
200 000 cycles respectively, and at the 65 percent stress 
level, these values are 200 000 and 1 700 000 cycles 
respectively. The difference in the fatigue lives of the 
two concretes at 70 percent of the modulus of rupture 
is 130 000 cycles, and at 65 percent, it is 1 500 000 
cycles. The lower stress ranges are crucial with re
spect to pavement design, which makes this divergence 
of critical importance. 

CONCLUSIONS 

1. The fatigue behavior of plain concrete in flexure 
is affected by its air content. Fatigue strength de
creases as air content increases. 

2. The modulus of rupture, the compressive strength, 
the modulus of elasticity, and the unit weight of con
crete all decrease as the air content of the concrete in
creases. 

3. As the air content increases, the failure of con
crete subjected to fatigue occurs increasingly at the 
interface of the aggregate and the cement paste. On a 
macroscopic level, the fatigue failure surface is similar 
to the modulus-of-rupture (static) failure surface . 
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Pavement-Layer Modular Ratios 
From Dynaflect Deflections 
R. A. Jimenez, Arizona Transportation and Traffic Institute, College of 

Engineering, University of Arizona 

Pavement systems and individual layers were evaluated by using the de
flections obtained with the Dynaflect device. The pavements were con· 
sidered to be three-layer systems, and the deflection data were used to 
estimate ratios of the elastic moduli of the adjacent layers (Kl and K2) . 
These ratios reduce the system from three values of elastic modulus to 

two values of modular ratio. Certain assumptions were made related to 
pavement factors that affect deflections and also the elastic modulus of 
the asphalt concrete layer (El). A graphical trial-and-error procedure 
was used to match the surface deflections calculated by using the Chevron 
program for the Dynaflect load with the actual deflections measured on 
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the roadway. The results obtained were related to (a) time-of-year ef
fects, (b) range of values of K 1 and K2, (c) effects of the assumed value of 
E1 on the estimated values of the moduli of the base and subbase (E2 and 
E3 respectively), (d) effects of elevation on E1/E2 (i.e., K1 ), and (e) sug
gested modification of the locations of the Dynaflect geophones . 

The Highway Division of the Arizona Department of 
Transportation (ADOT) is developing a design procedure 
for flexible pavements based on three-layer elastic the
ory for the control of stress and strain. The basic con
cepts involved in the procedure have been given else
where (1) as have improved definitions of the material 
characteristic s and vehicular loadings used (2). This 
paper will begin with a discussion of the methods used 
for the computation of stresses and strains. 

The design procedure is based on fatigue considera
tions and related to the radial tensile stress at the bot~ 
tom of the asphalt concrete surface course and the ver
tical compressive strain on the top of the subgrade. It 
is assumed that there is a singular value-Kl-of the 
ratio of the modulus of the asphalt concrete layer (El) 
to the modulus of the base layer (E2) (i.e., Kl = El/E2) 
and an analogous ratio-K2-of the modulus of the base 
layer to the modulus of the subbase layer (E3) (i..e., 
K2 = E2/E3) and that Kl = 10. This singular-value as
sumption is based on the concept that the radial stress 
depends primarily on Kl, rather than on the absolute 
value of El. Because the surface course is manufac
tured, it is assigned a constant El-value of 1.38 GP a 
(200 000 lbf/in2

). To account for envi1·onmental effects, 
El only is modified by a temperature-related factor that 
varies linearly with the elevation. 

The value of E3 can be obtained from physical mea
surements of the subgrade soil. At present, E3 is ob
tained by correlation rather than by a direct method. 
The effects of environment on E3 are included through 
the use of a factor related to rainfall that also varies 
linearly with elevation in Arizona. 

An opportunity to verify these assumptions and others 
arose in 1974 when ADOT initiated a research program 
entitled "Environmental Factor Determination' From In
Place Temperature and Moisture Measurements Under 
Arizona Pavements." At many of the test sites, Dyna
flect deflections were made at various times during the 
year. A portion of these data have been studied to mea
sure the change of layer modulus with time of year and 
to compare the relative stiffnesses of the pavement 
layers. 

DYNAFLECT SITES AND TEST 
PROCEDURE 

The Dynaflect device was first described by Scrivner and 
Moore ~) in 1964; in 1966, Scrivner and others ~) de-

Table 1. Dynaflect test sites. 

