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Permanent Deformation for Flexible 
Airfield Pavement Design 

SAMUEL HANTHEQUESTE CARDOSO AND MATTHEW W. WITCZAK 

The total permanent deformation of flexible airfield pavements 
is one of the best indicators of the overall performance of the 
pavement system. A meth dology was developed to predict this 
distress mode under aircraft loadings on asphahic concr · te pave
ment sy tern . Particular emphasi i placed on che use o lateritic 
gravels intrinsic ro many parts of Brazil. U ing dynamic lriaxial 
tests in the laboratory 111 dcls based on the California bearing 
ratio, state of stress, and number of load repetitions were de
veloped for estimating the resilient modulus and the plastic de
formation of latericic ba e, subbase, and subgrade layers. The 
permanent deformation for flexible airfield pavement design 
(PDAPD) computer model was developed from 111 dificacion or 
the existing A phalt Institute DAMA program on the basis of 
multilayer elastic theory. The input variablt: necessary for thi 
model come from three broad areas: the environment. the dy
namic characteristics of the materials, and the traffic analysis. 
PDAPD, which can analyze up to 10-layer pavement structures, 
estimates the pavement damage on a monthly basis considering 
three criteria: fatigue of asphalt concrete layers, subgrade defor
mation, and total permanent deformation of the pavement. Gen
eral verification of the PDAPD was accomplished by a computer 
analysis of numerous flexible-pavement airfield structures, de
signed in ace rdance with the FAA method . Although individual 
pavement ection result varied, a g od vcrall c mparisoll in 
de ign life prediction occurs between the empirically based FAA 
approach and the mechanistic PDAPD model. 

In the past 1.5 years, significanc advancements have been mad 
in knowledge of the permanent strain behavior of pavement 
layer materials, on the basis of dynamic laboratory tests as 
well as actual field behavior of the overall pavement system. 

There is no doubt that permanent deformation is one of 
the major indicator of the overall performance of flexible 
p<1vements. In highways. where traffic is channe lized per
manent deformation is generally characterized by rut depth 
magnitude. ln airfield pavements, where aircraft traffic is dis
tributed more laterally, the variability of permanent defor
mation of the pavement layers contributes to an increased 
roughness of the pavement surface. 

I-Ii'torica lly initial mechanistic approaches for design of 
t1exible pavement used two distress criteria: (a) limiting the 
tensi le st rain at the bottom of the asphalt concrete (A ) layer 
for repetitive load fatigue cracking and (b) limi ting the com
pressive strain al the top of the subgrade layer to control 
permanent deformation. The latter criterion permits an e -
timation of the number of traffic load repetitions that would 
cause a certain amount of permanent deformation of the 
sub grade and, consequently, the pavement itself, assuming 
no deformability occurs within the pavement structure. 

S. H. Cardoso, Division of Aeronautical Infrastructure Engineering, 
Technological Institute of l\eronautics, Sao Jose dos <impos, Brazil. 
M. W. Witczak, Department of Civil Engineering, University of 
Maryland, College Park, Md. 20742. 

If a smooth runway roughness profile (relative to a standard 
for new construction or runway restoration) and a critical 
runway roughness profile (for the same pavement structure 
after a certain number of traffic load repetitions) are known, 
the difference between those two profiles is caused by the 
development of the total permanent deformation of the pave
ment system (1). 

Several major pavement design rganization · and method. 
recommend a minimum California bearing ratio (CBR) value 
of 80 or more for flexible airfield pavement base course ma
terials. A lth ugh thi · pecification is appropriate in geo
graphic area posse ' ing adequate aggregate resources , it is 
a eriou, constrain t and can greatly increa e the costs of pave
ment construction when specification-quality materials are not 
available near the work site but adequate supplies of non
specification aggregate are locally present. 

This situation is c mmon in ome area of Brazil, where 
lateritic gravels are the main source of granular materials for 
base course. Frequently, these deposits do not meet minimum 

BR specifications of base and subbase course u ·e but they 
have been used successfully in a wide variety of airfield pav -
ments serving DC-9 and B-727 commercial traffic as well as 
a wide variety of military jet fighter aircraft (2). 

