mens over a wide range of moisture and density con ­
ditions. Second, the layer thickness in the large 
mold was altered to provide a thicker top layer. All 
subsequent 11-tn. (280-mm) mold tests were conducted 
on specimens with lower layers approximately 3,9 in • 
( 100 mm) thick and a top layer of approximately 5 
in. (125 to 130 mm). With the penetration of the 
dilatometer to near the bottom of the top layer, the 
top of the membrane was now approximately 2. 4 in. 
(60 mm) (or one diaphragm diameter) below the free 
surface. Because the d ilatometer modulus did not ap­
pear to be influenced by sample size, it was deter­
mined that the large test chamber would only be used 
if future results indicated the presence of a size 
influence when da,ta generated in the 6-in. (152-nun) 
and 11-in. (280-mm) molds were compared. 

The compaction characteristics and unsoaked CBR 
response for the second soil, classification A-6, 
are shown in Figures 10 and 11, respectively. The 
correlation between the results obtained in the 
impact-compacted CBR molds and the larger statically 
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compacted molds was excellent. Although plots simi­
lar to Figures 7 and 8 for soil 1 were developed, 
the degree of agreement is clearly shown in Figure 
11. The lower compactive effort data were generated 
in the 11-in. 1280-mm) mold by statically compacting 
the soil at the optimum moisture content (for the 
T-99 compactive effort) to a density representative 
of approximately 90 percent of the T-99 dry density. 
Figure 12 shows the dilatometer data generated for 
this soil. The linear regression coefftcients uti­
lizing all the laboratory data are a = 0.16, b = 
0.052, and an R2 value of 0.89. As with the first 
soil tested, the intercept value is negligible and 
the relationship may be expressed as 

CBR = 0.052 Ea (3) 

with the CBR value expressed as a percentage and the 
Ea value in tsf. 
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FIGURE 12 Dilatometer modulus versus corrected unsoaked 
CBR for A-6 soil. 

In all but one instance two CBR tests were con­
ducted on each of the three layers of the three 
11-in. ( 280-mrn) specimens. In order that the consis­
tency of the CSR data might be shown , each of th.e 
values obtained was plotted versus the single dila­
tometer reading from that layei:- . It is also notable 
that the data furthest to the left of the regression 
line were aqain those obtained from the top of the 
ll-in. ( 280-mm) mold, although the magnitude of the 
difference was not as observable as it was with the 
first soil. It appea rs that the increased depth of 
membrane insertion (to one m mbrane diameter ) in 
these tests helped solve the problem identified pre­
viously. However, because a loss of lateral suppoi::t 
due to dilatometer insettion has clearly heen iden­
tified as the reason for low read.ings in pre\!iOus 
tests, it may be suspected that this factor is still 
operating to some degree in these tests. 

Finally, the compaction character is tics and the 
unsoaked CBR response foe the third soil, an A- 2-4, 
are shown in Figures 13 and 14. f'ue to the e x t.remely 
'high density and corresponding high CSR values for 
the T-99 compacted specimens, it was deemed more 
interesting from a pi::actical ooint of view to evalu­
ate a lower compactive effort in place of the previ­
ously used T-180. Several hiqh compactive effort 
specimens were prepared with moisture contents of 10 
and 12 percent with resulting CSR values in excess 
of 50 . However , none of these Sl?ecimens could he 
penetrated with the 5 ,000-lb. f 22. 2-kN) capacity of 
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the laboratory hydraulic piston used for dilatometer 
insertion. 

The CBR-versus-dilatometer relationship shown in 
Figure 15 exhibits significant scatte.r. The symbols 
used in Figure 15 diffet somewhat from those used 
previous1.y in ocdei:- to illustrate several signifi­
cant points . First , in numerou·s instances the inser­
t ion o f the dilatometer into this soil resulted in 
obvious heaving of the surface 1 in some instances 
wedges o f soil 1.ifted fa:om the molds res ulting in a 
loss of lateral support. This response was seen for 
both the 6-in. (152-mm) and the 11-in. (280-mm) 
molds. All of these points are circled in Figure 15 
and were not used in the subsequent regression 
analysis. In one instance, in the 11-in. (280-nun) 
mold test on the T-99 compacted specimens, no dila­
tometer data were obtained for the top layer due to 
the amount of soil displaced during penetration. 
Second, tbe data obtained in the lower layers of the 
11-in . (280-mm) mold appear to be consistent . The 
limited capacity of the laboratory hydraulic piston 
prevented penetration of the dilatometer in several 
instances . E'or example, only the top layer of the 
T-99 compacted specimen could be penetrated, but no 
dilatometer data were obtained as previously men­
t ioned1 for the 50 percent of T-99 specimen, the 
first and second layers were penetrated, but the 
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lowest layer could not be penetrated. The top layer 
data are shown in Figure 15 with CBR values between 
16 and 19 and with a low dilatometer modulus of 100 
due to soil heaving. The middle layer data are 
plotted at approximately a dilatometer modulus of 
400 tsf and a CBR value of 16.5. Penetration was 
achieved in all layers of the lower density speci­
men, and apart from the top layer data (Ed approx­
imately 125 tsf and CBR between 10. 5 and 12) , the 
bottom two layers appear consistent with the middle 
layer of the 50 percent T-99 specimen. 

A linear regression on the data from the lower 
layers in the 11-in. (280-rnrn) molds and that from 
tests conducted on lower density specimens and those 
compacted wet of optimum yielded the following coef­
ficients: a = 0.19, b = 0.031, and R2 = 0.89. Sim­
plifying, as before, yields the expression 

CBR = 0 .031 Ed (4) 

with the CBR value expressed a s a percentage and the 
Ea value in tsf. The inclusion of the 6-in. (152-mm) 
mold data on the lower compactive effort specimens 
and those compacted wet of optimum was done because 
no visual observations were made that indicated that 
they should be discarded. The observance of surface 
heaving in numerous tests indicated that the results 
of small mold tests and unconfined near-surface 
tests in compacted soils that are predominately sand 
with little cohesive component must be viewed with 
caution. 

FIELD TESTING 

In an effort to validate the results of the labora­
tory study reported in this paper, field tests were 
conducted at the location of a new bridge structure 
that was under construction in the Research Triangle 
Park area of North Carolina. This location served as 
the borrow site for the A-6 soil used in the labora­
tory study. In cooperation with the Geotechnical 
Unit and Materials and Test Unit of the North Caro-

lina Department of Transportation (NCDOT), field CBR 
and field density tests were conducted on the sur­
face layer of a compacted embankment that will serve 
as. the approach ·for the overpass. Because the sur­
f ace had not been cut to final grade, the three in­
place density and CBR tests were conducted at a 
depth of approximately 8 in. (200 mm) below the ex­
isting surface. No attempt was made in this study to 
evaluate the near-surface dilatometer response by 
varying the depth of penetration. The dilatometer 
was hydraulically pressed into the compacted fill 
using the Mobile drill rig shown in Figure 2 at lo­
cations approximately 12 in. (300 mm) away from the 
CBR and density tests. The dilatometer was pushed 
until the center of the diaphragm was at the desired 
8 in. (200 mm) depth. Sub,seguent advances were made 
in B-in. (200-mm) i ncrements through the fill to a 
maximum depth of approximately 20 ft' (6 ml. However, 
because CBR and density dat~ were only obtained at 
the surface, the rest of the dilatometer data are 
not presented in this context. 