Site Mile-
Identification Location Route Section Direction post 

Dl Benson I-10 5(7) Westbound 300 
D2 Alpine US-180 8269(2) Eastbound 427 
D3 Avondale US-80 8371(1) Eastbound 183 
D4 Topock I-40 1(8) Westbound 0.43 
D5 Winona I-40 4(69) Westbound 212 
D6 Deer Valley 1-17 1(56) Northbound 223 
D7 Casa Grande I-10 3(59) Eastbound 196 
DB Sybil Road I-10 6(27) Westbound 311 
D9 Gila Bend 1-8 2(18) Eastbound 113 
D10 Globe-Cutter US-70 FLH13A-1 Eastbound 258 
D11 Marana 1-10 4(27) Eastbound 235 

Note: 1 m-3.3ft, 
8 lncludes 15.3-cm (6-inl cement-treated base. 

scribed modifications and some results obtained in field 
measurements. Its recent use for the characterization 
of pavement systems has been reported by Scrivner and 
others ~), Peterson and others ~), and Lai(!). 

Location of Sites 

From a description of the test sites for the ADOT study, 
10 locations were selected on the bases that they gen
erally could be treated as three-layer systems and 
provided a representative range of elevation and rainfall 
conditions. A description of the test sites and a record 
of the dates on which the deflection measurements were 
made are given in Table 1. (Note that the base and sub
base will be considered as one layer.) 

Testing and Sampling 

The pavement loading and the sampling of the surface 
course were performed by personnel from ADOT. For 
each location, Dynaflect deflections were obtained at five 
different places along the length of the test site, pave
ment temperature was measured, the surface course 
was sampled, and other information was obtained. 

The loading of the pavement was the standard peak 
load of 2.22 N (500 lbf) on each of two wheels 0.51 m 
(20 in) apart. The load was applied at 8 Hz and assumed 
to be over a circle 3 .58 cm (1.41 in) in radius and at a 
contact pressure of 550 kP a (80 lbf/in2

). 

The pavement deflections were detected by five geo
phones spacecl 0.30 m (1 ft) apart; the first one (G1) was 
located midway between the load wheels, and the others 
(G2-G5) extended parallel to the lane line. 

The deflection curve was based on an average for each 
geophone that was developed by discarding those mea
surements that deviated from the average by more than 
15 percent. In general, each average is based on three 
to five measurements. There was no attempt to apply 
a temperature correction to the deflection curves. 

CHARACTERISTICS OF DEFLECTION 
CURVES 

The stress criterion on the surface course was selected 
because it is independent of the modulus of elasticity of 
the material; rather, it is dependent on Kl (1). The 
values of El and E2 were selected partly onthe basis of 
limiting K2 (E2/E3) to a maximum of about 4. 

Burmister's (8) results, which are given as curves 
for the calculation of surface deflection of two-layer 
syst.ems, s how deflection factors to be dependent on 
modular r atios. Because the pavement design procedure 
depends on modular ratios and because Burmister's de
flection factors a1·e also depe11dent (to an appreciable 

Date Deflection Measured 
Layer Thickness (cm) 

Elevation Rainfall January May October 
Asphalt Base Subbase (ml (cm) 1974 1974 1974 

1.B 10.2 35.6 1240 30.5 Yes Yes Yes 
17.2 0 17.8 2420 50.8 Yes 
12.7 10.2 20.3 303 17.8 Yes 
10.2 10.2 22.9 152 10.2 Yes 
10.2 7.6 22.9 2140 50.8 Yes Yes Yes 
7.6 10.2 30.5 499 25.4 Yes Yes Yes 

15.3 10.2 45.8 366 20.3 Yes Yes Yes 
7 ,0 10.2 61.0 1435 30.5 Yes E.B. Yes 

19.7 10.2 10.2 221 15.3 Yes Yes 
7.6 5.1 40.7 975 40. 7 Yes Yes 
7.6 25A' 12. 7 597 28.0 Yes Yes Yes 

-.... 



extent) on modular ratios, it is now being assumed that 
Oynaflect deflections are primarily dependent on Kl and 
K2 for a three-layer system. If Kl and K2 can be es
timated from Oynaflect deflections, then E2 and E3 can 
be obtained for the new design procedure because the 
value of El is fixed. 

The values of Kl and K2 were determined through a 
graphical trial-and-error procedure described below: 

By using the Chevron computer program (9), a family 
of 20 surface deflection curves corresponding to the 
Oynaflect loading was obtained for each particular pave
ment cros s s ection. The elastic material properties 
used are given below (1 GP a= 145 000 lbf/ in2

) : 

Property Value 

E1, GPa 1.38 
Poisson's ratio 

µ1 0.35 
µ2 0.45 
µ3 0.50 

K1 1-20 
K2 1-5 

When Kl = 1 or K2 = 1, this does not give a homogeneous 
or a two-layer system because Poisson's ratio is a 
variable. In these curves, the logarithm of the vertical 
deflection of each geophone was plotted against the radial 
distance of the geophone from one wheel. 