T he major objective f tbi · tudy wa to develop a meth
odology using the prediction of total permm1ent deformation 
a a major criterion for analyzing and designing airfield flex
ible pavements. ln order to accomplish thi goal two major 
tasks were accomplished: 

1. A comprehensive laboratory evalua tion of the repeated 
load dynamic behavior of la teritic soils from Brazil relative 
to their resilient (elastic) and plastic behavior and 

2. Th development of a computerized analytical pavement 
analysi program that would be able to consider (a) the non
linear modulus response of the e laterit ic granular and ·ubgrad 
pavemenr material , (b) the fanatic impact (because of high 
temperature and moisture) on pavement Life a · a consequence 
of changes of the in situ re pon. e of the pavement materials 
and (c) the integration of the pla tic def rmation prediction 
of all pavement layers on the basi of a finite time interval 
(i.e., monthly). 

THE MODEL 

Model Background 

The computerized permanent def rma1ion for flexible airfield 
pavement design (PDAPD) model is represented by the now 
chart ·bown in Figure 1 (J). Them clel wa ·developed on the 
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FIGURE 1 PDAPD model. 

basis of a modified version of the DAMA computer program, 
developed by Witczak for the Asphalt Institute. The DAMA 
program was modified to incorporate nonlinearity of granular 
and subgrade materials, climatic condition in terms of tem
perature and moisture content of the pavement materials, and 
the prediction of permanent deformation for each pavement 
layer and sublayer, as well as the total pavement deformation. 

Like the DAMA program, PDAPD analyzes a multilayered 
elastic pavement structure considering the cumulative dam
age for a dual wheel load system in three radial positions: 
(a) underneath the center of one tire, (b) at the edge of the 
tire, and (c) between tires. 

The program calculates principal and bulk stresses, as well 
as strains at the surface and bottom of asphalt layers and at 
the mid depth of each granular and subgrade layer, except 
for the last subgrade layer, which is assumed to have an in
finite thickness . The stresses and strains are calculated at the 
top of this layer. 

The PDAPD program can accommodate one or more AC 
layers, four granular layers, and five subgrade layers. If the 
number of AC layers is larger than one, the summation of 
the number of these layers plus the granular layers must be 
less than or equal to five . In other words, the program is able 
to analyze up to 10 layers and sublayers. 

Layer Moduli 

Asphalt Layer Dynamic Modulus 

The PDAPD computer program calculates U1c dynamic mod
ulu for the asphalt layer con ·idering the asphal t mixture 
characteri tics air temperature , and pavement temperature 
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for each month, according to a predictive equation developed 
by Witczak (4). 

Granular and Subgrade Layer Resilient Modulus 

An extensive laboratory program to evaluate resilient and 
pla ' tic response of several lateritic gravel wa conducted. 
In addition , a comprehensive et of compaction and BR 
te ts was done. Using these result multiple stepwise regres-
ion an alyse.~ w re conducted for sjx CBR levels (l8. , 2 .8 

38.7 43.5, 71.6 and 93.0 percent) , five levels of confining 
pressure (3 5 10, 15, and 20 psi), and even layers of deviator 
tress (3. 5, 10, 15 , 20 25 and -o psi) . Because it was not 

po ible to mold or test pecimen. at nil factorial level , the 
final sample size wns equivalent to J49 poi11ts of ob ervati n 
(5). 

The best model, which has been incorporated in the PDAPD 
program, is as follows: 

179.0412(CBR)' 08774(0)1 43833 
MR = ~~~--'-(-cr-,-)1~1-s5_9_8........;.-'-~~ 

(R2 = 0.92; SEE = 0.082) 

where 

MR = resilient modulus (psi), 
CBR = California bearing ratio, 

(1) 

0 = cr, + cr2 + cr3, the bulk stress or first invariant of 
stress (psi), and 

cr, = major principal stress (psi). 

The BR variable explain 68.5 percent of the total vari
at ion in this model, whereas rh inclusion of bulk str (f:l) 
and the major principal stress (<T1) variables in the m del 
increnses the explained variation by 9.2 and 14.3 percent 
respectively. 

