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SUMMARY 

This report presents the results of an analytical study made to 
develop criteria for determining the degree of compaction required at 
different depths in soils beneath flexible airfield pavements to prevent 
consolidation of the soil under wheel loads and consequent deformation of 
the pavement.  The report pertains particularly to pavements constructed 
for use by airplanes with high-pressure tires and multiple wheels. 

Data obtained from observations of airfield pavements in actual 
service and from reports of accelerated traffic tests on carefully con- 
trolled test sections were tabulated, and from these tabulations correla- 
tions were developed between the compaction effort applied to flexible 
pavements by aircraft traffic and the densities resulting from this com- 
paction effort at various depths. 

The established CBR relations were used to integrate the effects 
of wheel load, tire pressure, assembly configuration, and depth below 
pavement surface into a compaction index, C , for purposes of this 
study. Correlations between C and the densities required to prevent 
further compaction are presented. Appendix A gives an example of the use 
of the correlations in preparing compaction requirements. 
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COMPACTION REQUIREMEKTS FM *nrL cOMPOmnv* 

OF FIEXIBLE ATRBTELD PAVEMENTS 

PART I:  INTRODUCTION 

! 

Background 

top 6 £   oTl       r      OV ^^ ^ ^-^-a-») re,uJed that th. 

9      Tn  iak. P      ^^  Wa8 not required. 

This study showed a definite relatinn >,0+^ Pavements. 
.,   . ±a:L™ re-i-ation betvreen magnitude of wheel   i™^ r r.r—=~ : rr ~r ~ 

that vart nr •> appeared in the 1946 issue of onax; part of the manual. 

Compaction Requirement.« 

Wheel Load 
lb 

5,000 
15,000 
40,000 
60,000 

150,000 

 Cohesionlesa HanH« _-  J  , 
■LOU per cent Q*  ^>. „~     -__Cohesionless__Sands or rr- r        ^^m^oj.uuxess aands g per ce^        i^HEüinLÜEüE 

12 
18 
30 

12 
18 
30 
54 

12 
24 

12 
24 

78 

3- No report has been issued on the lQ4s atnHv K * ~ 

Plots of  basic data illustrating the variatit f g* ' ^^ ^ 
and also the summary plots of the reV. c-P-tion with depth, 

ummary plots of the relations of load, depth, and degree of 

_ 
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compaction for the two soil types.  Tire pressure was not considered in 

this analysis. 

k.     In 1950 the necessity developed for establishing flexible pave- 

ment desic"1 criteria for multiple-wheel gears and high-pressure tires, 

which involved further study of compaction requirements. A study of com- 

paction requirements contained in the 19^6 issue of Part XII, Chapter 2, 

of the Engineering Manual for Military Construction showed that a definite 

relation existed between the required degree of compaction given in the 

table in paragraph 2 and the maximum shear stress (T  ) resulting from 

single wheel loads. The theory of 

elasticity was used to compute 

T  . Fig. 2 shows the plots of 
max    0 

T   versus per cent compaction de- 
max 

veloped from the 1950 study.  Since 

tire pressures had not been in- 

cluded in the earlier (19U6) anal- 

ysis, values were assigned for the 

various loads, as shown in the 

legend in fig. 2, which represent 

the approximate tire pressures ac- 

tually used. The plots of fig. 2 

were then used with computed values 

of T   to determine compaction re- 
ma-. w^ 

quirements for various single- and 

multiple-wheel assembly loads. 

This procedure was essentially a 

theoretical resolution of the I9U5 

data to cover the effects of 

multiple wheels and high tire 

pressures.  This study produced the curves of compaction requirements 

(fig. 3) that were published in the 1951 issue of Part XII, Chapter 2, of 

the Engineering Manual for Military Construction. 

\ r) . 
\ \ 

\ uV 
V V COHES'ONLt 

.               1          ._ 
55  SOI . 

CO <f£S/V£ ton-' A , s \ 
\ 

\ \ \ 

\ ^ \ 
\ \ 

\ 
\ 
\ 

LEGE! !E 
A             IK.OOO-LB WHCCt.. M Ptl 
0            «0.0OO-L9 WHEEI-. M FSI 
0         70.000-LB wMceu, 110 psi 
T          IM.00O-I.S WHEEL,   IM PSl 

NOTE:    CLOSED IVMBOLS AftE 

OPEN IVMBOLS AHE 
COHESIONLESS SOILS. 