Figure 1. Effects of K1 and K2 on 
shape and position of calculated o.711 
deflection curves. 
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The average geophone deflection values were plotted 
on transparent paper and to the same scale as the family 
of curves obtained from the calculations. The measured 
deflection curve was then superimposed on the family of 
curves to obtain a first estimate of the values of Kl and 
K2. From these values of Kl and K2, a new deflection 
curve was calculated and compared with the field curve 
to obtain a second (and improved) estimate of Kl and K2. 
The procedure was repeated 3 or 4 times until the cal
culated and measured deflection curves were in close 
agreement. 

The effects of Kl and K2 on the shapes and positions 
of the calculated deflection curves are illustrated in Fig
ure 1. The principal effect of K2 is on the slopes of the 
curves and that of Kl is on the position of the curves. 
Figure 2 shows the completed solution for Kl and K2 of 
test site 011. 

RESULTS AND DISCUSSION 

The values of Kl and K2 obtained for the test sites are 
shown in Table 2. All deflection curves were calculated 
by assuming that El = 1.38 GP a; however, two sites (06 
and 09) were also investigated by asswning that El = 
5.52 and 0.345 GP a (800 000 and 50 000 lbf/ in2

) '. The 
data presented in the table indicate the following results. 
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Figure 2. Example: trial-and-error 
solution for K 1 and K2 under 
Dynaflect loading. .. 
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Table 2. Values of K 1 and K2 estimated from Dynaflect tests. 

Kl' K2 
Site Test Date 
Identification (1974) El = 5.52 GPa El= 1.38 GPa El = 0.345 GPa El = 5.52 GPa El= 1.38 GPa El = 0.3\5 GPa 

Dl 

D2 
D3 
D4 
D5 

January 
May 
October 
May 
October 
Oct!lb~!' 
January 
May 
October 

8.5 
9.0 
8.5 

D6 January 69.0 
64.0 
59.0 

10.5 
5.0 
40 

16.0 
22 .0 
13.5 
15.0 
16.5 
13 .0 

4. 8 0.8 

1.0 
0.9 
1.0 
0.4 
2.0 
1.5 
0.8 
0.8 
0.8 
1.0 
1.0 
1.0 
2.0 
1.0 
1.5 
0 .4 
0 .4 
0.4 
O.? 
1.0 
1.5 
1.0 
2.0 
4.0 
2 .0 

0.8 
1.0 
0.8 

May 4.4 1.0 
October 4.0 0.8 

D7 

D8 

January 
May 
October 
January 
May 
October 

5.1 
9.5 
6.0 

12 .0 
13.0 
11.0 

D9 May -· e.o 
4.3 

11.8 
19 .0 
6.0 

2.0 _b 0 .7 
0 .7 October 31.0 1.5 0.5 

DlO May 
October 

DU January 
May 
October 

Notes: 1GPa=145 000 lbf/in'. 

3.0 
4.5 

Calculated values of E2 and E3 are relatively independent of assumed value of El . 

•K 1 • 14.7 - 4.81 K2; R2 = 0.38; and N = 11. b No single-valued solution. 

1. The time of year has no apparent effect on K2, 
which is a direct function of E3. 

2. The time of year has an effect on Kl, but it is not 
consistent with the usual assumption that Kl is larger in 
the winter (January) than in the summer (May). It would 
seem that the effect of temperature is greater on E2 than 
on El. This agrees with the statement of Carpenter and 
others (10) that "the base course material is much more 
thermally active than the asphaltic concrete." 

3. The relatively low values of Kl and high values of 
K2 at test site Dll, which had a 0.15-m (6-in) thick 
cement-treated base, indicate that this base performs 
like a more rigid base. 

4. For the fixed value of El , Kl= 10.2 and K2 = 1.2. 
5. In the two cases examined, the choice oi E l did 

not significantly affect the calculated value of Kl, but 
this was not true for K2. Consequently, the reduction 
of El values to E2 and E3 values by the use of Kl and 
K2 shows that E2 and E3 are independent of the value as
sumed for El. 

K2 values of less than 1.0 cannot be simply justified, 
other than that the procedure used is not very precise. 
However, such values for K2 have also been reported by 
Scrivner and others (5) for a two-layered system and by 
Lai (7) for a five-layer system. Scrivner found modular 
ratios (K2 for our comparison) ranging from O .6 to 6 .3 
and Lai found Kl values of less than 3 .0 for a tempera
ture range of 4.4 to 43.3"C (40 to ll<fF). 

Equation 1, which relates Kl to K2, was derived from 
the data obtained on all test sites and the stated assump
tions. 

Kl= 14.7-4.8!K2 (1) 

T he implicaiion oi this reiationship iis i.hai. i.ht: t:lai:;i.ic 
modulus of a surface course or a base layer is dependent 
on the modulus of the subgrade. For example, if E2 is 
held constant, then when E3 is low, El will also be low, 
and when E3 is high, El will also be high. The above 
statements apply to the base-course material if El is 

.... 
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held constant. Comparable findings have been reported 
by Ueshita, Yoshikane, and Tamano (11) from 
Benkleman-beam tests on three-layer pavements. 