All of the nonlinear modulus calculatio.ns are done monthly 
using an iterative approach. The initial seed relationships used 
to start the stress-dependent m duli · lution are l. ,300 x 
CBR and 40U x CBR, respectively, for ba c- ubba ·e and 
subgrade layer- ublayer materials. With these initial eed val
ues, the bulk tre ·se and major principal stres e are cal
culated for each unbound layer as ·hown in Figure 2. 

On the ba i of these tres es , new resilient moduli are 
calculated and compared with the previ u value . If the ab-
olute difference between the previous and current resilient 

modulu i larger than 5 percent , new values are a. signed by 
taking the average between them . This procedur i repeated 
until the difference between the previous and the new resilient 
modulu i less than 5 percent for all layers . As previou ly 
noted, thi process is repeaced for each time increment (month) 
u ed in cumulative damage analysi . For each time interval 
temperature and , hence , stiffness change of the a pbaltic 
layer occur. Thus, for each time pe1iuu, th~ pavement tre 
states (i.e., moduli) vary. 

Permanent Deformation 

The bulk stress and the major principal stresses calculated 
from the final moduli iteration are then used to calculate the 
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FIGURE 2 Pavement layers and sublayers for resilient and 
permanent deformation calculation. 

permanent strain for each layer (using the monthly repetition 
level) according to the following equations. These equations 
were developed from a statistical multiple regression analysis 
of laboratory test results on the repeated load permanent 
deformation behavior of the lateritic materials. In this study, 
the most accurate approach was obtained by developing two 
separate plastic strain predictive models for CBR values greater 
than and less than 40 percent. 

E = p 

128, 748(N)0.1346( (}' 1)2.664 
(CBR)S.55(0)1.1431 CBR > 40 (2) 

E = p 

(N)0.1878( (}' 1)6.0911 

55 . 6313( CBR) 1.36os( 0 )4,893 CBR < 40 (3) 

where EP is the plastic strain (in.fin .) and N is the number of 
stress repetitions. 

Equations 2 and 3 have regression statistics of R2 = 0.741 
and 0.882 and SEE = 0.245 and 0.171, respectively (5). In 
both equations , the most important varible is the CBR, fol
lowed by the major principal stress (u1), number of stress 
repetitions (N), and bulk stress (0). The permanent defor
mation damage model used for the asphalt layer in PDAPD 
IS 

(4) 

where llh.c is the permanent deformation in the asphalt layer 
(in.) and o is the elastic deformation (compression) within the 
asphalt layer itself (in.). 
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Distress and Life Predictions 

The total predicted permanent deformation for the first month 
is obtained by accumulating the plastic deformation for each 
unbound layer (i.e., base, subbase, and subgrade) obtained 
as a function of CBR, bulk stress , and major principal stress 
for that particular month . This deformation is added to the 
predicted rutting within the asphalt layer. For the next month, 
the accumulation of plastic deformation for each unbound 
layer is the total permanent deformation estimated for the 
first 2 months (with CBR and state of stress for the second 
month) minus the amount of plastic deformation predicted, 
at the same conditions, for the first month. This process is 
continued until one of the following conditions occurs : 

• For both fatigue fracture and deformation (subgrade strain 
criteria), the predicted pavement life is computed in months 
for a given airfield pavement system . The analysis is termi
nated at 240 months (20 years) if both criteria have predicted 
lives greater than this threshold value. 

• For prediction of total permanent deformation, failure is 
assumed to occur when a permanent deformation of 1.22 in. 
(31.0 mm) is obtained. This failure level has been determined 
from several roughness studies conducted at Brazilian military 
airfields (1, 6, 7). 

The computer output for total permanent deformation and 
the accumulated plastic deformation for each layer of material 
are presented in units of millimeters and inches. 

PDAPD MODEL VERIFICATION 

General Approach 

Because verification through field tests was beyond the scope 
of this initial study, the general philosophy used was to analyze 
and compare performance for pavement structures designed 
in accordance with the FAA procedure (8) . An investigation 
was conducted of the effect of several variables-thickness 
of AC (tac), granular base CBR (CBR8b), subbase CBR 
(CBR,b) , and subgrade CBR (CBR,8)-on the resilient mod
ulus (MR) of the unbound layers, the predicted pavement life, 
and the plastic deformation of each pavement layer. 