The results of the field CBR and dilatometer 
tests a_re presented with the laboratory data previ­
ously discussed in Figure 12. Although the data axe 
limited, the correlation with the many laboratory 
tests is encouraging. The time required to conduct 
the field dilatometer tests was on the order of l 
min pet test when near-surface data were being gath­
ered. For the approxi.mately 20-ft (6-m) penetra­
tions, readings wei:-e taken at every 8 in. (200 mm) 
for a total of 29 readings. The assembly and disas­
sembly of rods increased the average time to approx­
imately 1. 5 min, or a total of 45 min. This indi­
cates the great economy that can be achieved in 
obtaining subgrade support characteristics compared 
with in-place CSR tests. 

SUMMARY AND CONCLUSIONS 

The problem of evaluating the as-compacted or exist­
ing properties of subgrade soils is an important 
aspect of the design and rehabilitation of flexible 
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pavements. The dilatometer has been shown to have 
significant potential for obtaining this information 
both reliably and economically. In this paper, the 
relationship between the dilatometer modulus and as­
compacted CBR for three different natural soils has 
been investigated. Current research is extending 
this work to include resilient modulus and one­
dimension compression modulus (constrained modulus) 
correlations. 

On the basis of the results of the laboratory and 
field test program reported herein, the following 
conclusions are advanced: 

1. Unique relationships between dilatometer 
modulus and CBR were found to exist for the as­
compacted A-5 and A-6 soils regardless of density 
and moisture content conditions. The relationships 
were found by linear regression to be CBR = O. 041 
Ea for the A-5 soil and CBR = 0.052 Ea for the A-6 
soil. The data for the A-2-4 soil yielded the rela­
tionship CBR = 0.031 Ea, although many more tests 
were found unacceptable due to heaving of the soil 
surface and loss of lateral support. Reasonable data 
were obtained when the dilatometer diaphragm was at 
a depth of approximately 7 in. (175 mm) or more be­
low the mold surface. 

2. A laboratory technique was developed whereby 
dilatometer penetration could be performed in CBR 
molds 6 in. (152 mm) in diameter such that both the 
dilatometer modulus and CBR value could be obtained 
on the same specimen. Although the boundary condi­
tions appeared unfavorable in the small mold, the 
results were consistent with those obtained in an 
11-in. (280-mm) mold and a chamber 3 ft x 4 ft (ap­
proximately 1 m x 1.25 m). It was postulated that 
the compression of the soil adjacent to the dilatom­
eter blade during penetration was essentially the 
same in each of the specimens. Thus the stiffness of 
the soil within the zone of influence for the 0.04-
in. (1-mm) diaphragm expansion was observed to be 
similar. This small mold test did not work well for 
the A-2-4 soil and probably would not work well for 
any soil that was dominated by granular material 
with little fine-grained component. 

3. Limited field tests on a compacted embankment 
from which one of the soils (A-6) used in the study 
was obtained revealed excellent correlation with the 
laboratory test program. The economical use of the 
dilatometer was shown in the ability to obtain data 
at a given location in approximately 1 min per test 
point desired. A 3.3-ft (1-m) penetration with five 
tests conducted at depth increments of approximately 
8 in. (200 mm) took a total of about 5 min. This was 
in sharp contrast to the time that it took to obtain 
the limited CBR data. In addition, the problems of 
surface preparation, equipment alignment, and main­
taining constant CBR penetration rates are elimi­
nated. 
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Flat Dilatometer and Lateral Soil Modulus 

E. SABRI MOTAN and MUHAMMED A. GABR 

ABSTRACT 

Changes in the lateral stress condition in soil in the immediate vicinity of 
the blade of the flat dilatometer during the penetration of the device were ex­
perimentally investigated in a laboratory study. Lateral separation that takes 
place during the penetration of the blade was simulated by horizontally advanc­
ing a rectangular aluminum block instrumented with a dilatometer diaphragm 
against sand specimens prepared in a testing tank at different relative densi­
ties. A cantilever beam-type deflection transducer mounted in the chamber 
behind the diaphragm made it possible to obtain a continuous record of pres­
sure-diaphragm center deflection. For purposes of comparison, a standard flat 
dilatometer was used in a series of penetration tests conducted concurrently 
with the lateral separation study. Also, the effect of repeatedly expanding the 
~iaphragm on the pressure-diaphragm center deflection curve was considered. The 
results of the study point out factors that are thought to be of importance in 
a meaningful interpretation of the dilatometer data and the assessment of the 
lateral soil modulus. 

An extensive array of penetration devices has been 
developed during the last half-century as a result 
of a need to profile subsoil conditions more accu­
rately than conventional methods of drilling and 
intermittent sampling allow. Some of these devices, 
such as the standard penetration and cone penetra­
tion tests, have been widely accepted and used in a 
range of geotechn ical and highway engineering prob­
lems. In highway engineering, in addition to their 
use in solving typical foundation soil bearing ca­
pacity problems, penetrometers have been used as 
quality control tools during the construction of 
compacted embankments. 

The flat dilatometer, first introduced in this 
country in the mid-1970s (1) is basically a pene­
trometer that is also capable of measuring the soil 
stiffness with the help of an expandable, circular 
steel diaphragm attached on a stainless steel blade 
14 mm (0.550 in.) thick. The blade is jacked into 
the soil using a penetrometer rig, A nylon tube that 
runs through the penetrometer rods connects the 
dilatometer control unit with a chamber behind the 
diaphragm, A steel wire passing through the nylon 
tube completes the electrical circuit that is used 
to detect specific positions of the diaphragm center 
as it is expanded against the soil. A spring-loaded 
displacement sensor mounted inside the pressure 
chamber behind the diaphragm is adjusted to close 
the circuit and keep a buzzer on the d ilatometer 
control unit activated when the diaphragm center is 
at two specific positions: (a) flush with the blade 
surface and (b) deflected by 1 mm against the soil. 
During penetration of the blade, the diaphragm is 
kept flush with the surface of the blade by the lat­
eral soil pressure acting on it. As soon as the de­
sired depth is reached, the diaphragm is inflated by 
pressurized gas. The first pressure reading is taken 
at the instant the outward movement of the diaphragm 
is initiated. This is indicated by the silencing of 
the buzzer on the control unit. The second pressure 
reading is taken when the diaphragm center has de­
flected by 1 mm (0.039 in.), at which instant the 
buzzer is activated again. These readings, which 
must be corrected for diaphragm stiffness, are used 
to compute soil index parameters that correlate with 
in situ soil type and characteristics. 

Previous applications of the flat dilatometer in­
clude profiling of subsoil conditions and estimation 
of a number of soil parameters such as at-rest lat­
eral earth pressurei overconsolidation ratioi coef­
ficient of volume compressibilityi and, in saturated 
sands, assessment of liquefaction susceptibility 
(2-4). By virtue of its construction, the flat dila­
t;meter is capable of obtaining lateral soil stiff­
ness data in a nearly continuous manner in both co­
hesive and cohesionless soils. It can, therefore, be 
employed as an alternative to the methods currently 
used in assessing soil response during lateral load­
ing of pile foundations. 

