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THE CALIFORNIA :BEARING RATIO TEST 

AS APPLIED TO THE DESIGN OF 

FLEXIBLE PAVEMENTS FOR AIRPORTS 

SYNOPSIS 

This memorandum is a report on the California bearing ratio 
(CER) test which is part of the California method of design for flexible 
pavements. The method was tentatively adopted by the Corps of Engineers 
in 1942 for the design of flexible pavements for military airports. The 
purpose of the CER test, which is a penetration type test, is to deter
mine a modulus of shearing resis.tance of soilo. The modulus value deter
mined by the test is used in conjunction with empirical design curves 
(basetl in part on correlation wfth fteld performancP-) t·o determine· the-
total thickness of base and wearing course required to protect the sub-
grade and base course against shear failure. The CER test may be used 
in the design of new pavements, evaluation of the load-carrying capacity 
of old pavements, or as a field control in the construction of new 
paYements. 

For design or evaluation purposes, it is necessary to conduct 
C:BR tests on, (1) natural undisturbed samples with water content adjusted 
to expected field conditions, and/or (2) on remolded samples which have 
the same molding water content, moisture conditions, density, and 
physical properties that will be produced during or after construction. 
Therefore, the CBR test can not be considered as a classification test, 
but is a sh~ test, and the CBR-Values obtain;d from the test are~-.
iiifiasures of shearing r;siatanC8; the validity of which-aTeClej?ei1dent on 
Ereparation of the test specimen to duplicate field conditions. The ~ 
test is considered valid only when a large portion of the deformation 
under penetration is shear deformation. 

Included herein are a discussion of the development and limita
tions of the CBR test and a summary of the results of a comprehensive 
laboratory study, which was conducted to investigate factors leading to 
the development of a procedure for the preparation of remolded samples 
and to the development of a CBR test procedure; recommended procedures 
for preparation of remolded and undisturbed samples for the CER test; a 
comparison of field and laboratory CBR data obtained from accelerated 
traffic test sections and special pavement behavior test sections, and 
recommendations for _future investigations. Also included are appendices 
giving, (a) the detailed data obtained in the comprehensive laboratory 
study, including a discussion on the physical behavior of remolded soils, 
(b) a comparison of the compaction characteristics of plastic soils, and 
(c) a description of a recently developed field in-place CBR apparatus 
and its operation. 
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( The results of this investigation show that the wide variations 
I in the CER test results on laboratory compacted samples are largely due 
i to the method of preparation of the test specimen, and that similar 
1 variations are obtained in the results of unconfined compression and 
\ triaxial tests. In cohesive soils compacted by the impact method, small 
\changes in molding moisture will greatly affect the CER. On these soils 
/the molding moisture controls the type of soil system formed.during com-
paction, with the result that different physical properties are obtained 
in identical soils for different molding moisture contents. These 
properties are retained by soils which do not exhibit high swell, even 
though the specimens are soaked prior to testing. The variations in CER 
with changes in density and molding moisture content are systematic for 
one compaction method. Consistent laboratory results on soils sensitive 
to molding water content can be obtained only when these variables are 
given full consideration. Ey conducting a series of tests, varying com
pactive effort and molding moisture content, sufficient information may 
be obtained to show the effects of moisture content and density on the 
CER 'llllder a given method of laboratory compaction. 

Except for clean free-draining sands and gravels, it is not 
known how closely the physical properties obtained by laboratory compac
tion methods used in this investigation correspond to those obtained by 
the various field compaction methods now available for use. The sensi
tivity of the physical properties of the soil to molding moisture and 
method of compaction therefore makes it difficult to produce soil condi
tions in the laboratory which will be the same as those produced in the 
field. Eefore a laboratory procedure is finally established for prepar
ing samples for design strength tests, it will be necessary to study the 
physical properties of soils compacted by field compaction equipment. 
However, until more data are available, it is recommended that the 

'(remolded laboratory specimens for CER tests be prepared using dynamic or 
iinpact compaction (dropping hammer) and not static compaction. Whenever 

'applicable, field in-place tests, or tests on undisturbed samples of 
jmaterials in cut areas should be performed adjusting the water content 
i to the degree of saturation to be ultimately expected in the field. 
During construction, field in-place tests or tests on undisturbed samples 

I 

1taken from compacted fills or base courses should be performed, and 
either the design requirements or construction procedure changed if 

1necessary. A satisfactory field in-place CER apparatus has bee.n 
1developed and is described in this report. 

In general, the CER test, which is considered to be only the 
penetration portion of the original adopted procedure, has proven satis
factory with two changes. A surcharge load on the specimen during pene
tration has been added, to make the test more satisfactory for cohesion
less soils, and an adjustment of the stress-strain curves obtained from 
the test has been made, to correct for low initial stress measurements. 
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Since the adoption of the CER test by the Corps of Engineers, 
much interest has been aroused in regard to development of a proper 
design procedure for flexible pavements. Although the CER test has 
several shortcomings,, it is believed that the use of the test in con
junction with empirical curves offers the best solution, at least for 
the time being, to the design of 'flexible pavements for airports. For 
this reason, it is thought that studies and investigations of the design 
method and of the preparation of samples should continue. Of special 
importance is the necessity for the construction of closely controlled 
field test sections, using different tYPeS of compacting equipment, in 
order to compare the physical properties obtained from dynamically and 
statically compacted laboratory soil specimens with those of field com
pacted soils, and to determine the effect of traffic on soils molded on 
the dry and wet side of optimum water content. Laboratory compaction 
equipment should be specified so that the same physical properties can 
be obtained in both the field and the laboratory. A study of field 
compaction is now being performed by the Corps of 'Engineers. 

There are nn da~aavailablP to show whether the present field 
compaction methods more closely duplicate dynamic or static laboratory 
compaction. However, from the results of laboratory studies, it appears 
that with the exception of soils exhibiting high swell, subgrades and 
base courses for pavements should be compacted in the field slightly dry 
of the optimum water content for the effort being used, in order to 
obtain high strength and a rigid soil mass. It appears that in all tYPes 
of material except the high swelling clays, compaction on the dry side 
will probably be beneficial, even though over a long period of time the 
water content of the material beneath the pavement may increase 
appreciably. 
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PART I: INTRODUCTION 

Authorization 

·l. A comprehensive laboratory study of the California bearing 
ratio test was begun in November 1942 to determine satisfactory methods 
for preparation of specimens for OBR design tests and to develop the CBR 
(penetration) test. This study was initiated by the Office, Chief of 
Engineers in a second indorsement, dated 17 September 1942, to a letter 
from the U. S. Waterways Experiment Station, dated 7 September 1942. 
subject "California bearing ratio test procedure. 11 Authority to perform 
this work was granted by the Office, Chief of Engineers in the sixth 
indorsement, dated 13 November 1942, to the basic letter. The Experiment 
Station was directed by the Office, Chief of Engineers, in a letter 
dated 4 March 1944, to prepare a final report containing all available 
-data-pertinent -to the d-e-\rcelopment -a."ld u-s-e of th-e CBR test. 