•0 IO0 MO '20 ISO 
REQUIRED DENSITY IN PER CENT MODIFIED AASHO DENSITY 

Fig. 2.  Required density versus 
maximum shear stress 
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40    O SINGLE WHEELS 

ALL stJBrxAcDE
E

P
s

Tr BASE c— -L^E
Lr

EELs 
EXCEPT COHESIONLESS SANDS 

LOAD  ON   «SSCMBL  v   _  i   m 

SINGLE WHEELS 
LEOEND MULTIPLE WHEELS 

COHESIONLESS SANDS I«.   MOO.   A»HO   O.NJITV 
••«   HOD,   .«IMO   D.N.I,, 

OU»L»H..L...AC.0.7.1|M. 
CC.    TV.IN  T.NO.MO  «P.C.D 
••■"•0- CC,  .OTH .OU1».,D «ITH 
TIRH IMPL»T.O TO .ly« » 
CONTACT AXA OP 10? ». IN 
'*•>  TIN. AT ALL LOADS. 

CO-PACT.„   TOW, J^,    A*tL  '"■'■• ""-'-  •« 

COMPACTION. »NKATKN NKOUIHBO 

Purpose and Scopp 
of This Stndv 

5.  Since publication 
of the 1951 iSsue of part 

XII, Chapter 2, of the En- 

gineering Manual, it has 

been necessary to revise 

the compaction requirements 

to cover current aircraft 

gear configurations and 

loads. Also, it was con- 

sidered that a review 

should be made of all in- 

formation that had been 

collected that would bear 

on the problem.  In gen- 

eral, the data reviewed 

came from two sources : ob- 

servations of airfield 

pavements in actual service, 

and accelerated traffic 

tests on carefully con- 

PIe- =öjötf„r^sr^Lcours'     trolled teat "cti0- *'* «. =««-. .re 119tM ta ..Befereiloe8., at the :T:;tTiTb the ^ 
New Treatment of r^tp 

6.    In 1958 a new issue of Part  YTT    m. 

very high dogre.8 of OOBpactloa ^ ^ ^ ^^^ 
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PART II: PRESENTATION OF DATA 

Sources of Data 

7. The data used in this study were obtained from reports produced 

in connection with the following programs:  (a) airfield pavement evalua- 

tions; (b) condition surveys; (c) field moisture content investigations; 

and (d) special test sections. To be of use in the study, data had to in- 

clude the soil condition, position, and character (density, depth, and 

Atterberg limits), and the magnitude, intensity, and amount of loading 

(wheel load, tire pressure, assembly configuration, and volume of traffic). 

Arrangement 

8. Data from 21 reports of the investigation programs listed in 

the preceding paragraph have been assembled in tables 1 and 2.  The source 

report is listed first, followed by the assembly load data (magnitude 

wheel arrangement and spacing, and tire pressure or contact area). Next 

are listed the depths at which samples were taken for the determination 

of densities, with the plasticity indexes and densities obtained shown 

opposite pertinent depths. Data are included only for test sections or 

airfield facilities that had been subjected to an appreciable amount of 

traffic of the assembly load listed. As will be seen later, the method 

of analysis adopted does not require a precise determination of traffic 
volume. 

Selection 

9. ^^ 1 stains data considered to be of primary reliability, 
while table 2 contains data of secondary reliability. The data in table 1 

were used to develop compaction requirements because they were obtained 

from carefully controlled test sections. Ihe data in table 2 were con- 

sidered only for verification since they are from studies of actual in- 

service facilities, where actual volume of traffic was not known and 

moisture content was not controlled. 
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Definition of Compaction Index 

10. Each layer in a pavement system is subjected to a compaction 

effort during each application of load. The magnitude of the compaction 

effort is a function of the geometry of the system and the characteristics 

of the materials between the pavement surface and the given layer. The 

parameters relating to the geometry of the system are: the total load, 

the contact pressure, the number and spacing of individual wheels, and 

the depth from the surface of the pavement to the layer being considered. 

The parameters regarding the characteristics of the materials betwe a  the 

pavement surface and the given layer are not understood, and in this analy- 

sis it is assumed that differences in characteristics in the range found 

in normal flexible pavements produce no significant differences in com- 
paction effort. 