Differences in the soil strains resulting from 
d ilatometer penetration and pile driving, however, 
present difficulties in extrapolating the dilatom­
eter data for use in the analysis of laterally 
loaded pile behavior. This study was designed to 

1. Obtain the soil response against the expan­
sion of the diaphragm in the form .of a continuous 
pressure-diaphragm deflection curve and evaluate the 
significance of such a relationship and 

2, Investigate the changes in the lateral pres­
sure in the immediate vicinity of the dilatometer in 
response to penetration of the dilatometer blade. 

The scope of the work presented covers the possi­
ble use of flat dilatometer data in estimating the 
stiffness of cohesionless soils for laterally loaded 
pile analyses. The results presented are of a pre­
liminary nature. However, the data obtained, which 
should be substantiated by calibration studies on 
laterally loaded full-scale piles, indicate a poten­
tial for effective use of the flat dilatometer in 
securing field data for such analyses. 

LATERAL SOIL STIFFNESS 

A number of techniques and related equipment are 
available for the evaluation of lateral soil stiff­
ness. These include, in addition to the flat dila­
tometer, full-scale lateral pile loading tests 
(5-9), plate-loading tests (10,11), triaxial testing 
(12-;13), consolidation test CW, pressuremeter 

.. . 
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(15 ,16), I o\lla stepped blade (17), standa r d penetra­
tlOntes t (18 1 .!.2), and emp iric al correlations with 
o ther s o il p r o perties (10, 20 , 21). A primary source 
of d ifficul t y in interpreting the t est r esul t s--with 
the e xception o f fu ll-scale p ile l oad testing--has 
been the significan t d ifferences i n deformatio n 
modes imposed on s o.il d uring the t est s and t hos e 
that occur as a r esult of p ile installation and sub­
sequent lateral loading. Therefore, the majority of 
the techniques listed previously will not work sat­
isfactorily under all circumstances. Also, discon­
tinuous profiling of the soil, in relation to the 
lateral stiffness parameters, has a tendency to in­
crease the statistical margin of uncertainty of the 
analysis. Therefore, short of conducting in-place 
full-scale lateral loading tests on prototype piles, 
much remains to the judgment of the engineer in ex­
trapolating the field data, which are often obtained 
in the form of standard or cone penetration test 
results, far enough to make reasonable estimates of 
the lateral soil stiffness parameters. 

our ing a dilatometer test the lateral stresses 
acting on the blade are measured at approximately 
20-cm intervals as the blade penetrates the soil 
under static or impact loading. The mode of deforma­
tion imposed on the soil is similar to that result­
ing from the penetration of a driven pile, and dila­
tometer data may be used in a subgrade reaction type 
of analysis of piles under lateral loading. Because 
of the difference in the lateral soil separation 
that results from dilatometer and pile penetration, 
however, the soil disturbance condition, at which 
the soil stiffness is obtained by the dilatometer, 
is intermediate between undisturbed state and re­
molded conditions as imposed by the cross-sectional 
dimensions of the driven pile and the pile-soil 
friction. This leaves the task of extrapolating the 
dilatometer data backward to zero lateral strain 
condition to obtain the undisturbed soil stiffness 
and forward, within reason, to estimate the pres­
sure-displacement relations for driven piles of sub­
stantially larger cross sections than that of the 
dilatometer blade. Another factor to be remembered 
in the analysis is the dependence of the subgrade 
reaction coefficient on the dimensions of the loaded 
area. 

Marchetti (1), assuming linear elasticity, 
defined a "dilatometer modulus" (E/(l - µ 2

) that can 
be calculated with the data obtained during the ex­
pansion of the diaphragm against soil: 

E/(l - µ') = (2Dt.p)/(irSo) 

where 

E elastic modulus of soil, 
µ = Poisson's ratio of soil, 
o = diaphragm diameter, 

(1) 

S
0 

=deflection of the diaphragm center, and 
~p = difference between two pressure readings cor­

rected for diaphragm rigidity: the first 
reading is taken immediately after the out­
ward movement of the diaphragm has been ini­
tiated (po) , and the second at 1-mm lateral 
deflection of the diaphragm center (Pi_). 

The dilatometer modulus correlates with the soil 
compressibility and the lateral soil stiffness. If 
the generally nonlinear stress-strain response of 
soils is considered, however, the dilatometer modu­
lus in Equation 1 is actually a secant modulus. In 
this study, a suitably placed deflection transducer 
mounted to be in contact with the inside surface of 
the diaphragm was used to obtain a continuous record 
of the deflection of the diaphragm center as a func­
tion of inflation pressure. 
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Ideally, a field calibration test can be con­
ducted on a driven pile instrumented with a number 
of stress cells or dilatometer blades mounted flush 
with the surface (S. Marchetti, personal communica­
tion, 1982). Another dilatometer can be used to pro­
file the soil in the vicinity of the pile and to 
establish correspondence with the pile response ob­
served under lateral loading. However, by most stan­
dards, this technique is time consuming and rela­
tively cost prohibitive to implement as a routine 
field test. 

EXPERIMENTAL STUDY 

The laboratory study to be described was carried out 
under controlled conditions and concentrated primar­
ily on (a) the form of the pressure-diaphragm de­
flection curve when the diaphragm is inflated 
against soil and (b) the effect of the wedging ac­
tion, which takes place as a result of dilatometer 
penetration, on the lateral soil pressure conditions 
in the immediate vicinity of the blade. 

The present design of the flat dilatometer yields 
two pressure readings that necessarily require the 
assumption of ideally elastic soil behavior in cal­
culating the dilatometer modulus. With a standard 
dilatometer, however, a gradually decreasing Pl 
obtained by repeated pressurizing of the diaphragm 
and the fact that on the release of the pressure 
following the first inflation of the membrane the 
buzzer is not activated again are indicative of in­
elastic behavior as well as permanent soil deforma­
tions effected by previous pressurizing. 

To obtain the pressure-deflection curve in a con­
tinuous form, a leaf-type cantilever beam deflection 
sensor, instrumented with a half-bridge strain gauge 
arrangement, was used behind the dilatometer dia­
phragm. The cantilever deflection sensor had a maxi­
mum tip travel of approximately 1.13 mm (0.044 in.). 
No significant creep was observed in deflection 
readings during the experimental program. Both the 
deflection sensor and the diaphragm were mounted on 
an aluminum block, 150 mm (6 in.) long, 100 mm (4 
in.) wide, and 25 mm (1 in.) thick. Experimental 
work was carried out in a steel bin (Figure 1). A 
pipe section 25 mm (1 in.) in diameter was attached 
to the backside of the block and was extended out 
through a hole on the short side of the bin. Dila­
tometer pressure line and deflection sensor wires 
were taken out through the pipe. A sand composed of 
angular particles was used during the experiments, 
and the test specimens were prepared at initial rel­
ative densities of 15, 30, and 45 percent. 