The pavement structures were designed by the FAA pro
cedure for a B-727-100 aircraft having the following gear char
acteristics: 166-psi tire pressure, 34-in. dual spacing, and 38,500-
lb wheel load . Pavement designs were considered for three 
levels of repetitions (20-year design) : 60,000, 120,000, and 
300,000. Table 1 presents the FAA pavement structures used 
to study the effect of thickness of AC on several variables. 
A total of 65 cases of pavement structures designed according 
to the FAA procedure were analyzed with the PDAPD model. 

Resilient Modulus Studies 

As previously noted, one study phase dealt with the influence 
of several layer properties on the predicted nonlinear MR 
response of various layers generated by PDAPD within the 
FAA-designed structures. In all computer studies, the subgrade 
was subdivided into five sublayers with the last sublayer being 
of infinite thickness. The asphalt mixture characteristics, as 
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TABLE 1 FAA PAVEMENT STRUCTURES STUDIED 

~bicJsness - inches 
Subqrade FAA Design 

CBR Repetitions A~ ~II b,C 5"* A!:; 8"** 
(l) (N) ...filL .....e_ ....filL .....e_ ....filL ....filL 

5 60,000 11.0 22.0 11.0 22.0 5.4 22.0 
120,000 12.0 23.0 12.0 23.0 6.0 23.7 
300,000 13.0 25.0 13.0 25.0 6.0 27.4 

10 60,000 11.5 8.5 11.5 8.5 5.9 8.5 
120,000 12.0 9.0 12.0 9.0 6.0 9.7 
300,000 13.0 9.5 13.0 9.5 6.0 11.9 

15 60,000 11. 0 3.5 11.0 3.5 5.4 3.5 
120,000 12.0 3.0 12.0 3.0 6.0 3.7 
300,000 13.0 3.0 13.0 3.0 6.0 5.4 

Notes: (*) AC thickness increased by 1 11 without substitution of other layer materials. 

(**) Granular base thickness set close to 6.0 11 and substitution ratios of 1.4 used 
between AC and Granular Base: 1.7 between Granular Base and Subbase. 

well as the air and pavement temperatures, were kept constant 
to approximate the relatively uniform, warm climatic condi
tions in many areas of Brazil. The conditions selected resulted 
in a constant AC modulus of approximately 250,000 psi. 

Influence of AC Thickness 

In order to assess the influence of the asphalt thickness on 
layer MR, thicknesses of 4 and 8 in. were investigated. These 
studies were made at three levels of subgrade CBR (5, 10, 
and 15 percent) using a subbase CBR of 20 percent and a 
base CBR of 100 percent. These results are shown in Fig
ure 3. 

The higher the subgrade CBR, the higher the resilient mod
ulus for the granular base with a 4-in. AC surface. However, 
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the resilient modulus of the granular base decreases with an 
increase of the subgrade CBR when the thickness of AC is 
increased to 8 in. 

This finding can be explained relative to the nonlinear re
lationship noted in Equation 1. For lower subgrade CBR 
values and thicker AC layers, the major principal stress de
creases significantly when the bulk stress (or confining pres
sure) is increased. This variation in the level of stress con
tributes to the increasing resilient modulus in that particular 
layer for low CBR values. However, when the subgrade CBR 
is increased, the level of vertical stress increases at the base 
course layer, which overcomes the influence of bulk stress (or 
confining pressure) resulting in a lower resilient modulus for 
the base layer. 

Considering the resilient modulus for the subbase and 
subgrade layers, there are no significant changes caused by 
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FIGURE 3 Effect of AC thickness on resilient modulus (design according to FAA procedure for 60,000 repetitions). 
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varying the asphalt thickness from 4 to 8 in. In other words, 
the resilient modulus of the granular base is more sensitive 
to the variation of AC thickness than that of other layers due 
to the relative stress state changes in the upper (base) pave
ment layers. 

Influence of Base and Subbase CBR 

The influence of base and subbase strength on modulus was 
investigated for pavements with a 4-in. asphalt surface layer. 
CBR values of 60, 80, and 100 percent for the granular base 
and 20 and 40 percent for the granular subbase layers were 
used in the analysis . The results are shown in Figure 4. 