11. Analysis of the compaction requirements for each of the param- 

eters related to the geometry of the system would require data covering a 

range of conditions for each parameter. The available data were not 

obtained for the purposes of this study, so the desired range for each 

parameter, to permit ready analysis, does not exist. Therefore, the param- 

eters relating to the geometry of the system were combined into one varia- 

ble. A ready-made combination of these parameters exists in the CBR de- 

sign curves. The CBR required at a given depth i'or a particular wheel 

configuration, assembly load, and tire pressure is a number which reflects 

all the parameters related to the geometry of the system mentioned earlier. 

The design CBR has been used as the "compaction index" (C^ in this re- 

port. As an example of its use, a 100-kip twin-wheel load, 37-in. c-c 

wheel spacing, 200-psi tire pressure, requires a CBR of 9 at a depth of 

3^ in. The compaction index, C^ is therefore said to be 9. A 10-kip 

single-wheel load, lOO-psi tire pressure, also requires a CBR of 9, but at 

a depth of 10 in. The compaction index for this condition is also indi- 

cated as 9. By use of the design CBR (labeled "compaction index" (C ) 

to avoid confusion with thickness requirements) as a parameter to combine 

the geometrical parameters, it has been possible to utilize the available 

data even though they did not cover the desired range of conditions for 

each parameter. 
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12. Though it appears entirely logical to combine the geometrical 

parameters by use of the compaction index (design CBR), readily available 

means make a verification of the method desirable. Fig. 3 shows empir- 

ically developed compaction criteria in use prior to the advent of the 

analysis being reported here. For a given degree of compaction, various 

combinations of loading and thickness can be selected from this figure. 

Using these combinations of loading and thickness and appropriate CBR 

curves, such as that shown for lOO-psi, single-wheel loadings in fig. Al, 

the CBR required in a design to support the loading subject to the selected 

conditions can be determined. Table 3 shows required CBR values, so deter- 

mined, for combinations of loading and thickness from fig. 3.  The result- 

ing values for any single compaction requirement are very nearly alike re- 

gardless of individual load magnitude, tire pressure, or design thickness. 

Thus  a verification of the compaction index has been provided from empir- 
ical data. 
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PART III: ANALYSIS OF DATA 

Data Plots 

13. By including the various parameters of loading and depth in 

terms of the single parameter, it is necessary to consider only the inter- 

relation of density, compaction index, and soil type. Accordingly, plots 

were made of density versus (^ in an attempt to establish a relation, as 

shown in figs. 5 and 6. Ihe data plotted in these figures are those of 

primry reliability listed in table 1 (see paragraph 9). 

Consideration of Soil Type 

14.  It was first thought that soil type as expressed by the plas- 

ticity index (PI) WOuld be a sufficiently critical parameter that it might 

be treated in a number of ranges, such as nonplastic, 0-5 PI, 5.10 PI 

10-25 PI, etc. On analysis, however, it was found that distinctions ' 

could not be .ade between the various ranges of plasticity, and that only 

the cohesionless (plasticity index zero or NP) and cohesive separation was 

warranted. This finding was partly due to the small differences between 

ranges and partly to the data being insufficient to establish such small 
differences. 

Assumption Used in This Study 

15.  It was assumed, for the purpose of this study, that the density 

found in a given test section or a given airfield facility after a given 

period of traffic would have been adequate to prevent densification during 

the given period of traffic if the density had been built into the 

material during construction. 

Limitations of the Analysis 

16.  Since tolerable amounts of settlement from compaction have not 

been established, the points shown in figs. 5 and 6 cannot be separated 
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NOTE:    oeHtlTlM MM MEASURKD DCNSITIES 

^A^.tcJ^V°KX S THe '"*'<»> =■" 