Increasing lateral separation of soil as a result 
of dilatometer penetration was simulated by later­
ally forcing the aluminum block against the soil 
using a trailer jack mounted rigidly on a steel 
frame that, in turn, was welded to the short side of 
the bin. Overburden stress was simulated by applying 
a vertical force through a hydraulic jack on a rigid 
steel plate placed on the sand surface. The steel 
plate was purposely not extended over the aluminum 
block in order to avoid damaging the block as the 
vertical pressure was applied. The vertical force 
was measured by a load cell mounted between the 
steel plate and the hydraulic jack. Before the start 
of each test, overburden load was applied, and, 
through a hole cut in the steel plate, a standard 
dilatometer was introduced to the same depth as the 
aluminum block, diaphragms facing each other. Read­
ings of PO and Pl were taken by the standard dilatom­
eter after 7 mm (0.275 in.) lateral movement of the 
aluminum block. The inflation pressure was measured 
by an electronic pressure transducer mounted on the 
dilatometer control box at a distance of approx!-
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FIGURE l Experimental setup: 1, trailer jack; 2, deflection sensor leads; 3, pressure line; 
4, aluminum block; 5, flat dilatometer; 6, pressure plate; 7, load cell; 8 and 9, hydraulic jacks; 
and 10, dial gauge. 

mately 750 mm (30 in.) from the dilatometer block 
along the pressure line. 

Initially, the pressure versus diapt_iragm center 
deflection curves were taken at o-, 2-, 4-, and 7-mm 
lateral movement of the aluminum block. One such 
group of curves (a) is shown in Figure 2, which was 
redrawn by tracing over experimental curves. How­
ever, it was later discovered that inflating the 
diaphragm at 2- and 4-mm lateral penetration sub­
stantially decreased Pl taken at 7-mm penetration. 
Therefore, a new series of experiments was performed 
in which the full inflation curves were obtained at 
0- and 7-mm lateral penetration values only. At in­
termediate penetration values of 2, 3, 4, and 5 mm, 
only the Po readings were taken. Repeated pressur­
izing of the diaphragm (five times) was performed in 
the majority of tests at 7-mm lateral movement of 
the block (Curve bin Figure 2). The diaphragm cali-
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FIGURE 2 Block dilatorneter chamber pressure­
diaphragrn center deflection curves: a, initial 
inflation curves; b, repeated pressurizing curves; and 
c, diaphragm calibration curve. 

bration curves were taken several times during the 
experimental study by inflating the diaphragm 
against atmospheric pressure before the sand speci­
mens were prepared inside the bin (Curve c in Figure 
2). The net pressure-diaphragm deflection curves can 
subsequently be obtained with reference to this cal­
ibration curve. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Pressure-Diaphragm Deflection Curves 

An increasingly nonlinear relationship between the 
pressure and the diaphragm center deflection was 
observed as the aluminum block was gradually forced 
horizontally against the soil. Curve family (a) in 
Figure 2 illustrates this behavior. The full infla­
tion curves at intermediate lateral penetrations of 
2 and 4 mm were taken during the first series of 
experiments only. At all three initial relative den­
sities, however, within the 0- to 1-mm deflection 
range of the diaphragm center, no significant non­
linearity was observed on the ptessure-deflection 
curves taken before the lateral movement of the 
aluminum block. This indicates that, if the dia­
phragm inflation were to be started at at-rest earth 
pressure condition, the deflection range of the dia­
phragm would be inadequate to detect the nonlinear­
! ty in the pressure-diaphragm deflection curve that 
would definitely occur at larger deflections. 

If, however, the point of interest is specifi­
cally the soil stiffness for the small-strain lat­
eral response analysis of cast-in-place piles, a 
relationship to be obtained between the dilatometer 
modulus and the modulus corresponding to lateral 
loading beginning with at-rest earth pressure condi­
tions will be convenient. One such relation, shown 
in Figure 3, indicates linear dependence between the 
two modulus values. The resulting relationship is 
evidently independent of the relative density and 
overburden stress conditions. A relation of this 
nature should be useful in estimating the Young's 
modulus of the soil for possible use in formulas 
relating the modulus of elasticity of the soil to 
the lateral coefficient of subgrade reaction (12) • 
Further testing is presently under way to inve;t'i­
gate whether the slope of the line in Figure 3 is 
significantly dependent on soil type. Also, for 
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seismic analyses, a plot of this type is expected to 
yield reasonably accurate values for the small­
s train shear modulus of the soil in situ if a rea­
sonable assumption about the Poisson's ratio can be 
made. If the shear modulus at still smaller strains 
were needed, the continuous pressure-diaphragm de-
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flection curve obtained by the cantilever beam at­
tachment would have to be used. 

In the majority of the experiments, the se..:ant 
value of the dilatometer modulus calculated from the 
pressure-deflection curve using Equation 1 yielded 
reasonable average values for the modulus within the 
0- to 1-mm range of lateral soil displacements. How­
ever, the tests also indicated that the initial tan­
gent dilatometer modulus can be as much as 50 per­
cent higher than the secant modulus. This points to 
the possibility of a substantially lower actual mod­
ulus value if the inflation curve is extrapolated 
significantly beyond the 1-mm point, or a substan­
tially greater modulus at lateral displacements of 
less than 1 mm. 

During the experiments, Po and Pl values obtained 
with a standard dilatometer blade were found to be 
consistently less than the corresponding values ob­
tained after laterally penetrating the aluminum 
block 7 mm toward the soil. Figure 4 shows the dif­
ference for 30-kPa vertical pressure at initial rel­
ative densities of 15, 30, and 45 percent. This is 
interpreted as reflective 0f the effect of vertical 
shear deformations accompanying lateral separation 
of soil during the penetration of the standard dila­
tometer. No such action took place as the aluminum 
block was forced against the soil laterally. Table 1 
gives a comparison of these readings for the second 
test series. 

Because of the lack of a provision for continu-

-4 
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FIGURE 4 Values of Po and p1 obtained by standard dilatometer 
and the dilatometer block as a function of the initial relative density: 
Lines I and 3, aluminum block; Lines 2 and 4, standard dilatometer. 

TABLE I Dilatometer Block and Standard Dilatometer Diaphragm Inflation Data 

Dilatometer Block Dilatometer Block 
Initial Vertical (at rest) (7 mm) Standard Dilatometer 
Relative Pressure 
Density(%) (kPa)3 Po (kPa) P1 (kPa) Po (kPa) Pt (kPa) Po (kPa) Pt (kPa) 

15 12.5 IO 35 80 190 38 147 
30 IO 50 130 285 48 167 
50 75 180 350 610 93 393 

JOO 110 255 460 820 133 638 
30 12.5 20 50 JOO 265 38 152 

27 30 85 155 340 58 273 
50 45 110 ?.35 475 78 358 

100 80 195 395 695 148 572 
45 12.5 5 65 145 375 68 243 

30 27 .5 110 245 520 78 363 
50 45 150 300 625 123 498 

100 85 260 445 1050 218 843 

3 t kPa = 0 . 145 lb/in.2 . 
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ously recording the movement of the diaphragm on the 
standard flat dilatometer, it is not possible to 
assess the effects of repeated pressurizing of the 
diaphragm on the lateral soil stiffness. The pres­
sure to reach 1-mm deflection gradually decreases 
with successive cyclings of pressure. However, be­
cause the exact position of the diaphragm cannot be 
determined when the pressure is reduced to zero, the 
term S0 in Equation 1 is unknown and a new value 
of the dilatometer modulus cannot be determined. 
Continuous measurement of pressure and diaphragm 
deflection, however, indicated increased soil stiff­
ness for repeated cyclings of pressure (curve group 
b in Figure 2), although beyond the second cycling 
of the pressure the change observed in the dilatom­
eter modulus was minimal (Figure 5). Residual defor­
mation, however, continued to build up with con­
tinued cycling of pressure. The initial upward 
curvature recorded on the cycling curves is thought 
to be due to the receding of the diaphragm by a 
small amount from the soil following the depressur­
izing of the chamber. On repressurizing, when the 
diaphragm-soil contact was established, the curves 
became significantly steeper. 