Purpose of Report 

2. It is the purpose of this technical memorandum to: 

a. Describe the background and limitations of the California 
method of design for flexible pavements and the reasons 
for its adoption by the Office, Chief of Engineers, U. s. 
Army, for the design of flexible pavements for airports. 

b. Discuss investigations, reasons for investigations, and 
development of the CBR test to date. 

c. Recommend procedures for the preparation of samples and 
for performance of the CBR (penetration) test. 

d. Giv~ recommendations for those investigations which are . 
considered necessary for further basic development of the 
test. 

Scope of Report 

3. The background, development, and limitations of the OBR test 
procedure, together with its application to design and a resume of the 
principal findings of the comprehensive laboratory stu~y of the CBR test, 
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are covered in the main body of this report. Also contained in the 
main report are procedures recommended for preparation of remolded arid 
undisturbed samples for CER (penetr~tion) test; pertinent comparisons 
of laboratory and field CER data from several projects, and recommenda
tions for further investigRtions. The detailed results of the compre
hensive laboratory studies on the preparation and penetration of CBR 
test specimens are given in Appendix A. The results of a comparative 
study of the compaction characteristics of plastic soils are contained 
in Appendix E. A description of a recently-developed combination screw 
jack and proving ring field CER apparatus, togethPr with a detailed 
procedure for operation of this apparatus, are given in AppPndix C. 

Definitions 

4. A propPr understanding of the terms and familiarity with the 
symbols listed below will be of assistance to the reader in the study 
of this report. 

Bracketing soils - A term applied to a representative group 
of soils chosPn for investigating the effects of numerous 
variables on the CER. ThPse soils were tested extensivPly and 
were termed "bracketing" because thFJy ranged from sand to fat 
clay; 

Physical propPrties of soils - As used in this rPport, this 
tPrm refers primarily to those properties of a soil mass which 
are changed by variations in moisture, density, percentage air 
voids, grain arrangement, moisture films, or any other factors. 
These properties include, but are not nPcessarily limited to: 
compressibility, permeabilitv, shearing resistance of the soil 
mass, and volume change in the mass with change in moisture 
content. The term appliPs to thP soil mass as a whole and not to 
to the physical properties of individual grains~ although the 
physical propertiPs of the grains may affect those of thP soil 
mass. Changes in physical properties can be measured by consol
idation, shear, permeability, or othPr physical tests. 

Soil system - Soil system refers to an intimate mixture of 
soil with air and/or water. A soil system may be a two-phase 
system, consisting of an air or gaseous phase and a soi.1 or solid 
phase (dry soil), or a water or liquid phase and a solid phase. 
Usually, however, the soil system consists of three phases: a 
water phase, an air phase, and a soil phase. Arrangements of 
grains in the soil phase, or of water and air voids in the air 
and watn phases, may greatly affPct the physical properties of 
the soil· mass. 
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California bearing ratio or CBR - A measure of shearing 
resistance by soils to penetration, which is determined by com
paring the bearing value obti:dned from an arbitrary penetration 
type shear test with a standard bearing value obtained on crushed 

J rock (avPrage value of tests on a large numbAr of crushfld rock 
lsamoles). Thfl standard results are taken as 100 percent and 
valut>s obtainfld from other tests art> expressed as p8rcentages of 
the standard. CBR may be modified by the terms, laboratory, field 
in-place, undisturbed, soaked, or unsoaked, according to the con
ditions under which the specimen was prepared for test or where 
the tests were made, or by the terms design or evaluation, accord
ing to the purpose for which the test results will be used. 

Uncorrected. CBR - The CBR value taken at the first 0.1 inch 
of penetration without making any adjustment of the stress
penetration curve. 

Corrected CBR - The CBR value at 0.1-inch penetration after 
_adjusting the ntress-penetration curve~ (The adjustment of the 
curve is covered in detail in Part II of Appendix A.) 

As-molded CBR - The CBR obtained on a remolded specimen tested 
immediately after compacting or molding. No change in water con
tent or density is allowed to take place. before testing. 

Unsoaked CBR - Same as the as-molded CBR for remolded speci
mens, and also the CBR obtained from a field in-place test, or 
the CBR on an undisturbed sample secured from a cut area or com
pacted fill at the field-in-place moisture. 

Soaked CBR - The CBR obtained on a specimen pent>trated after 
being soaked by one of several methods used (i.e., soaked from 
bottom only, top only, or top and bottom). 

Field in-place CBR - The· CBR obtained on a specimen tested in 
situ with a special fiPld CBR tGsting apparatus (see Appendix C). 
This can eithPr be soaked or unsoaked. 

Undisturbed mold CBR - The CBR obtained by testing an un
disturbed sample taken in the CBR ~old. This can either be soaked 
or unsoaked. 

CBR design test - A design test is a test made to determine a 
physical.property of a soil mass, under the conditions which it is 
anticipated will exist in the completed fill, cut, or base course. 

I The CBR desi6Il test is made on a remolded speci~en prepared at 
~the density and under the moioture conditions which will exist 
iduring construction or on undisturbed natural specimens. Before 
\testing, the water contPnt is adjusted to that which will, it is 
anticipated, eventually occur during the lif P of the pavement 
under consideration. 



Evaluation CBR test - As used in this report, an evaluation 
test is one which is made to aid in the evaluation of an existing 
pavement. It may consist of either a field in-place or laboratory 
test on undisturbed soil at its natural field in-place moisture 
or adjusted for future moisture conditions. The evaluation test 
is performed to determine either the CBR of an existing subgrade 
or base course, what its CBR mav be assumed to be after a long 
period of time, or whether the assumptions as to density and water 
content used for preparation of specimens for the design test are 
duplicated during construction. 

the 
Water content (w) - The ratio, expressed as a percentage, of 
weight of water in a given soil mass to the total dry weight 

of solid particles. 

(1) (wo) _W_a_t_e_r __ c_o_n_t_e_n_t~, __ o_p_t_i_m_um ____ _..;.. - The water content at which 
the maximum density is uroduced in a soil by a specific effort. 

Water content, initial (wi) - The water content of the a oil 
immediately before more water is added in the performance of a 
soil test such as the compaction test. 

Water content, molding or as-molded ("''m) - ThP watPr content 
of the soil at the time it is compacted, or of a test specimen at 
the time it is molded. 

Water content gradient - In this report this term refers to 
the distribution of the water (expressed as a percent of dry 
weight of soil) from top to bottom·of a soil specimen. 

(l) Percent or degree of saturation (S) - The ratio, expressed 
as a percentagP, of the volume of water in a given soil mass to 
the total volume of intergranular space (voids). 

Saturated soil - This term, as used in airport and highway 
practice, refers to a soil which has abaorbed the maximum amount 
of moisture it can hold without being disturbed or remolded. The 
oources of this water may be capillary water, ground-water seepage, 
condensation, or pavement leakage. Most soils when saturated in 
this manner are not theoretically fully saturated but contain 
varying amounts of air voids, depending on the soil type. This 
does not refer to remolded conditions under which soils can lose 
appreciable strength and in some cases may approach a semiliquid 
condition. 

( 
1

) Suecific gravity ( G) - The ratio of the weight in air of a 
given volume of material at a stated temperature to the weight in 
air of an equal volume of distilled water at a stated tempPrature, 
usually 4 degrees C. (For soils, refers to solids only.) 