In addition to the increase of the resilient modulus of the 
base course with the increase in subgrade CBR (discussed 
previously), the resilient modulus increases with the increase 
of the granular base and subbase CBR value , as expected. 
On the other hand, the increase of the base strength from 60 
to 80 percent did not significantly increase the resilient mod
ulus for either the subbase layer or the subgrade layers. 

The resilient modulus for the first subgrade sublayer was 
found to be approximately 1,000 x CBR. In fact, after ana
lyzing more than 300 FAA pavement structures, it has been 
verified that the range for resilient modulus is within 800 to 
1,200 x CBR value of the subgrade. This factor is obviously 
close to the well-known 1,500 x CBR relationship developed 
by Shell researchers and is also consistent with coefficient 
multipliers of CBR for unbound granular material, which con
sider stress sensitivity. 

Pavement Life Studies 

Influence of AC Thickness 

Several studies were likewise undertaken to investigate the 
influence of pavement layer variables on the predicted life 
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generated by PDAPD. As previously noted, the PDAPD pro
gram looks at fatigue fracture, subgrade deformation , and 
total pavement deformation of the system. Tables 2 and 3 
present predicted life summaries indicating the relative influ
ence of asphalt thickness and layer CBR values for subgrade, 
subbase, and base. 

From the results presented in Table 2 it can be inferred 
that, for pavements designed according to FAA procedures, 
there is a relatively good agreement when predicting pave
ment life for pavements designed with 4-in. AC and 5 and 10 
percent subgrade CBR. This finding is particularly true when 
the significant sensitivity of pavement variables to predicted 
repetitions to failure is considered. 

If the CBR of the granular base is decreased to 60 percent 
instead of 100 percent and the AC thickness is increased by 
1 in. (without any substitution of the other layer materials), 
the lives of the pavements still decrease by approximately 30 
percent when designed for 5, 10, and 15 percent subgrade 
CBR. Comparisons made between pavements designed with 
4 in. AC, 60 percent base CBR, and 20 percent subbase CBR 
(Table 2) and pavements designed with 5-in . AC (without any 
layer substitution), 60 percent base CBR, and 20 percent 
subbase CBR (Table 3) show that pavement life is always 
increased for the second case (5-in . AC). One example of 
these findings is shown in Figure 5. 

These results definitely show that, for airfield pavements, 
it is possible to make design trade-offs among pavement layer 
thicknesses and qualities when base materials do not meet the 
standard specifications of minimum 80 percent CBR. These 
results also clearly explain the experience of Cardoso in the 
Brazilian Amazonian region, where lateritic base of 60 per
cent CBR has been used in some airfield pavements with good 
performance. 

Another conclusion inferred from Table 2 is that the life 
(from a fatigue and total permanent deformation viewpoint) 
of pavements designed with an 8-in . AC surface layer de
creases when the expected pavement life (according to the 
FAA procedure) increases. This result is accentuated for the 
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TABLE 2 EFFECT OF AC THICKNESS ON PAVEMENT LIFE 

Ir!!ff 1s; B~~et1tiQns (X lQ,QOQ) 
Sub grade 

CBR AC - 4"* AC - 5"** A_C - 8"* 
(%) ~r;:it~x1sm _n_ _fl_ _n_ _n_ ~ _tl_ _n_ ~ _tl_ 

5 Fatigue 13.3 15.7 18 . 9 10 . 8 11.9 13.6 49.0 32.9 24.1 
Subgrade Def. 19 . 5 30.7 53.5 22 . 0 31.8 54.9 28.3 43.3 76.2 
Total Perm Def 5.6 (15.7) (18.9) 2 . 8 6.3 (13 . 6) (28.3) 21. 3 7.7 

10 Fatigue 19.6 21.0 24.5 14.3 15.4 16.4 26.2 26.9 27.3 
Subgrade Def. 21.0 25.9 36.7 26.2 32 . 5 45.5 36.7 49.3 70.6 
Total Perm Def (19.6) (21. 0) (24.5) (14.3) (15 .4) (16.4) 15.7 14.0 14.0 

15 Fatigue 28.7 32 . 5 37 . 1 19.6 21.0 22.4 43.0 43.0 43.4 
Sub grade Def. 38.5 45.5 61.5 46.2 52.5 64.3 67.8 77.6 99.0 
Total Perm Def (28.7) (32 . 5) (37.1) (19.6) (21.0) (22.4) (43.4) 29.7 25.5 

Notes: 1. Structures Pl, P2, P3 are FAA designs for 60,000, 120,000, and 
300, 000 repetitions respectively. 