It is thought that the cycling curves can be used 
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in estimating the buildup of permanent deformations 
in soil surrounding piles laterally· loaded in a 
repetitive manner. However, a viable method of es­
tablishing correspondence between the test data and 
the actual pile response has yet to be devised. 

Lateral Pressure as a Function of Soil Separation 

The lateral pressure necessary to start the outward 
movement of the diaphragm on the block <Pol , plotted 
as a function of the lateral movement of the block, 
yielded approximately a straight line for all three 
relative densities and vertical pressures. Figure 6 
shows two such curves. The slope of a continuous 
curve of Po versus the lateral movement of the block 
should indicate the coefficient of subgrade reaction 
of the soil for an object separating the soil lat­
erally--in this case, the flat dilatometer. The 
present flat dilatometer design does not allow for 
obtaining such relationships in field applications. 
However, it would be enlightening to see if the dia­
phragm pressurization data taken after 7 mm of lat­
eral deflection might be of any use in determining 
the value of the slope of this curve. For this, con­
sider the curves in Figure 6. If linearity is as­
sumed, between o- and 7-mm lateral separation values 
the lateral coefficient of subgrade reaction would be 

(2) 

In Equation 2, d is the half-thickness of the dila­
tometer blade. The numerical data in Figure 6 yield, 
for the upper curve, 

kh = [(245 - 27.5)/0.007) 
(114.3 lb/in.') 

31 070 kN/m' 

With the block width of 100 mm (4 in.), the sub­
grade reaction modulus becomes 

k = 31 070 x O.l = 3107 kN/m' (450 lb/in.') 

A "diaphragm subgrade reaction coefficient" was 
defined for the purpose of comparing the soil stiff­
ness values obtained by Equation 2 and during the 
inflation of the dilatometer diaphragm through Equa­
tion 1. Rearranging Equation 1 in the form 

('11/2D) [E/ (1 - µ 2
) I (3) 

Relative De111ity Vertical Pre11ure 
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200 45% 30 kPa 
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FIGURE 6 Po versus lateral block movement curves obtained by the 
aluminum block. 
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yields the ratio of the difference between two cor­
rected pressure readings to the diaphragm center de­
flection and has the same units as the subgrade. 
reaction coefficient. Both 6p and s 0 are quantities 
measured during a dilatometer test, and the ratio 
6p/s0 can be calculated without knowledge of the 
terms on the right-hand side. The data obtained by a 
standard dilatometer for this particular test 
yielded approximately 285 000 kN/m' (1,046 lb/in.') 
for the diaphragm subgrade reaction coefficient. A 
comparison indicates that this value is an order of 
magnitude greater than the lateral coefficient of 
subgrade reaction obtained previously. 

One possible way of interpreting the difference 
is that, as the block penetrates laterally, yielding 
of the soil in the vicinity of the edges takes 
place, whereas, when the diaphragm is inflated, it 
is forced against the part of the soil that was den­
s if ied by the wedging action of the dilatometer 
blade without yielding significantly. The difference 
is also believed to be partly a typical display of 
the dependence of the subgrade reaction on the con­
tact area and the difference in the modes of defor­
mation imposed by the blade, in the form of lateral 
penetration of a rectangular object, and by the dia­
phragm, as essentially axisymmetric loading of a 
thin plate. 

A first-approximation value of the lateral sub­
grade reaction modulus can be computed with Equation 
2 using Po obtained by a standard dilatometer and 
assuming zero in situ lateral stress. For the same 
initial relative density (45 percent) and the simu­
lated overburden pressure (30 kPa) conditions con­
sidered previously, the data yielded 

kn= (78/0,007) = 11 142 kN/m' (41.0 lb/in.') 

This value, also, is substantially lower than the 
dilatometer subgrade reaction coefficient calculated 
on the basis of the diaphragm inflation data. 

Because of the soil disturbance resulting from 
the penetration of the blade, the values of the 
average coefficient of subgrade reaction obtained by 
the standard dilatometer were substantially dif­
ferent from those obtained by the block. Given that 
the lateral subgrade reaction obtained by the block 
will be more representative as a design value in the 
case of cast-in-place piles, it is interesting to 
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note that these two values plot approximately as a 
straight line at small overburden pressures with 
evidently little dependence oh relative density 
(Figure 7). The slope of this line is defined here 
as the "disturbance index" and represents the cor­
rection factor by which the standard dilatometer 
subgrade reaction coefficient value should be di­
vided to obtain a disturbance-free lateral subgrade 
reaction coefficient. With increasing overburden 
pressure, however, the effect of relative density 
becomes more pronounced, and, also, the straight 
line approximation does not remain valid (Curves a, 
b, and c in Figure 7). At this point it is not known 
whether the relationship is significantly dependent 
on the type of sand. In the case of piles con­
structed in sand, a sample of the soil can be tested 
in the laboratory using a setup similar to that in 
Figure 1 to obtain, for subsequent analyses, an ap­
proximate value of the disturbance index and, if 
necessary, a complete group of curves similar to 
those of Figure 7. 

Schmertmann (22) suggests that a first approxima­
tion of the value of the lateral subgrade reaction 
coefficient can be obtained as the ratio of the dif­
ference between the standard dilatometer PO reading 
and the at-rest lateral earth pressure to the half­
thickness of the dilatometer blade (Line c in Figure 
8). Here the at-rest lateral pressure is to be esti­
mated through a statistical relationship presented 
by Marchetti C.:!.l • However, as discussed previously, 
because of the disturbance that results from the in­
sertion of the dilatometer blade, the undisturbed 
p-y relationship (Curve a in Figure 8) may be sig­
nificantly different from the value calculated as 
the slope of Line c in Figure 8. Nevertheless, this 
assumption may have merit in assessing the lateral 
stiffness of the soil around driven piles because of 
the significant soil disturbance associated with the 
pile installation techniques. 

For cast-in-place piles constructed without sub­
stantial remolding of the soil in the vicinity of 
the pile, a bett.er value of the lateral subgrade 
coefficient can probably be obtained by dropping the 
in situ lateral pressure term from the calculation 
scheme. Although theoretically incorrect, ignoring 
this term will have an improving effect on the cal­
culated value of the subgrade reaction coefficient 
because the remolding of the soil around the dila­
tometer already results in too low a value for Po. 