1 
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(l)Void ratio (e) - The ratio of the volume of intergranular 
space to thP volume of solid particles in a given soil mass 
without regard to the proportions of liquid, air, or gas which may 
occupy the. space. 

Dry density (Yd) - Dry unit weight of the soil in pounds per 
cubic foot. 

Wet density ( 1w) - Wet unit weight of the soil in pounds per 
cubic foot. 

Density gradient - In this report this term refers to the dry 
density distribution from top to bottom of a soil specimen. 

Dry side of optimum - Drier than optimum water content for any 
effort used. The condition of the soil when the plotted point of 
dry density (ordinate) versus molding water content (abscissa) 
falls on the left side of a line showing the relation between 
optimum -watPr content a.'l'ld dry- density for a .givep. compaction 
method.. 

Wet side of optimum - Wetter than optimum water content for 
any effort used. The condition of the soil when the plotted. point 
of dry density versus molding water content falls on the right 
side of a line showing the relation between optimum water content 
and dry density for a given compaction method. •. 

Dynamic compaction - Compaction of the soil by the impact of a 
free-falling weight or hammer. 

Static compaction - Compaction of the soil by gradually 
increasing the compacting pressure (applied by means of a piston 
or plunger) up to a.ny given amount. (Rate of application in this 
inv-~stigation was approximately 0. 05 inch per minute.) In some 
instances the static load. was applied to the top of the specimen 
and, after unloading, thP. mold was invnted and the load. applied. 
to the other end of the specimen. This procedure has been desig
nated as 11 load applied once from each end.. 11 

Compactive effort in foot pounds of energy - Numerically equal 
to the product of thP WPight of the hammer, the height of fall, 
and the number of blows. Significant only when the following 
factors are known: thickness of the compacted. layers, area of 
the strking face of the hammer, and the unit volume over which 
the energy is appliPd. This is further described in Part IV of 
Append.ix A. 

Surcharge - A confining weight placed on top of the CER speci
men during soaking and/or penetration. 



Standard AASHO (also standard Proctor) mold - A cylindrical 
metal mold, 4 inches in diamAter by 4.6 inches in height, having a 
metal base and collar. 

Standard AASHO (also standard Proctor) hammer - A solid metal 
tamper weighing 5-1/2 pounds and having a circular striking face 
2 inches in diameter. 

Modified AASHO (also modified Proctor) hammer - A solid metal 
tamper weighing 10 pounds and having ~ circular striking face 
2 inches in diameter. 

Standard CER mold - A cylindrical metal mold 6 inches in diam
eter in wqich a specimen approximately 5 inches in height can be 
compacted. (Note: Specimens 4-1/2 inches in height were used in 
this investigation.) 

Standard AASHO (also standard Proctor) co action - Dynamic 
compaction in Proctor mold using 25 blows .~in._ free drop} of 
standard Proctor hammer on each of three equal layers, or dynamic 
compaction in CER mold using 55 blows (12-in. free drop) of 
standard Proctor hammer on each of three equal layers. The com
pactive effort obtained bv the latter method is equivalent to that 
obtained in the standard AASHO test. 

Modified AASHO (also modified Proctor) compaction - A modifi
cation by the U. S. Corps of Engineers of the standard AASHO com
paction method and consists of: Dvnamic compaction in Proctor 
mold using 25 blows (18-in. free drop) of modified Proctor hammer 
on each of five equal la;)rers; dynamic compaction in CER mold 
using 55 blows (18-in. frAe drop) of modified Proctor hammer on 
each of five equal layers. 

15-blow Proctor compaction - Dynamic compaction in Proctor 
mold using 15 blows (12-in. free drop) of standard Proctor hammer 
on each of three equal layflrs: or dynamic compaction in CER mold 
using 35 blows (12-in, free drop) of standard Proctor hammer on 
each of three equal layers. 

Porter static compaction - The sequence of compaction is as 
follows: first a comparatively high rate of compression is used 
until a load of 100 psi is acting; then a rate of 0.1 inch per 
minute is used until a pressure of 1000 psi has been applied, and 
finally a rate of 0.05 inch per minute is used until 2000 psi is 
reached. The 2000 psi is maximum for the standard test. This 
maximum load is maintained for one minute. 

Processing base course material - Altering the distribution 
of the various particle sizes. In this investigation, processing 
con~isted in removing all material larger than 0.74 inch (square 
mesh sieve) and replacing this with eq_ual pArcentages by weight 

9 
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of size 0.74 to 0.37 inch a.nd 0.37 to 0.18 inch. Th"' pArci:mtage 
of matPrial finer than 0,18 inch thus remains constant . 

. (J)PPrmeability coP.fficif'nt (k) - The discharge VPlocity of 
flow of fluid through a porous mass under a unit hydraulic 
gradiPnt. 

FreP-draining soils - As usPd in this rPport this tPrm applies 
to soils having a coefficiPnt of permeability of 10-3 cm pPr s~c 
or greater. 

Practically impervious soils - As usPd in this rP.port this 
tPrm appliPs to soils havinB a coefficient of pPrmeability of 
less than approximately 10- cm per sec. 

Pore water or neutral pressure - ThA portion of thP total 
pressurP exerted on a soil system which is carried by the pore 
water or liquid phase. Pore water prPssure is a neutral· stress 
·'\Jecause -H ·does not contribute to the sh;::;ar ~trength of the soil. 

Effective or intergranular pressure - The portion of the total 
pressurP exertPd on a soil system which is carriPd by thP solid. 
phase or transferred directly from grain to grain. These pressures 
are effective in the sense that they produce frictional resistanc.e 
between grains. 

Detrimental swell - For base course materials, 1 percent swell 
or greater. For subgrade materials, 3 percent swell or greater. 
This swell is measured after four days soaking top and bottom·i~ 
the CBR mold and is computed on the basis of the total initial 
specimen height. 

cr.l' cj,2' 0:3 - M . i t d' t d . aJor, n erme ia e, an minor principal stresoes. 

Triaxial compresoion test - A physical test used to determine 
the stress-deformation characteristics of soils. Cylindrical test 
specimens are usually first subjected to an external pressure 
(~~ = <J2 ) and are then shearod to failure by application of a 
vertical load (~1 ) applied longitudinally. The tests are classi
fied as slow, consolidated quick, or quick, depending upon the 
time allowed for consolidation between application of loads. 

Q,uick (Q,) triaxia.l compression test - A test in which the 
specimen is loaded quickly to ft:dlure without allowing drainage 
or volume cha.nge to occur during application of load. 

Consolidated quick (Qc) triaxial compression test - A test in 
which the specimen is first fully consolidated under a lateral 
pressure (<J3) and is then loaded Quickly to failure without 
allo~dng anv further volume change. 
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Slow (S) triaxial compression test - A test in which the 
specimen is first fully consolidated under lateral pressure (cJ

3
) 

and is then loaded to failure by allowing sufficient time for 
each increment of vertical load applied to become fully effective 
on the solid phase. 

Deviator stress - In the triaxial test the deviator stress is 
numerically equal to the difference between the major principal 
stress and the minor principal stress (u1 - u3). 