The K2 values that are less than 1 and the general 
lack of effect of the time of year on K2 and perhaps also 
on Kl are cause for a certain amount of concern, al
though one must accept some variability from experi
mental errors in the data acquisition and from the graph
ical reductions. However, there are additional useful 
data that could be obtained from the Dynaflect measure
ments. For example, the deflection at the first geophone 
is not the maximum deflection caused by the loading. 
Figure 3 shows plots of calculated surface deflections 
under the Dynaflect loading for two pavement systems. 
It is readily seen that the deflection at Gl does not cor
respond to the maximum. If one is to calculate E3 from 
surface deflections, then one should use the largest value 
of practical measurement. From Figure 3, it would 
seem to be advantageous to obtain deflections in a trans
verse direction and at locations closer to the wheels than 
are presently obtained. 

The Dynaflect deflection data at the geophones are 
given in T able 3, and those for geophone G1 ase plotted 
against the corresponding values of Kl in Figu1·e 4. (Be
cause the statistical analyses of these data were carried 
out in U.S. customary units, SI units are not given in 
Figure 4.) The plot suggests that the deflection at G 1 is 
closely related to Kl ; a statistical calculation gives an 
R2 value of 0.82 when Gl is regressed on Kl (regres sions 
of deflection differences Gl, G2, G4, and G5 on Kl give 
R2 values of less than 0.23). 

To account for environmental effects in the pavement 
design procedure, El was modified by a temperature
correction factor based on elevation. A comparison be
tween the temperature correlation factor for El and the 

Figure 3. Calculated Dynaflect deflections. 
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Kl values obtained is shown in Figure 5. From the 
graph, it appears that Kl increases as the elevation of the 
test site increases. One would wonder whether Kl is 
somewhat independent of the original material modulus. 
Does the modulus of elasticity of a base at a higher ele
vation in Arizona decrease because the rainfall and 
thermal activity increase with elevation or do asphalt 
concretes age to a greater degree and become stiffer at 
higher elevations? 

SUMMARY AND CONCLUSIONS 

The purposes of this study were to obtain from Dynafl.ect 
deflections a measure of time-of-year effects on the 
elastic moduli of pavement layers and also to compare 
the relative stiffnesses of the layers. 

Table 3. Dynaflect deflection data. 

Deflection (um) 
Site Test Date 
Identification (1974) Gl Gl-G2 G4-G5 

Dl January 25 ,9 7.6 1.8 
May 30.2 12 . 7 2.3 
October 29,4 10.9 1.0 

D2 May 18 .0 7.1 0.8 
D3 October 21.2 2.8 3.0 
D4 October 18.5 5.8 0 
D5 J anuary 51.0 20 .3 3.8 

May 64 .0 20 .3 5.1 
October 40.9 15.2 1.8 

D6 January 53.8 19 .8 4.3 
May 58 .6 20.6 4.8 
October 46.7 18.3 3.0 

D7 January 24.4 4.8 2.5 
May 29.0 6.9 2.3 
October 23 .1 4.6 1.3 

DB January 28 .2 12. 7 1.3 
May 32 ,8 17.0 1.0 
October 35.0 19.5 0.8 

D9 May 19.3 5.6 1.3 
October 12 .7 2.8 1.3 

DIO May 
October 60 .0 9.9 4.3 

Dll January 30,8 8.6 2.8 
May 25 .4 6.6 2.3 
October 17.5 1.3 1.8 

Note : 1 µm = 0.000 04 in. 

Figure 4. Comparison of Dynaflect geophone deflection with K 1. 
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Figure 5. Comparison between temperature 
correction factors and K 1 values. 20 
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The following limitations are acknowledged: 

1. The amount of data was quite limited, 
2. The graphical procedure used to establish Kl and 

K2 was not precise, 
3. The value of El was assumed to be constant, and 
4. The Dyna.fleet surface deflections were assumed 

to depend primarily on Kl and K2. 

With these restrictions and limitations, I believe that 
the following general conclusions are warranted: 

1. The values of Kl and K2 are not appreciably af
fected by the time of year; 

2. Although the differences are small, the values of 
Kl are generally greater in summer (May) than in winter 
(January); 

3. The calculated values of K2 are independent of the 
value of El; 

4. Kl is affected by the elevation of the t.::st site; 
5. The values of K2 (average= 1.2) imply that the 

deflection characteristics of the pavements are basically 
those of a two-layer system; and 

6. Further work with the Dyna.fleet device should in
clude measurements of deflection in a transverse direc
tion and closer lo lhe wheels to obtain higher values of 
surface deflection and curvature. 
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