400 600 

BLOCK SUBGRADE REACTION (kN/m3xd) 

FIGURE 7 Relationship between average values of dilatometer and 
block suhgrade reaction calculated over a separation distance of 7mm. 
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This argument assumes that the Po value obtained 
by the dilatometer is always less than what it would 
be if lateral soil separation were not accompanied 
by vertical shear deformations around the blade dur­
ing penetration, which implies contractive soil be­
havior. The effect of possible delative behavior is 
not known at present and further work is planned to 
clarify this point. 

A case study on a pier foundation 1370 mm (4.5 
ft) in diameter and 4500 mm (15 ft) long constructed 
in a silt soil yielded good agreement between the 
measured lateral pier-top displacement and the com­
puted value obtained by using the subgrade reaction 
coefficient corrected according to Figure 7. In the 
analysis, the slope of the initial straight line 
portion of p-y curves (~) was computed on the basis 
of the corrected subgrade reaction coefficient. An 
extensive field calibration study, however, appears 
to be absolutely necessary to evaluate the potential 
of the flat dilatometer for securing data for use in 
pile analyses under lateral loading, especially if a 
strong nonlinearity is present in the lateral re­
sponse characteristics of the soil. 

The test results presented indicate that the di­
rect use of the diaphragm subgrade reaction coeffi­
cient (as defined in Equation 3) in analyses will 
probably result in a substantial overestimation of 
the actual soil stiffness for the pile dimensions 
considered. It should, however, also be stressed 
that the laboratory study was conducted on a sand. 
At the present time, the writers do not have data on 
this aspect of the behavior of cohesive soils. 

CONCLUSION 

The results obtained, although preliminary in na­
ture, point out some of the factors that have to be 
considered and the questions that need to be an­
swered in order to realize the full potential of the 
flat dilatometer. The potential certainly exists for 
using dilatometer data in estimating the subgrade 
coefficient of soils for lateral loading. In its 
present form, the flat dilatometer is capable of 
yielding an average soil modulus instead of a com­
plete description of the lateral stress-displacement 
(p-y) relationship, and the modulus value obtained 
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will probably reflect the soil stiffness within a 
small deflection range. 

This study points out a viable procedure for ob­
taining representative values of soil stiffness for 
piles constructed in place with little disturbance 
to the soil in the immediate vicinity •. The subgrade 
reaction modulus obtained by a standard dilatometer 
can be corrected for soil disturbance to give a rep­
resentative value for the disturbance-free soil 
stiffness. However, the more general problem of re­
lating the data to the actual soil stiffness as a 
function of the pile cross section and the method of 
pile installation is presently the primary obstacle 
that has to be removed through further study. Re­
search should also address the question of whether 
the dilatometer modulus can effectively be combined 
with the subgrade reaction modulus obtained by Equa­
tion 2 to substantiate data on the lateral stiffness 
of a soil (e.g., evaluating nonlinear effects). 

REFERENCES 

1. s. Marchetti. A New In-situ Test for the Mea­
surement of Horizontal Soil Deformabili ty. 
Proc., Conference on In Situ Measurement of 
Soil Properties, ASCE, New York, Vol. 2, 1975, 
pp. 255-259. 

2 • s. Lacasse and T. Lunne. Penetration Tests in 
Two Norwegian Clays. Proc., Second European 
Symposium on Penetration Testing, Amsterdam, 
The Netherlands, vol. 2, 1982, pp. 661-670. 

3. s. Marchetti. In Situ Tests by Flat Dilatom­
eter. Journal of the Geotechnical Engineering 
Division, ASCE, Vol. 106, No. GT3, 1980, pp. 
299-321. 

4. s. Marchetti. Detection of Liquefiable sand 
Layers by Means of Quasi-Static Penetration 
Tests. Proc., Second European Symposium on Pen­
etration Testing, Amsterdam, The Netherlands, 
Vol. 2, 1982, pp. 689-696. 

5. J.M.O. Hughes, P.R. Goldsmith, and H.D.W. Fend­
all. Full Scale Laterally Loaded Pile Test at 
the Westgate Freeway Site, Melbourne, Aus­
tralia: Load Deflection Predictions and Field 
Results. Report 190. Department of Civil Engi­
neering, University of Auckland, Auckland, New 
Zealand, 1979, 80 pp. 

6. H.G. Poulos. Behavior of Laterally Loaded 
Piles: II-Pile Groups. Journal of the Soil Me­
chanics and Foundations Division, ASCE, Vol. 
97, No. SM5, 1971, pp. 733-751. 

7. L.C. Reese, W.R. Cox, and F.D. Koop. Analysis 
of Laterally Loaded Piles in Sand. Paper UTC 
2080. Presented at the Fifth Annual Offshore 
Technology Conference, Houston, Tex., 1974. 

8. L.C. Reese and R.C. Welch. Lateral Loading of 
Deep Foundations in Stiff Clay. Journal of the 
Geotechnical Engineering Division, ASCE, Vol. 
101, No. GT7, 1975, pp. 633-649. 

9. L.C. Reese, W.R. Cox, and F.D. Koop. Field 
Testing and Analysis of Laterally Loaded Piles 
in Stiff Clay. Paper OTC 2312. Proc., Seventh 
Offshore Technology Conference, Houston, Tex., 
1975. 

10. B.B. Broms. Lateral Resistance of Piles in co­
hesive Soils. Journal of the Soil Mechanics and 
Foundations Division, ASCE, Vol. 90, No. SM2, 
1964, pp. 27-63. 

11. K. Terzaghi. Evaluation of Coefficient of Sub­
grade Reaction. Geotechnique, Vol. 5, No. 4, 
1955, pp. 297-326. 

12. A.S. Vesic. Bending of Beams Resting on Iso­
tropic Elastic Solid. Journal of the Engineer­
ing Mechanics Division, ASCE, Vol. 87, No. EM2, 
1961, pp. 35-53. 



Transportation Research Record 1022 

13. A.S. Vesic. Beams on Elastic Subgrade and the 
Winkler' s Hypothesis. Proc., 5th International 
Conference on Soil Mechanics and Foundation En­
gineering, Paris, France, Vol. 1, 1961, pp. 
845-850. 

14. A.J. Francis. Analysis of Pile Groups with 
Flexural Resistance. Journal of the Soil Me­
chanics and Foundations Division, ASCE, Vol. 
90, No. SM3, 1964, pp. 1-32. 

15. F. Baguelin and J.F. Jezequel. Further Insights 
on the Self-Boring Technique Developed in 
France. Proc., ASCE Specialty Conference on In­
Situ Measurement of Soil Properties, Raleigh, 
N.C., Vol. 2, 1975, pp. 231-243. 

16. L. Menard. Rules for the Calculation of Bearing 
capacity and Foundation Settlement Based on 
Pressuremeter Tests. Proc., 6th International 
Conference on Soil Mechanics and Foundation En­
gineering, Toronto, Canada, Vol. 2, 1965, pp. 
295-299. 

17. R.L. Handy, B. Remmes, s. Moldt, A.J. Luteneg­
ger, and G. Trott. In Situ Stress Determination 
by Iowa Stepped Blade. Journal of the Geotech­
nical Engineering Division, ASCE, Vol. 108, No. 
GTll, 1982, pp. 1405-1422. 