~tterberg limits constants - LL, PL, PI - Liquid limit, 
plastic limit and plasticity index. 

(l) American SociP.ty Civil Engineers - Manual of Engineering Practice 
No. 22, "Soil Mechanics Nomenclature. 11 Prepared by the Committee of 
the Soil Mechanics and Foundations Division on Glossary of Terms and 
Definitions and on Soil Classification. Adopted 20 April lg41. 
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PART II: ADOPTION OF THE CALIFORNIA MEI1HOD FOR 

DESIGN OF FLEXIBLE PAVEMENTS 

Necessity for Pavement Design Procedure 

13 

B. In the latter part of 1940, the OfficP, Chief of Engineers was 
confronted with the problem of establishing procedures for designing 
flexible airport pavements to withstand anticipated magnitude of traffic 
and the stresses produced. by heavy military and transport airplanes. 
It was considPred necessary to establish design -procedurPs for the 
following reasons: 

a. To insure adequately designed pavemPnts 

b. To eliminate a wfd:A variation in dem-gns- based on judg-
ment of paving engineers who were not fully acquainted 
with the requirements of the Department or with pavPment 
requirPments for anticipated airplane traffic. 

c. To limit the use of unproven theoretical design methods 
for flexible pavements. 

d. To provide in the DPpartment a uniform dPsign procedure 
not related to arbitrary cost differentials of local 
and competitive materials, and to avoid reductions of 
pavement thickness to balancP costs. 

e. To secure foundations for further development of design 
methods through the application of data obtained by 
futurP invPstigations and actual behavior of pavements. 

9. The pavement. thicknesses required. for airplane traffic in many 
instances are vastly differFmt from those for highways. In 1940, 
Pngineers .lacked experiPnce in the construction of airfields for hPavy 
airplanes and intPnsive traffic. Unfortunately, highway design prac
tices, in general, did not necessitate the dPvelopment of design pro
cedures which could be used to determine the dPsign thickness require
ments for a wide range of whPel loads. Most of the State Highway 
Departments basPd the design thicknPss of pavemi:>nts and basAs on judg
ment from experi ~mce, limi tP-d to a more or less narrow range of 
materials and concli tions encountered in individual states. No theoret
ical method of flexible pavemPnt design was used PXtensively by any 
Highway Department or recommended by any organization of Paving 
:Engineers. Several StatP Highwav Departments used em-pirical methods 
for the design of flexible pavemPnts for primary and secondary highwavs. 
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Flexible Pavement Design Procedure 

10. Investigations and studiPs were conducted by the Office, Chief 
of Engineers to establish a design procedure for flexible pavements. 
At first, all of the available design procedures developed for highway 
design were studied. Nearly all of these methods consisted of theoreti
cal formulas based on an analysis of the effect of a pavement upon the 
stress distribution and an assumption that the "bearing capacity" of the 
soil subgrade could be determined by some method such as the plate bear
ing test. Although the methods have considerable merit thev have little 
use, since the proper procedures for determining the "bearing capacity" 
of the subgrade have not been developed. In an attempt to make use of 
various formulas, the Department studied all available data and conducted 
special field investigations at Langley and Bradley Airfields and on a 
Virginia Highway DApartment test section to develop procedurAs for deter
mining subgrade bearing values applicable for use in various theorPtical 
formulas. The followinE conclusions were drawn: 

a. Development of a satisfactory test procedure applicable 
to any of the formulas would require extensive investi
gations which could not be accomplished in time for use 
in thP War EmArgency Program. 

b. In the use of the field plate bearing test, the proper 
dP.flection to dAtermine thA "bearing capaci ty 11 dApAnds 
upon thA basic assumptions in the formula and varies 
according to combinations of the following factors: 

(1) CharactPristics of subgrade soil. 
• ( 2) Relative charactP.ristics of subgrade 

and base matPrials. 

(3) Thickness of paVPmPnt. 

(4) Magnitude of whePl load. 

( 5) TirA imprint area. 

(6) Q;uantity of traffic. 

(7) ExpACtPd lif P of pavemPnt. 

c. In most caSPS thA plate bearing test rAsults would not be 
applicablP to soil moisture conditions expPcted ulti
mately to develop bPlow a pavement, and it would be 
extremely difficult to develop a mPthod satisfactory for 
adjusting thP test results for thP various moisture con
ditions. In view of the abovA, it was apparfmt that some 
mAthod othAr than thP USA of a theoretical formula would 
have to be employed for at least a few years. 
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11. SevPral enginPers proposed the use of plate bearing tests on 
pavement surfaces for.the design of flexible pavements and, in order to 
dPtermine the applicability of this method, field plate bearing tests 
were made on thP surfaces of pavements and base courses. These investi
gations led to thP conclusion that the same factors that must be con
sidered in using the plate bearing tPst on subgrade soils must also be 
considered in determining the carrying capacity of a pavement by the 
plate bearing tPst method. In addition, the compressibility of the 
pavement and of the base material enter into the problem. 

12. After several months of intensive study and investigation, 
the principlPs as used by the QaUfo~ni~Highw~ ~-artment to develop 
a method for the design of flexible pavements were tentatively adopted 
in the early part of 1942. The principles consist of determining a 
modulus of the shearing resistance of the subgrade soil by a test and 
using the modulus with empirical curves developed by_ s~rviq_E!_i~~ent 
s!udies to de_te~mine the require~ combined thi~~n~-~.~9-f _?.as~ anc! _ _Eave
ment. The principles were tentatively adopted for the following 
reasons: 

a. They were considered to be as sound and logical as any 
other basis. 

b. They had been used successfullv by the California State 
Highway Department to develop a method of design 
applicable for conditions in that state. 

c. North Dakota and Florida had used the principles to 
some extent for the design of highway pavements. 

d. .A satisfactory mPthod could be developed more quickly 
if based on thPse principles than if based on other 
principles. 

e. The rPsults of accelerated traffic tests using applic
able wheel loads on existing pavements and on special 
test sections and the data of thP empirical design 
curves of the California method could be used to quipkly 
develop design curVPS for airfield pavements for any 
required traffic. 

f. ~h.:._ C_!lR~Pst cl.eveloEd ~ thfi Califor!lia H~~Depart-
.E.!_~:m~ ~etE!rlJ!inP; !!.lce m9j.~lus .of ~he shearing resistance 
of the soil for use in the California method of design 
could be adopted for immediate use. (Note: It was 
believed that the test procedure would be satisfactory 
for testing all types of soils, provided the field com
paction standards for airport pavements werP the same 
as used by the California Highway Department.) 
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~· All soil tests could be made in the laboratory with 
simple equipment, which is also advantageous for design 
ana construction in the theatres of operation during the 
war. 

h. The soil tP.st could bP conducted on soaked samples 
representing the conditions that ultimately may develop 
beneath most pavements. If desired, tests could be con
ducted with the soil a.t other moisture contents. 