2. (*) Granular Base CBR = 100% 
Granular Subbase CBR = 20% 

3. (**) Granular Base CBR = 60% 
Granular Subbase CBR = 20% 

4. Numbers in parentheses () are Traffic Repetitions greater than 
Value shown. 

subgrade of 5 percent CBR and for the total permanent de
formation criterion, as shown in Figure 6. 

This finding can be explained by the increase of the sub base 
thickness done to compensate for the change in thickness of 
the AC layer. Besides the effect of the thicker sub base layer, 
the subbase material of 20 percent CBR also contributed to 
increasing the permanent Jt:furmatiun in that particular layer. 
In addition, for the 8-in. AC pavement the base course re
silient moduli were affected by the variation in stress, as pointed 
out earlier. These results suggest that layer substitution ratios 
(and their subsequent use to determine equivalent structures) 
have to be analyzed carefully, considering all possible failure 
models. This finding is consistent with state-of-the-art knowl
edge of substitution ratios in highway and airfield design. 

Influence of Base and Subbase CBR Values 

The effect of the base and subbase CBR values on pavement · 
life can be analyzed through the data presented in Table 3 
and shown in Figures 7, 8, and 9, for the fatigue criterion, 
subgrade deformation criterion, and total plastic deformation 
criterion, respectively . The results indicate that the higher the 
base course or subbase CBR, the higher the pavement life in 
terms of any of the three criteria when the pavements are 
designed according to FAA procedure and the materials meet 
the required specifications. 

Considering the fatigue and subgrade deformation criteria 
(Figures 7 and 8, respectively), the lower the subgrade CBR, 
the greater the benefit of a higher subbase CBR on the pave
ment life . On the other hand , the effect of higher subbase 
CBR on the pavement life in terms of the total plastic de-

formation criterion is not positive for pavements with 60 per
cent granular base CBR designed with 4-in. AC. As previously 
stated , the use of lower-quality materials for the base course 
must be viewed as a trade-off or balance among the pavement 
layer thicknesses, particularly with increases of the asphalt 
surface thickness . 

Layer Permanent Deformation 

Influence of AC Thickness 

The contribution of each pavement material to permanent 
deformation is presented in Table 4. These values represent 
the average of the values obtained for pavements designed 
according to the FAA procedure for 60,000, 120,000, and 
300,000 repetitions in a 20-year period. The mean value was 
used because there were no major differences among the three 
values for the various FAA pavement structures investigated. 

From this table , it is clear that the higher the subgrade 
CBR, the greater the percentage contribution of the AC and 
subgrade layers to the total permanent deformation and the 
lower the contribution of the granular layers. Figure 9 shows 
that the plastic deformation is more distributed among the 
pavement materials when the sub grade CBR is increased from 
5 to 15 percent. 

Research studies conducted by Chou (9) on the effect of a 
stress factor on plastic deformation of subgrades are in agree
ment with these findings. Chou found that rutting of the 
sub grade was a function of the stress factor, defined as follows: 

Stress factor = 28.5W0•5 • CBR0 •
635 (5) 
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TABLE 3 EFFECT OF BASE AND SUBBASE CBR ON PAVEMENT LIFE 

I r affic B.e~et1~1ons { is lQ,QOO} 
Gran. Base Sub grade 

CBR CBR ~y_bbas~ CBR - 2Q% Subbase CBB. - 40! 
Ci} (!} !:!I1tM1on J.L _ll__ _n_ J.L J.L _n_ 