2 
1       '       '     '     I 1    ■   ■   ■   ■   '  ■  || 

•        1       8     9    10 I       I      I    J 
40 SO 

Fig. 5.  
Co^^- ^uire^ents of cohesive (pla8tic) soils for 

ixexibie airfield pavements, table 1 data 

1 < I I | | | mi 1 , _ 
NOTE,    D«N.ITIE. *« MEAtOR.D DeNSIT1„ 

COMPACTION INDEX It THE DESIOM Bmm 

• »0        60      70    iO   »0 

Fig. 6.  Compaction JJJgjJ«-*. of cohesionless (NP) soils for 
rxexibie airfield pavements, table 1 data 
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into "acceptable" and "nonacceptable" categories with a dividing line 

drawn between them.. The points in figs. 5 and 6 that plot toward the lower 

densities (for a given compaction index) represent cases where the amount 

of compaction that occurred was small.  This could easily be due to a 

low volume of traffic or a moisture content which was considerably dry 

(or wet) of optimum. The points that plot toward the higher densities, 

however, represent those cases where the volume of traffic was high and the 

moisture conditions were proper for compaction to occur. A limiting line, 

set high enough so that all points would fall below it, would be a com- 

pletely safe limit; however, due to the inaccuracies involved in density 

sampling and in determining the proper reference density (modified AASHO), 

it is felt that such a limiting line would be unduly conservative. Also, 

some of the points lying in high positions may be due to unusually high 

densities developed during construction, or to naturally high densities, 

rather than to traffic. The lines shown in figs. 5 and 6 are intended to 

exclude the majority of the points. The shape of the curves was influenced 

to some degree by the pattern of density-depth-load relations which was in 

use prior to the time this study was made. 

17. In fig. 5, which treats cohesive soils, the data for large 

values of the C^ are distorted automatically by material strength require- 

ments and resultant normal design practices. The high C range is the 

range in which loadings applied to a test section or airfield would produce 

failure unless the materials involved had high strengths (CBR values). 

Cohesive materials at or near optimum moisture content do not normally 

have high strength. It follows that the cohesive materials for which data 

were obtained and which could be used in this analysis could not have been 

in the proper moisture condition to give maximum compaction. Test items 

which might have produced the greater densities properly representative of 

cohesive materials in this range of compaction effort failed under rela- 

tively few load repetitions and were not tested further. Thus, the points 

which should represent maximum compaction to be expected from high C ef- 

forts have not been obtained.  Therefore, data above a (^ of 50 have^ot 

been plotted, and some of the points immediately below must remain in 
question. 
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Plots of All Available Data 

18. To verify the analysis based on the data of primary reliability 

from table 1, plots were made Including the data of lesser reliability 

from table 2. These plots are shown in figs. 7 and 8 for cohesive and 
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Fig. 7. Compaction requirements of cohesive (plastic) soils for 
flexible airfield pavements, all data 

cohesionless materials, respectively.  The curves in figs. 5 and 6 are in- 

cluded in figs. 7 and 8.  In studying these figures, certain logical fac- 

tors should be kept in mind. It is obvious, for instance, that compaction 

requirements must diminish with increasing depth.  It follows that the 

degree of compaction must decrease with decreasing compaction index.  It 

is also true that very high densities are ordinarily the result of compac- 

tion by large, intensive loadings. Therefore, the uppermost points in the 

right-hand portion in figs. 7 and 8 (the high C^ range) must have resulted 

from compaction by aircraft traffic. On the other hand, densities 
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commotion 1, co^nly „^t^ tllrollehout ful -*!„„., „^ 95 to 100 ^ cMt oompaction ^^^^ «    wm 

point,  in „,. ^„.^ portlon ^ fi88_  7 ^ 8_     ^ ^ ^ ^ 

F18.  8.    e~~££fSSZSt' 2 ~J"K-1—   («P) ==11= for ixexiDJ.e airfield pavements,  all data 

indi atin^i«. densities  in t.e very ^ C, range  in fig.  7 i8 due to 

the inanity of cohesive aerials to exhibit high strength at high 

moisture contents,  as discussed in paragraph 17 in regard to fig.   5. 

Compaction Requirements 

19.     In fig.  9 the curves  from figs.   5 and 6 are shown on a single 

Plot.     OMs plot can he used to dete.nine compaction requirements  criteria 
for any combination of loading,  depth,  and material.    An example of such 
a determination is given in Appendix A. 
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Fig. 9-  Compaction requirements for flexible airfield pavements 
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PART IV: RESULTS 

20. This study showed that the compaction index (C ) provides a 

means of combining into a single parameter the variables of load, tire 

pressure (or contact area), wheel configuration, and depth for determina- 

tion of the compaction required in the various layers of flexible pave- 

ments for airfields. 