13. The California ]earing Ratio (CER) test was adopted to deter 
mine the modulus of shearing resistance of soils for use with empirica ... 
design curvP.s, since it has been successfully used by the California 

,· Highway Department. Tentative design curves applicable for airfield 
1:pav~ment design were prepared by consultants and personnel of thP. Office, 
\:Chief of Engineers. After the tentative design curves had been found I sufficiently accurate according to results of accelerated traffic tests 
1 on existing pavements at Corpus Christi, Dothan, Fargo, and Lowis ton 
I Airfields, and on an eJqlerimP.ntal pavement constructed at Stockton, 
I 
I California, a conference was held in Sacramento, California, to present 
1 the method of design. RepresPntatives from all Divisions attended the 
conference. At the conference, Mr. 0. J. Porter, Senior Testing 
Engineer for the California State Highway Department, and personnel from 
the OfficP, qhief of li!ngineers, described the tentative. design curves 
and the CER tests. In addition, construction control methods used by 
the California Highway Department were describP.d. Minutes of the con
ference were published by the Sacramento District in a folder entitled 
"Lecture Course on California Method of Determining the Relative Value 
of Soils and Application to Design of Highways A.nd Runways." In the 
first issue, June 1942, of Chapter XX of the Engineering Manual, the 
method of design developed, termed the California Method, was submitted 
to all .offices in the Department, and it was stated that the method 
would be used for desi~n of pavements under the jurisdiction of the 
Department. 

, 14. To refine the design curves, additional data were obtained by 
' accelerated traffic tests on specially constructed test sections at 
\]arksd~le, Langley, Eglin and Grenier Fields. In'addition, accelerated 
traffic tests were performed on existing pavements at Santa Maria, 
Natchitochfls, Beltsville and Richmond Airfields, and pavement deflec
tion tPsts were made using airplanes on a specially constructed s~ction 
at Marietta, Georgia. At the present time it is considered that no more 
special test sections will be required to obtain data on design thick
nesses for wheP.l loads less than 60,000 pounds. Studies of airfiAld 
pavements under service will yield the desired information. However, a 
spAcial section to be tested with a wheel load of 150,000 pounds is 
being constructed to furnish data for design curvfls beyond present 
limits. 
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15. The California Bearing Ratio (CBR) Test is essentially a pene
tration (shear) test to determine a modulus of shearing resistance of 
soils. It is considered applicable to soils in foundations below flex
ible pavements. For the purpose of determining the carrying capacity of 
existing pavements, the penetration test is made on undisturbed soil 
taken from beneath the pavement. At the time of adoption of the prin
ciples of the California Method of Design for flexible pavements by the 
Corps of Engineers, it was believed that the method of preparation of 
the sample and the penetration test (CBR) procedure, as used by the 
California Highway Department, could be used in the design of airport 
pavements, provided that the compaction actually achieved during con
struction produced densities equivalent to the densities obtained by 
construction and control methods used in California. To obtain compac
tion equivalent to that specified by the California Highway Department, 
the Corps of Engineers specified the use of the Modified AASHO Compaction 
Test for field control purposes. The control tests used by the Calif
ornia State Highway Department were not adopted, since they were not 
generally accepted or used. On the basis of limited data, it was assum~d 
that the rf' sul ts o bt ai nAd by the Modified .A:A-SHO MP-ti10-d- would- ~p- nearly
equal to those obtained by the California control tests. 

16. Soon aftAr adoption of the CBR test, it became evident that 
the compaction method used in preparing the sample for design test would 
have to be revised in order to utilize available equipment and in order 
to obtain densities required by the specifications. The procedure was 
revised to _:ti~~ _§!:._lllethod of com~9_tio~ __ i:iimpar to th_~t_ ad~ted :f'or field 
c~m:eaction control tests TModified AASHO Test). As a result of some 
inconsist;tlcies in te~t-;.esults -ruid ·the rn'led for modification in the 
preparation of the remolded samples for the design test, the program of 
investigation described in this report was initiated. 



18 

PART III: INITIAL MODIFICATIONS IN PROCEDURE FOR 

PREP.ARING R:EMOLDED SPECIMJITNS FOR DESIGN CBR TEST 

General 

17. From time to time after the adoption of the California method 
of design for flexible pavements, the Engineer Department has had to 
modify the method of preparing remolded specimens for design, so that 
the CBR penetration tests would give results more nearly applicable to 
field conditions. It is believed therefore that the discussion of the 

-orfginal California method of preparing test specimens, and of the 
California and Engineer Department control tests, together with initial 
modifications to the California method of preparing test specimens given 
in the paragraphs below, will be of assistance to the reader in under
standing the development of the CBR method of test by the Corps of 
Engineers. 

California Method .of Preparing Remolded Specimens for 
Design Test 

18. For the purpose of design, the California State Highway 
·· Department developed a mechanical procedure of preparing the -soil for 

design tests. It is understood that, based on the experience in• 
' California, the results of tAsts on the laboratory prepared specimens 

l are equal to those obtained by testing undisturbed soils below pavements 
tconstructed by the methods used in California after the pavements are in 

servicA a few years. The soil is prepared as follows: 

a. The moisture-density relation for the soil is determined 
by using a static load of 2000 psi and a 6-inch diameter 

mold. 

b. For thA test, the soil is remolded and compacted at optimum 
moisture (as determined in a, above) under a static load 
of 2000 psi. -

c. The test specimen is soaked from the top and bottom for a 
period of four days. During the soaking period the top 
of the specimen is confined with a surcharge weight of 
12-1/4 pounds (equivalent to the weight of 4 or 5 inches 
of pavement). 

lq, ThA procedure as used by the California Highway Department for 
preparation of remolded sam~les for design tAsts can only be considered 
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satisfactory when the same construction methods and control are used as 
used in California and it is desired to design for saturated soil condi
tions, a criterion of design used in that state. Information gainPd 
from a study of the California procedure indicates that, if it is antic
ipated the usual field compaction will not bP obtained, a special 
laboratory procedure is used for preparing the soil sample that will 
produce a dE:msi ty ·equivalent to that expected in the field. If the soil 
is not to be compacted, penetration tests are conducted on undisturbed 
soaked soils. 

( 2) 
California Compaction Control Tests . 

Static compaction 

20. For control compaction tests, California uses the static load 
method as a standard procedure, both in the laboratory and the field. 

'In this standard tP.st the moisture-dE:msi ty relation is d-P.termi-ned- by 
1using a sta.tic load of 2000 psi in the CBR mold. 

Impact compaction 

21. An impact method is used as an alternate procedure in the 
field for control of a large pP.rcentage of construction jobs where quick 
determination of any variation in the materials is required. It is 
understood that the maximum density obtained. is equal to that obtained 
by the static method dP.scribP.d in paragraph 20. Tests for detP.rmining 
the CBR of soils, howevPr, can not be made with the field equipment used 
for the impact test. The impact apparatus consists essentially of: 

a. 

b. 

c. 

A split cylindrical metal mold with an inside diameter 
of 2.86 inches and a height of 3 feet, fitted with 
clamps and a detachable·base. 

A metal rammer or tamping shaft 3 feet 6 inches long, 
having a 2-inch diameter circular face and weighing 
10 pounds. 

A metal piston of 2.85 inch diameter and 2.7 inches 
long, fitted with a dPtachable rod for removing it from 
the cylindrical mold. 