Abridgment 

135 

18. D.J. D'Appolonia, E. D'Appolonia, and R.F. 
Brisette. Discussion of Settlement of Spread 
Footings on Sand. Journal of the Soil Mechanics 
and Foundations Division, ASCE, Vol. 96, No. 
SM2, 1970, pp. 754-762. 

19. I. Yoshida and R. Yoshinaka. A Method to Esti­
mate Modulus of Horizontal Subgrade Reaction 
for a Pile. Soils and Foundations, Vol. 12, No. 
3, 1972, pp. 1-17. 

20. M.T. Davisson. Lateral Load Capacity of Piles. 
!.!!. Highway Research Record 333, TRB, National 
Research Council, Washington, D.C., 1970, pp. 
104-112. 

21. A.W. Skempton. The Bearing Capacity of Clays. 
Building Research Congress, Institution of 
Civil Engineers, Division 1, Part 3, 1951, pp. 
180-109. 

22. J.H. Schmertmann, ed. DMT Digest 4. GPE, Inc., 
Gainesville, Fla., 1984. 

Publication of this paper sponsored by Committee on 
Soils and Rock Instrumentation. 

Pavement Failure Investigation: Case Study 
VISHNU A. DIYALJEE 

ABSTRACT 

An investigation of pavement distress occurring along a major two-lane roadway 
5 years after its construction is presented. The primary objective of the study 
was to determine the probable cause or causes of the pavement distress. The 
investigation involved a condition survey and an examination of the pavement 
structure and subgrade through soil borings. The condition survey showed that 
outer wheel path rutting and associated cracks were severe on both lanes and 
covered about 6B percent of the overall length of the roadway. The soils inves­
tigation revealed that the bank gravel subhase was saturated and the bituminous 
base course had deteriorated to a virtually cohesionless material that could be 
easily removed with the fingers. Distinct rapid seepage of water was observed 
at the interface of the base and subbase layers and within the subbase. On the 
basis of the findings of the investigation, it was concluded that the major 
factor causing distress was free water trapped within the pavement structure. 
This water, it was reasoned, infiltrated the pavement through cracks and a 
porous surface but because of the poor drainability of the subbase was unable 
to leave the pavement through the shoulders. This situation resulted in the 
pavement existing in a "bathtub" condition. 

Most, if not all, flexible pavement structures un­
dergo some form of distress during their design 
life. Investigation of the cause or causes of dis­
tress is required for successful pavement rehabili­
tation and to provide data for improving or modify­
ing design methods, construction techniques, and job 
specifications. 

An investigation undertaken to determine the 
probable cause or causes of continually occurring 

pavement distress along a major two-lane roadway is 
described. 

BACKGROUND 

The roadway investigated is located in Trinidad, 
West Indies, an island with a uniform average yearly 
temperature of 26° C (79° F) and annual rainfall of 
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1.5 to 3.0 m (5 to 10 ft). This roadway, situated in 
the Southern Basin, was constructed in 1975 as a 
connector road between a major four-lane divided 
highway and a secondary road at the southern extrem­
ity of the four-lane highway. 

The cross section of the connector road consisted 
of two 3.66 m (12 ft) travel lanes with 1.22-m (4-
ft) shoulders. The design pavement thickness was 267 
mm (10. 5 in.) under the travel lanes and consisted 
of 127 mm (5 in.) of asphaltic concrete pavement 
overlying 140 mm (5,5 in.) of down-graded bank 
gravel subbase with a maximum size of 38 mm (1.5 
in.) and 25 percent passing the 0.074 mm (No, 200) 
mesh. The shoulder design consisted of 89 mm (3.5 
in.) of chip-sealed asphaltic concrete overlying the 
bank gravel subbase. 

Outer wheel path ruts, longitudinal cracks, and 
pavement distortions along both lanes of the roadway 
prompted an investigation to be undertaken in June 
1980. The investigation included a pavement condi­
tion survey and a subsoil investigation. Before this 
investigation, isolated areas had been overlaid but 
the previous distress recurred. 

CONDITION SURVEY 

This survey, done by the guidelines outlined in the 
Manual for Condition Rating of Flexible Pavements 
(1), indicated that the major pavement distress man­
ifestations were 

1. Outer wheel track rutting and associated fa­
tigue cracks, 

2. Pavement distortion, and 
3. Longitudinal cracks and depressions along the 

shoulders. 

These distress manifestations were predominant along 
the eastbound lane where only about 6 percent of the 
pavement surface was free from major defects. 

SUBSOIL INVESTIGATION 

Test Holes 

Five boreholes, including two groundwater observa­
tion holes, and three test pits were sunk at loca­
tions shown in Figure 1. During the drilling, the 
following were observed: 

1. Rapid seepage of water at the interface of 
the asphaltic base course and bank gravel layers and 
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through the bank gravel itself. The quantity of flow 
was measured as roughly 76 cm' (0,003 ft') per 
second in Borehole 1. 

2. Seepage or "bleeding" of water through cracks 
in the pavement surface. 

3. Deterioration of the asphaltic -concrete base 
course. This layer was found to be deficient in as­
phalt and extremely brittle. In Borehole 2, for ex­
ample, the base course had deteriorated into an al­
most cohesionless material that could be easily 
removed with the fingers. 

Groundwater Conditions 

No groundwater was encountered in the test holes or 
in the two observation boreholes sunk off the edge 
of the shoulder. The observation holes were drilled 
to a depth of 5 m (15 ft) relative to the elevation 
of the carriageway at the test boring locations and 
observed over a period of 2 weeks following the site 
investigation. 

Soil Profile 

The profile deduced from the boreholes consisted of 
structural pavement layers overlying a silty clay 
subgrade soil. The thickness of the structural pave­
ment varied between 300 and 584 mm (12 and 23 in.) 
and consisted of 120 to 406 mm (5 to 16 in.) of as­
phaltic concrete pavement. The subhase course con­
sisted of bank gravel varying in thickness between 
127 and 180 mm (5 and 7 in.). 

SOIL CHARACTERISTICS 

Atterberg limits, shear strength, and standard Proc­
tor compaction results for the subgrade soil are 
shown in Figures 2 and 3, and California bearing 
ratio (CBR) test results are summarized in Table 1. 

The subgrade soil was mainly of the CH type and 
exhibited very high potential expansiveness (Figure 
4) as determined from Williams' chart (3l· 

Although swelling of the subgrade soil can con­
tribute to pavement failure, there was no consistent 
evidence from the condition survey and the soils 
investigation that the distress along the carriage­
way was caused by subgrade volume change. 
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SUBGRADE STRENGTH 

For pavement design, the strength of the subgrade in 
tropical climates is normally assessed in terms of 
the California bearing ratio. Using shear strength 
parameters, c = 36 kPa (5.22 psi) and 4> • 14 de-
grees, and average of values within the top 0.6 m (2 
ft) of subgrade in Boreholes 2 and 3, an estimated 
in situ CBR value of 6.3 percent was obtained (_l). 

This value compares favorably with 6.6 percent ob­
tained from laboratory tests on an in situ sample, 
(Table 1). 