21. Also from this analysis relations have been developed between 

compaction index and required compaction (per cent of modified AASHO 

maximum density) for base, subbase, and sübgrade materials for flexible 

pavements. These are separated, for the purposes of the relations, into 

cohesionless and cohesive materials. 
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Table 3 

Required CBR Values for v«^ous Whee1 T^HB 

Single Wheels 
CBR for Indicated 
Tire Pressure 

100 ps"l  200 püTT 

10 8.1 
20 8.1 
30 8.0 
ko 8.0 
50 8.0 
60 8.0 

Assembly 
Load 
kips 

CBR for 
Dual Wheel 

Loads 

Assembly 
Load 
kips 

Coheslonless Sands 

100^ Modified AASHO IV>ng^ 

7-1 
7.2 
7.7 
7.5 
7.4 
7.5 

50 
75 

100 
125 

9.2 
8.6 
8.5 
8.5 

100 
125 
150 
175 
200 

CBR for 
Twin-Tandem 
Wheel Loads 

9-5 
8.9 
9.4 
8.9 
9.2 

Average 8.3 

10 
20 

3.7 
3.6 

3.3 
3-^ 

50       i».! 
75      4.0 

100      3.7 
125      3.6 

100 M 
i0 

50 

3.6 
3.5 
3.6 

3-3 
3.3 
3.3 

125 
150 
175 

4.6 
M 
4.2 

60 3.6 3.6 200 4.1 

Average 3.8 

All Soils Except CohesloniPHQ 1 

100^ Modified A4SH0 Densltv 

10 
20 
30 
40 
50 

15 
15.5 
16 
15.5 
16 

13 
13.5 
14 
14 
13.5 

50      16 
75      14.5 

100     15 
125      15 

100 
125 
150 
175 

16 
15 
15 
15.5 

60 16 13.5 200 16 

Average 15.0 

8.1 
8.1 
8.0 
8.0 
8.0 

95% Mo 

7.1 
7.2 
7.7 
7.5 
7.4 

ilfled AASHO T^na^Y 

100 
125 
150 
175 

10 
20 
30 
40 
50 

50       9.2 
75      8.6 

100      8.5 
125      8.5 

9.5 
8.9 
9.4 
8.9 

60 8.0 7.5 200 9.2 

Average 8.3 
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APPENDIX A: METHOD OF DETERMOIMG COMPACTION REQLTIREMENTS 

1. This appendix describes a method of determining specific compac- 

tion criteria. The final product, as in the past, vill be a plot of load 

versus depth for specified percentages of compaction. The percentages 

used might be 105, 100, 95, 90, 85, and 80. For this example only the 

100 per cent value will be used. 

Determination and Use of C Values 

2. Prom fig. 9 of the main repor. the ^ values for 100 per cent 

compaction are 8.9 for cohesionless soils and 19 for cohesive soils. 

For this example the cohesive soil value will be used.  This C value 

of 19 represents any combination of loading and depth which requires a 

CBR of 19. Therefore, by entering any CBR curve with this CBR value, 

combinations of load and thickness can be read which will pemit the' 

Plotting of a curve of load versus thickness.  This is true regardless 

of the form of the CBR curve, the wheel configuration, tire pressure, or 

contact area.  For this example, the CBR curves for a single-wheel assem- 

bly and 100-psi tire pressure will be used. 

Example of Final Curve 

3.  Fig. Al is a set of CBR curves for 100-psi tire pressure, single 

wheels.  Reading along the 19 CBR line, the following depths and wheel 
loads can be obtained: 

Wheel load, kips Depth, in. 

6.0 
8.k 

10.4 
12.0 
13-5 
1U.7 
15.5 

These data are plotted in fig. A2; and, in addition, curves for other per- 

centages of compaction are shown. A similar plot could be produced for 

cohesionless soils, or for other tire pressures, or multiple-wheel assem- 

blies, or any arrangement of loading for which CBR curves are available. 

10 
20 
30 
ko 
50 
60 
70 
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NOTt: SINW.E WHCEL ASSEMBLY. 

Flg. Al.  CBR curves for tire-inflation pressure of 100 psi 
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Flg. A2. Compaction requirements, single wheels, 100-psi 
tire pressure, cohesive soils 