( 2 ) M' t S inu es of the conference were published by the acramento District 
in a report entitled "Lecture Course on California M"'thod of Deter
mining the Relative Stability of Soils and Application to Design of 
Highways and Runways." 
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The sample is compacted to an approximate height of 10 inches. It is 
compacted in 10 equal layers, each layer receiving 20 blows with the 
10-pound tamper dropped free from a height of 18 inches. 

Compaction Control TPst Specified by 
the Corps of Bngineers 

22. The California static compaction control test was not adopted 
by the Corps of Engineers, since it was not generally accepted or used 
by othPr agencies. Eased on a comparison of compactive efforts from 
limited data available, it was assumed that the results obtained by the 
AASHO (Proctor) cqmpaction test, modified by the Engineer Department so 
as to increase the compactive effort, would be sufficiently close to 
those obtained by the California impact control tests. Therefore, the 
modified AASHO (Proctor) compaction test was specified as the Engineer 
Department control test. 

Early Modifications to California Method of 
Preparing Remolded Specimens for Design Test 

23. The first change to the California procedure for preparing 
tAst specimens appeared in Chapter XX of the Engineering Manual, as 
published in June 1942, which required the use of the modified AASHO 

1 compaction test as a control, and required that CBR test specimens be 
1 prepared under 2000 psi static load at an optimum water content pre
\ determined by thP. modified AASHO compaction test. 

24. After a short period of compacting the samples for CBR 
design tests in accordance with this procedure, it was evident that: 

a. The densities of the samples being prepared for the 
CBR design test were at considerable variance with 
those specified for construction control. 

b. , The test results on poorly graded clean sands and 
l cohesionless silts were not valid compared to results 
1 on plastic soils, because of the inability to obtain 
I required field densities or compaction curves for 
I sands using static compaction. 

25. In view of the variations obtained by use of the partially 
modified California method described above and its limited applica
bility, it was considered necessary to further modify the method of 
preparing remolded specimens to design tests so that when penetrated 
they would actually reflect the relative stability of the soil as 

l 
I 
l 
! 

I 
! 
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compacted during construction and as later affected by moisture changes. 
Two methods of compacting the soil for design CER tests were therefore 
considered. They were: 

a. A static load method using a variable load to produce 
the density desired. 

b. An impact method similar to that adopted for field com
paction control tests (modified AASHO test). 

Method ~was selected to compact the samples for the design test, since 
(1) the method was similar to that used for compaction control tests by 

'the Engineer Department; (2) the equipment for the impact method was 
\available, and (3) loads greatly in eXCflSS of 2000 psi were required to 
,compact sandy samples to the density desired. Laboratories were not 
equipped with static load equipment with capacities required and, due 
to the war, such equipment could not be obtained. 

26. The- u&e- of the impact method for preparation of specimens for 
design tests was submitted as a second modification by the Office, Chief 
of Engineers to the field offices in September 1942. It was unfortunate 
that invflstigations could not have been conducted to determine the 
effect of these changes before submitting them to the field. It was 
assumed, however, at the time, that the main factor in the preparation 
of the specimens for design tests was to produce the density as set 
forth in the Engineering Manual. 

27. At this time, the use of a~urcharge during penetration was 
introduced into the test procedure, to make the test more applicable 
for· use with cohesionless materials. During the test the penfltration 
surcharge was specified to be equal to the anticipated overburden in 
the field. 

28. For cohesionless soils it was specified that a drainage period 
of 15 minutes should be allowed for removing any free water remaining on 
the surface of the specimen after soaking and to prevent any surface 
disturbance or softening, which would rflsult in obtaining low CER values. 

29. The California Division of Highways, as well as several other 
state highway departments and agencies, had found through experience and 
field observation that subgrade and base course soils (except clean 
sands) under impervious pavements usually increased in water content by 
C~illarity and condensation of moisture, regardless of the ground-water 
elevation, and in-sQiii;C"ases became'""Il;arly saturated. Although it is 
recognized that this maximum moisture condition will not occur below all 
pavements, it is impossible to accurately predict the ultimate moisture 
conditions. Therefore the Corps of Engineers specified design for max
imum moisture conditions. For this reason it was stipulated that the 
CER design penetration test should be performed on specimens containing 
the maximum water content obtained by soaking. HowevAr, provisions were 
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made so that the total pavement thickness could be reduced 20 percent 
for ideal subgrade conditions and for subgrades with low moisture. 
Later, due to abuse of this provisiop, it was necessary to remove the 
allowance, to prevent general underdesign. 

Comprehensive Laboratory Studies 

30. In view of the fact that still further modification in the 
procedure for preparation of test specimens and in the CBR test 
appeared desirable, a program of investigation was formulated in 
November 1942, to be conducted at the U. S. Waterways Experiment 
Station. The principal objectives and findings of this investigation 
together with results obtained from special and general field reports 
were used to make modifications to the CBR procedure from time to time 
after the initial modifications just described. Chapter XX of the 
Engineering Manual was revised in March 1943 and was supplemented by a 
circular letter, subject "California Bearing Ratio ProcP.dure, 11 to all 
Division offices in May 1944. 
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31. This part discusses and describes the establishment of design 
criteria and specification requirements for subgrades and base courses 
with which the CER is usually identified. The limitations of the CER 
test are presented, with fundamental rules for its use utilizing the re
sults of the laboratory studies described in detail in Appendix A and 
available field experience. 

Factors Controlling the- Use of the. CEIL T_e_sj;_ 

Description of the 
CBR penetration test 

32. The CER tA.st is a penetration shear test used to determine a 
modulus of the shearing resistan~e of soils. In this report the CBR 
test is considered to be only the penetration portion of the procedure 
and does not include the preparation of remolded test specimens. The 
CBR test is not a classification test, since it.will give different 
results for _the same soil compacted to different water contents and 
densities under different methods of compaction. This is not a weakness 
of the CBR test but means that care is necessary in the preparation of 
samples to reproduce field conditions. Similar trends are obtained in 
the shearing resistance of soils as measured by the triaxial compression 
and unconfined compression tests. Since the shear characteristics of 
the soil mass change with change in water content, density and method of 
compaction, test results as reflected by CBR or any other type of shear 
test should also change. The test io considered valid only when a 
large portion of the deformation under penetration is shear deformation. 

33. The CER test may be performed on samples remolded and com
pacted in the CBR mold, or on undisturbed samples secured from compacted 
fills or cut areas. A field in-place CBR test can be performed with 
apparatus described in Appendix C. The test can be made on samples in 
either the unsoaked or soaked condition and can be used as either a 
design or evaluation test (see definitions in Part I) according to the 
purpose for which the test results will be used. The modulus of shear
ing resistance obtained from any given test is divided by a standard 
modulus obtained on crushed rock, to obtain the CBR value. This value 
is then used in conjunction with empirical design curves to determine 
the total thickness of base course and pavement to protect the underlying 
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soil against detrimental shear deformation. The detailed step-by-step 
laboratory penetration test procedure is given in Part VI. 