Although several criteria have been proposed for 
determining the soil strength to be used for design 

TABLE 1 Summary of California Bearing Ratio Test Results 

Bulle Dry 
Density Density 

Test in kg/m3 in kg/m3 MC CBR" Swell 
Pit (lb/ft 3 ) (lb/ft 3 ) (%) (%) (%) Remarks 

1902 1514 25.6 6.8 Remolded 
(119) (94) 

1538 22 Standard Proctor 
(96) optimum 

1 3.2 2.5 4-day soak 
2 1891 1458 32 6.6 In situ 

(118) (91) 
3 1869 1506 24 7.1 Remolded 

(117) (94) 
1510 23 Standard Proctor 
(94) optimum 

3 2.5 2.6 4-day soak 

8 Average of CBR values obtained from testing both top and bottom of specimen. 

purposes (_1-2,), the 4-day soaking period is consid­
ered the most appropriate for soils exhibiting ap­
preciable swell and for climates in which annual 
rainfall exceeds 245 mm (9. 6 in.) (§_) • Therefore, 
the CBR of 2.9 percent rounded to 3 percent was con­
sidered appropriate for design. 

DESIRABLE PAVEMENT THICKNESS 

As a first step in pinpointing the cause of the 
pavement failures, the adequacy of the pavement de­
sign of the connector road was checked using the Na­
tional Crushed Stone Association method of design 
(7). This method was chosen in the absence of actual 
traffic data. 

Using a CBR of 3 percent, pavement thicknesses of 
533 mm (21 in.), 610 mm (24 in.), 660 mm (26 in.), 
and 762 mm (30 in.) were obtained for four catego­
ries of traffic loadings--medium, medium heavy, 
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heavy, and very heavy. These pavement thicknesses 
are considerably greater than is the design pavement 
thickness of the roadway. 

Except for the design pavement thickness of 267 
mm (10.5 in.) for the connector road, no information 
could be found on the "thickness design• of this 
roadway. However, for the adjoining main-line (four­
lane) highway the design pavement thickness was 394 
mm (15.5 in.). This thickness was determined using 
the Asphalt Institute's method of design (8), a de­
sign CBR of 2. 5 percent, design traffic number of 
82, and a 20-year design life (1970 to 1990). This 
pavement was made up of 234 mm (9.2 in.) of asphaltic 
concrete pavement overlying 140 mm (5.5 in.) of 
downgraded bank gravel. 

The pavement thickness of the connector road was 
considerably less than that of the main line. How­
ever, when the in situ thickness of the connector 
road at the time of investigation is considered, the 
average pavement thickness as well as asphalt pave­
ment thickness far exceeded the design thickness of 
the main line. 

Because the connector road was only 5 years old 
at the time of this investigation, the design thick­
ness of 267 mm (10.5 in.) should have been adequate 
for a design traffic intensity similar to that of 
the main line using planned stage construction for a 
specified period (8). 

It is of interest to note, however, that in a 
recent 20-year design (1980 to 2000) of the south 
extension of the main line, a pavement thickness of 
851 mm (33.5 in.) was recommended. This design was 
based on a design traffic of 2 to 6 million standard 
axles and a subgrade CBR of 2 percent. The design 
pavement was to be made up of 76 mm (3 in.) of as­
phaltic concrete surface and leveling courses, 150 
mm (6 in.) of asphaltic concrete base course, 200 mm 
(8 in.) of crushed rock base course, and 425 mm (17 
in.) of stone and sand-free clay surface coatings. 

Compared to the 1970 and 1975 main-line and con­
nector road designs, this recent design suggests a 
large escalation in axle loads that could probably 
not have been anticipated during the previous de­
signs. This increase in traffic was due to the in­
creased off-shore exploration along the south coast 
of Trinidad and the increasing sales of commercial 
and passenger vehicles caused by a booming economy-­
the spin-off of increased world market oil prices in 
the mid 1970s. In 1979, for example, the waiting 
period for a new vehicle was about 3 years. 

On the basis of the foregoing, it can be readily 
concluded that both the connector and the main line 
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were seriously underdesigned. On the other hand, be­
cause the connector road with an in situ asphaltic 
concrete pavement of 406 mm (16 in.) and an overall 
pavement thickness of 583 mm (23 in.) still suffered 
failures, it is questionable whether inadequate 
pavement thickness was the principal cause of dis-
tress. 

Corroboration that inadequate pavement thickness 
was not the principal factor was provided by an in­
vestigation of the northbound carriageway of the 
main line in areas where seepage through the pave­
ment surface was noted. In such areas the only ex­
ternal evidence of pavement distress was short dis­
continuous longitudinal cracks concentrated along 
the inner and outer wheel paths. Investigation of 
these areas showed pavement seepage and deteriora­
tion of the asphaltic base course similar to that 
found during the investigation of the connector 
roadway. 

On the basis of these observations, it was con­
cluded that the major factor influencing distress 
along travel lanes of the connector road was water 
trapped within the pavement section. Inadequate 
pavement thickness, although identified, was not 
considered a significant factor. 

DISCUSSION 

It is surmised, in the absence of detailed informa­
tion on the history of construction or postconstruc­
tion performance of this roadway, that this water 
entered the pavement from surface infiltration 
through cracks and a porous asphalt surface. This 
conclusion was reached because there was no evidence 
of groundwater seepage in any of the test holes or 
groundwater observation holes. That the roadway sec­
tion investigated was entirely on fill ruled out the 
possibility of lateral seepage as well. It should be 
noted that, up to the time of this investigation, 
crack sealing was not normally carried out in Trin­
idad as part of the routine maintenance of roadways. 

The loss of serviceability of the base course as 
a result of the presence of water is readily appre­
ciated on examination of the base course. As men­
tioned previously, this layer has been reduced to an 
almost cohesionless material. It is the author's 
opinion that the drainage of the entrapped water oc­
curs only by "bleeding" through the pavement surface 
as noted during the investigation. 

Bleeding occurs through crack's in the pavement 
surface and is encouraged by repeated traffic load­
ings and thermal changes. Bleeding was noted to oc­
cur principally during the warmer portion of the 
day. The effect of increased temperature is to heat 
the air entrapped in the pavement and thereby give 
the water a "lift." 

Good lateral drainage of the pavement structure, 
a factor considered essential to pavement longevity, 
could only have occurred through the bank gravel 
subbase course. However, the bank gravel used was 
moderately plastic (liquid limit 29 percent, plastic 
limit 18 percent). In addition, properly compacted 
bank gravel has a low permeability due to the high 
percentage of minus 0.074 mm (No. 200) fraction. Low 
drainability of the subbase was substantiated by the 
following observations: 

• The amount of water observed to be contained 
within the carriageway on removal of the asphaltic 
layers and 

• Water standing for a day or two on the sur­
face of the subbase material after a period of rain­
fall. 
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The combination of the poor drainability of the sub­
base and the presence of water caused the pavement 
section to exist in a "bathtub" condition (~). 

CONCLUSION 

An investigation of the cause of pavement distress 
along a major two-lane roadway has been described. 
The results of this study have shown that the major 
factor affecting pavement performance was free water 
trapped within the pavement section. overall, this 
study demonstrates the influence of water on pave­
ment performance and the necessity for providing 
good drainage within the pavement structure in cli­
mates with moderate to heavy rainfall. 
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