60 5 Fatigue 8.9 10 . 0 11.2 14 . 9 17 . 3 19 . 8 
Sq OF. 15.6 22 . 8 39 . 3 25.1 37 . 3 74.6 
T.P.O . 0.5 1. 2 4.0 0 .4 0 . 5 1. 3 

10 Fatigue 12 . 0 12.7 13 . 9 15 . 8 16 . 9 18 . 5 
Sq OF. 17 . 5 21 .. 7 30 .4 21.0 26 .2 36.7 
T.P.0. 3 .4 4.2 7 .0 1. 3 1 .4 1 . 3 

15 Fatigue 16 . 5 18 . 0 19.1 19 .4 20 . 3 21. 5 
Sq OF . 31.2 35 . 8 44 .4 33 . 5 37 . 9 47 . 0 
T.P .O. (16 . 5) (18 .0) (19.1) 7 . 3 13 . 3 18 .4 

80 5 Fatigue 11 . 2 12 . 8 14.8 20.l 22.7 27.8 
Sq OF . 16 . 2 25 . 7 45 . 5 27 . 6 42 . 6 83.4 
T.P.O. 3 . 3 10 . 3 (14.8) 4.5 9 . 6 22. 3 

10 Fatigue 15 . 8 19 . 1 17 . 0 21.3 23 .1 26 .0 
Sq OF. 19 . 6 34 . 6 23 . 9 23 . 9 29 . 8 42.2 
T. P.O. 15 . 7 (19 .1) (17 .0) 15.0 18 . 9 (26 .0) 

15 Fatigue 22 . 5 27.7 25.1 26 . 9 28 . 7 31. 3 
Sq OF. 35 . 0 51. 6 40 . 8 37 . 8 43 .4 54.8 
T.P . 0 . (22 . 5) (27 . 7) (25 . 1) (26 . 9) (28 . 7) (31.3) 

100 5 Fatigue 13.3 15 . 7 18 . 9 
Sq OF. 19.4 30 . 8 53 .4 
T. P.O. 5 .4 (15.7) (18 . 9) 

10 Fatigue 19.3 21.0 24 . 3 
Sq OF. 21.0 25.9 36 .4 
T.P.O. (19 . 3) (21.0) (24 . 3) 

15 Fatigue 28 . 6 32 . 4 37 . 1 
Sq OF. 38.4 45.2 57 . 8 
T.P .O. (28.6) ( 32 .4) (37 . 1) 

Notes : 1. Structures Pl, P2, P3 are FAA designs for 60,000, 120,000, and 
300,000 repetitions respectively. 

2. Numbers in parentheses () ara Traffic Repetitions greater than 
Value shown. 

where Wis the equivalent single-wheel load and CBR is the 
subgrade strength. 

On the basis of this equation, the higher the strength of 
the subgrade, the higher the stress factor and, consequently, 
the greater the percentage contribution of the subgrade to the 
total plastic deformation of the pavements. 

The thicker the AC layer, the higher the permanent de
formation for this layer and the lower the contribution of the 
granular layers. Table 4 shows that pavements designed for 
a subgrade of 5 percent CBR result in an increase of the plastic 
deformation contribution from 4 to 31 percent within the AC 
layer and a decrease from 92 to 65 percent for the granular 
layers when the AC thickness is increased from 4 to 8 in. 

Influence of Base and Subbase CBR Values 

Table 5 presents the contribution of each pavement layer 
material to total permanent deformation as a function of dif-

fering subgrade, subbase, and base strengths. The data in
dicate that increasing the sub base CBR (at the same base 
CBR) slightly increases the contribution of the granular layers 
to plastic deformation. 

Once these pavement structures are designed according to 
the FAA procedure , the same discussion conducted for 
subgrades is applicable for subbase materials. In other words, 
the higher the subbase CBR, the higher the stress factor for 
that particular layer and the higher the percentage contri
bution of this layer to the total plastic deformation (9). The 
contribution of the granular layers to the plastic deformation 
decreases with an increase of the granular base CBR, whereas 
the AC and subgrade layer contributions simultaneously 
increase. 

The results of the contribution of each pavement material 
to total permanent deformation agree with the literature 
(10-13). 