Shearing resistance 
of soils 

34. Undisturbed soils. Many soils, particularly cohesive soils, 
have a natural structure which imparts strength to the soil mass. When 
the natural structure is destroyed by remolding, even at the same 
moisture and density, loss of shear strength results. Some materials 
lose a major portion of shear strength, while others are little affected. 
In some cases, compaction of natural subgrade soils causes more loss of 
strength than the remolded soil gains due to increase in density. In 
these cases the pavement should be constructed on an undisturbed sub-
1grads and design tests should be made using undisturbed samples. 

35. Compacted soils. Certain shear strength characteristics are 
found -in compacted -soiLs whicll v-a.ry with. compacting moisture co:p.te_~t, 
general field moisture conditions subsequent to construction, and den
sity, which will be further discussed below. These variations have been 
investigated in the laboratory for static and dynamic compaction and the 
effect of these factors on the shearing resistance of laboratory com
pac,isld soils is large. Little is known at present of the effect pro
duced by field compaction, but it may be assumed that a similar condition 
exists. Therefore, CER tests must be performed on undisturbed samples 
taken from compacted fills, or field in-place tests must be made to de
termine whether laboratory test results are representative for field 
conditions. · 

36. Shearing resistance of soils during traffic compaction. 
During traffic, particularly with wheel loads of 15,000 pounds or 
greater, a large amount of compaction will occur in loose subgrades or 
base courses. Experience has shown that, depending on the size of the 
wheel load, material to a considerable depth will be compacted to 
densities in the range of 90 to 100 percent of modified AASHO. This 
compaction occurs by decrease in the volume of voids in the soil. In 
saturated soils which have little or no cohesion and are not free 
draining, such as fine sands or silts, a part of the load during traf
fic compaction is carried by water trying to escape from the voids and 
a large .loss of stability may occur. Under such conditions, shear 
tests may not be dir~ctly applicable for design. 

37. Soils subject to frost action. Soils subject to frost action 
suffer a loss in strength, due to increase in water content and de
crease in density. Thus in areas where such soils may be adversely 
affected by frost action, other considerations than shear strength as 
shown by the test methods established herein may control the design of 
the pavement. 
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38. Free-draining cohesionless sands and gravels. Under traffic 
compaction; free-draining sands and gravels consolidate to a density 
equivalent to about 100 percent of modified AASHO compaction without 
detrimental shear deformation. Therefore, the CER test performed on 
loose sands is not believed to be applicable to the design of a pavement 
and base, and design tests should be performed on specimens compacted to 
~ercent _£!~()dified AASHO density. · 

39. Summary. Since the CER test is a shear test and not a classi
fication test, it should not be used where factors other than shearing 
resistance crontrol the design. The results of CER tests performed in 
the manner described in this report can not be directly used. for design 
if frost action will cause loss of strength after construction or if an 
appreciable loss of strength due to development of pore pressure under 
traffic will occur. In clean free-draining sands and gravels, CER tests 
should be made on samples compacted to 100 percent modified AASHO 
density. 

Rules for Ad-equate U-esign 

40. Adequate design requires that specifications and design cri
teria be set up which can be met in the field and which will result in a 
stable structure taking full advantage of available materials. Methods 
for testing materials in the laboratory must be devised which duplicate 
field conditions. Specifications and laboratory and field testing pro
cedures must be established which are coordinated with construction 
procedures and with field e:xperience. 

41. To use the CER test in the design of flexible pavements, one 
of the following procedures must be followed: 

a. Assume CBR values, to determine a design which is based 
on the best practical knowledge and experience,which 
apply to the airfield under consideration. During con
struction, perform tests either on undisturbed samples 
with the moisture conditions adjusted to the degree of 
saturation to be ultimately anticipated in the field, or 
make field in-place tests. If the field construction 
and compaction procedure does not give results corrtparable 
to those obtained in the laboratory, change the design 
or improve the field procedure such that the CER test 
values on the soil in question agree with those assumed 
for design. 

b. Produce test specimens in the laboratory with the same 
conditions of water content, density and structure 
expected in materials to be compacted.in the field. 
Perform tests on compacted or undisturbed samples where 
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applicable, adjusting the water content to the degree of 
saturation to be ultimately expected in the field. Deter
mine the design requirements, using the test results from 
these specimens. During construction, perform tests on 
undisturbed samples with the moisture conditions properly 
adjusted, or field in-place tests. If the CBR values 
obtained during construction are lower than the design CBR 
values, every effort should be made to improve the con
struction methods in order to increase the CBR, based, of 
course, on the predication that the tests made during 
construction correlate directly or are equal to the values 
obtained by the laboratory procedure. If this can not be 

! done, then the design should be changed to agree with the 
\ field results. 

To make the California method practical for design, procedure b, above, 
is followed. In making field in-place tests, it is not practical to 
adjust the moisture condition to that ultimately expected. Therefore 

I f1eTd -in-pJ.ace tests must -oe comparea. to laboratory tests on unsoaked 
~ \ samples and the effect of soaking determined by comparison of soaked and 

~unsoaked laboratory tests. 

Moisture criterion 

42. Experience and field observation have shown that subgrade and 
base course soils (except clean sands) under impervious pavements will 
increase in water content by capillarity and condensation of moisture 
regardless of the ground-water elevation. There is no way at present 
to predict what degree of saturation will ultimately be reached at a 
given site. Therefore the moisture condition for design, as stated in 
paragraph 29, is required by the Engineer Department. 

Example of Design by the California Method 

43. To show the analysis of design by the California method when 
the subgrade or base course soils are not affected by frost, or when 
detri~ental settlement or development of hydrostatic excess pressure are 
not the principal considerations in design, assume that a main taxiway 
is to be designed for capacity operation 1.ilri th a 37 ,000-pound wheel load, 
and that the top 6 inches of subgrade will be compacted. To compensate 
for increase in deflection in the pavement, base and subgrade, caused by 
slow-moving or standing planes, the loads given for capacity operation 
should be increased 25 percent on the design of turnarounds, hardstand
ings, taxiways and aprons. The 37,000-pound wheel load therefore cor
responds to. a design load of 46, 200 pounds. The CBR of the compacted 
subgrade and of the materials available for base course construction 
are as follows: 
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Soil Group 
Casagrande 

Material Classification 

Compacted subgrade CL 
1 SF 
2 SP 
3 GW 

CBR of Samples at Unit Weights 
and Moisture Conditions Expected 

in Prototy:pe - in Percent 

8 
15 
30 
80 

The total thickness and thicknesses of the various base course layers 
are determined as follow-s: 

~· Total thickness. The total combined thickness of the base 
course and pavement will be governed by the bearing ratio 
of the compacted subgrade. From the curves on figure 1 
the required total thickness of base course and pavement 
above the compacted subgrade (CBR of 8 percent) is 
22 inches. 
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b. Thickness of base course layers. The total combined thick-
ness of 22 inche~ of base course and pavement may be com