After these preliminary results and verification of the PDAPD 
model, 3 years of analytical studies (more than 300 pavement 
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FIGURE 6 Effect of AC thickness on pavement life (design according to FAA procedure for 60,000 repetitions). 

structures analyzed) and field studies (pavement evaluation 
and analysis of overlay design) were conducted. In general , 
these Brazilian studies reinforced the general findings, use
fulness , and overall utility of the PDAPD model. 

CONCLUSIONS 

The PDAPD model was developed to focus on the design 
and analysis of flexible airfield pavements using lateritic base 
and subbase gravels for Brazilian conditions. Following are 
some of the major capabilities of the model: 

• The model calculates the dynamic modulus of AC layers 
on a monthly basis by considering environmental and asphalt 
mixture properties. 

• The model calculates the resilient modulus for any layer 
of pavement having up to 10 layers , taking into consideration 
the nonlinearity of lateritic base , subbase, and subgrade ma
terials, as well as the expected variation of their strength on 
a monthly basis. 

• The model calculates the plastic information of each layer 
from the subgrade to the asphalt surface and accumulates the 
total permanent deformation for the pavement structure on 
a monthly basis . The permanent deformation of the asphalt 
layers is modeled with the use of the elastic deformation within 
the layers caused by a particular aircraft type. The plastic 
deformations of the lateritic base, subbase, and subgrade lay
ers are calculated through statistical models developed in this 
study on the basis of dynamic (repeated) load permanent 
deformation laboratory results. These models incorporate the 
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FIGURE 7 Effect of subbase and base CBR on pavement life (subgrade deformation criterion). 
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FIGURE 8 Effect of subbase and base CBR on pavement life (total permanent deformation criterion). 

material strength by CBR and the state of stress at the middle 
of the depth of each layer. 

• The computer program can be used to analyze airfield 
flexible pavements, taking into consideration all aspects pre
sented in the PDAPD model. Three basic criteria are used: 
(a) tensile strain at the bottom of the AC layers (fatigue), 
(b) compressive strain at the top of the subgrade (sub grade 
deformation), and (c) total permanent deformation. 

A preliminary verification study of the PDAPD model was 
done by analyzing 65 cases of pavement structures designed 
according to the FAA procedure for three levels of load ap
plications. Following are the main conclusions of that study: 

• The resilient modulus of the lateritic granular base in
creases with an increase of the CBR strengths of the sub grade, 

subbase, and base course. The granular base modulus is more 
sensitive to thicker AC layers than to changes in either the 
subbase or subgrade CBR. 

• For over 300 pavement structures studied to date, the 
resilient modulus of the first subgrade layer was found to be 
around 1,000 x CBR (range of 800 to 1,200 x CBR). 

• For pavement life, the fatigue criterion was more critical 
than the subgrade deformation criterion on all pavement 
structures studied for the B-727-100 aircraft. For pavements 
designed with a 4-in. asphalt layer, the total plastic defor
mation criterion was less critical than the subgrade defor
mation criterion. This same trend was not found for pave
ments designed with an 8-in.-thick asphalt layer, which suggests 
that the substitution of layer materials must be cautiously 
conducted. 
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•If the same conditions (required by the FAA procedure) 
are kept constant but a 60 percent material is used for the 
base instead of 100 percent and the asphalt layer thickness is 
increased by only 1 in., similar performance (life) is obtained 
for pavements designed for the three levels of load applica
tions studied. The findings strongly suggest that in designing 
airfield pavements it is possible to make a trade-off among 
the pavement layer thicknesses and material quality when the 
materials do not meet the CBR standard specifications. 

• For pavements designed with 4 in. of asphalt surfacing, 
the higher the base or subbase CBR, the longer the pavement 
life for all three failure criteria. 

• The higher the subgrade CBR, the more distributed the 
plastic deformation percentage among the pavement materials 
(AC, base and subbase, and subgrade layers). The thicker 
the AC layer, the larger the plastic deformation for this layer. 
In addition, the contribution of the granular layers for the 
total permanent deformation becomes smaller. 

These results provide an example of the flexibility and abil
ity of the PDAPD model for designing and analyzing flexible 
airfield pavements. In particular, PDAPD has significant po
tential when materials do not meet the standard requirements 
and specifications currently in use. 
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