,. posed of materials 1, 2, 3, and wearing course (pavement). 
:The design thickness pf each layer of material will depend 
iupon the relative cost of construction and the bearing 
·ratio of each material. The first step in design is to 
determine the individual layer thickness required with 
reference to its location in the structure, if all three 
materials are used. Material 1, which has the lowest CBR, 
would form the lower layer, and material 3, which has the 
highest CBR, would form the upper layer. The minimum depth 
of more stable material required above a layer of material 1 
is 15 inch~s, corresponding to a CBR of 15 percent accord
ing to the curves shown on figure l. Likewise, the minimum 
depth required above a layer of material 2 ( CBR of 30 per
cent) is inches (see paragraph 44, below, for explanation 
of minimum depth • If the cost of placing material 1 is 
the least and that for material 3 is the highest, the most 
economical base course design would be as shown in figure 
2-a. However, if economical, the base course might also be 
designed using only material 3, or materials 2 and 3 in 
combination, as shown in figures 2-b and 2-c, since material 
with a higher CBR may be used in place of a material with a 
low CBR. Field experience and the results of traffic indi-
1cate that, although there may be some differential between 
the behavior of layered base courses as indicated in figures 
'2-a and 2-b and a base composed of high quality material 
'throughout as shown in figure 2-c, this differential io 
1fairly small~ On the traffic tests in which this factor 
was studied, the differential in required thickness of base 
course was within the limits of experimental error for the 
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test conditions. Therefore no differential in design 
thickness between the two types of base course is used at 
this time. Under this assumption, the design method out
lined above allows the rapid investigation of the econom
ical advantages derived from the use of locally available 
materials. 

44. Base course immediately under pavement. The base course 
immediately under the pavement should be sufficiently stable to with
stand the high stresses produced in the zone directly under the wheel of J 

a plane. The required stability is dependent upon the type and thicknessi 
of pavement, the action and effect of a moving or skidding wheel, the · 
type of plane, et cetera, and can not be determined by the curves shown 
on figure 1. For highway pavements used by heavy trucks, experience has 
shown it is desirable for the base course material immediately under a 

\bituminous pavement to have a CBR of at least SO percent. Observations 
1and tests to date indicate that a 6-inch base course with a CBR of at 
least SO percent placed directly under bituminous pavements of the mini-

1mum thickness wi11 have satisfactory sta'bi1ity. This minimum thickness 
of pavement should not be less than 1-1/2 inch for wheel loads up to 
15,000 pounds; not less than 3 inches for wheel loads up to 37,000 
pounds, and for wheel loads exceeding 37,000 pounds the thickness should 
be designed in accordance with the requ_irements in each specific case, 
but in general should not exceed 6 inches. 
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PART V: DISCUSSION OF LAEORATORY PROCEDURES 

General 

t 45. Certain factors which directly affect the CBR penetration test 
i and several factors which entered into the preparation of remolded 

~ f specimens for the penetration test were investigated in the laboratory. 
· i These ~actors were studied for the purpose of modifying test method~ or 
!Si determining the validity of the test results. Methods of taking undis-

·1· turbed samples and preparing them for test were also studied. The above 
1 factors and procedures, all of which affect the CBR test results directly 

! t or indirectly, are described below. 

L 

Penetration 
surcharge 

CBR Penetration Test Procedure 

;i 46. As stated in Part III, the Corps of Engineers modified the 
)A original procedure by requiring the use of a surcharge load on test 
Jr specimens during penetration. On cohesionless soils which have high 
~ internal frictional resistance, the penetration surcharge greatly affects 
J the test results by confining the material and mobilizing the shearing 
" strength of these soils. Inasmuch as unreasonably low CBR values are 

obtained on cohesionless soils when penetrated without the surcharge 
weights, it was deemed highly necessary that the surcharge be used. Since 

l the line of demarcation between cohesionless and cohesive soils was dif-

jI ficult to establish, it was desired to use a penetration surcharge on 
, all soils, provided it did not greatly affect the results on plastic 
j soils. The results of the .laboratory studies indicated that the CBR 

value for cohesive soils was not greatly affected by a penetration sur
charge, It was therefore concluded that a penetration surcharge should 
be used for all soils. 

47. Magnitude of -penetration surcharge. The magnitude of the 
penetration surcharge, as stated above, greatly affects the CBR value 
on cohesionless materials. However, its effect on cohesive materials 
is small and the more plastic the material the smaller the effect. On 
cohesive materials which exhibit high swell, the swell which occurs 
during soaking has a major effect on the CER value and, therefore, the 

i soaking surcharge, which acts to reduce swell during soaking, likewise 
l \has a major effect. In view of the above, it is necessary that the 
\.·· 

1
Penetration surcharge be equal to the soaking surcharge, so that the 

! \test will be made on samples which are not undergoing active volume 
l change. 



48, Each surcharge should be equivalent to the weight of over-

{ 
burden anticipated in the field, except that it should not be less than 

· 10 pounds, which is the equivalent of approximately 6 inches of over- · 
burden in the field. Examination of figure 1 shows that a comparatively 
large change in the C]R value above a CER of 10 percent causes little 
change in the total combined thickness of base course and pavement. In 
this range of C]R values, it is believed that the surcharge weight should 
duplicate the anticipated overburden weight only to the nearest 5-pound 
increment. On soils in a condition in which it is expected the CJ3R will 
be below 10 percent, a small change in CER, for instance from 3 percent 
to 5 percent, will greatly affect the total thickness of base and pave
ment required. Laboratory data show that a maximum change in the actual 
CER value of about 1/2 percent occurs with a 5-pound change in surcharge. 
This latter condition is not an unreasonable variation, however, because 
normal differences between tests for reasons other than surcharge may 
cause this much change. It is therefore ·Co.nsidered that it is not neces
sary to control the surcharge weight more closely than to plus or minus 
5 pounds for all sons. The overburden -surcharge should. be estimated 
from the estimated CER value and if this assumption does not ch~ck wha~ 
the tests actually obtain, the penetration test should be re:pe·a.ted on a 
sample which has the correct equal soaking and penetration surcharge. 

49. On soils in a condition in which it is expected a low C]R 
value will be obtained, it is advisable to apply the penetration piston 
and penetration surcharge weights in either one of two ways, to ~revent 
upheavA.l of the soil through the· hole in the surcharge weights before 
placing the piston. · In the first method, one 5-pound annular disc sur
charge weight should be applied to the soil surface, the penetration 
piston then seated with a 10-pound load and finally the remainder of the 
surcharge applied by the use of slotted 5-pound surcharge weights. In 
the alternate method, a special locking and alignment device as shown in 
figure 6 can be used. 

Rate of penetration 

50. Tests were conducted in the laboratory, using various rates 
of penetration to determine whether a "quick" condition would be produced 
for saturated cohesionless materials during a fast rate, or if consolida
tion would occur for more plastic type soils when a slow rate of penetra
tion was used. According to the test results it is concluded that the 
present rate of 0.05 inch per minute is satisfactory. 

Correction of stress
penetration curves 

51. Tests performed in the early part of the laboratory study and 
tf'sts conducted by othAr laboratories showed that two types of stress
penetration curves were being obtained with dynamic compaction on soils 
exhibiting low swell. One was concave-upward and the other concav.e-
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downward over about the first 0.1 inch of the penetration range. These 
are illustrated on figure 3. It was at first believed that this was due 
to a soft surface condition which was established during soaking, and a 
method of correcting the curves was adopted to allow for this condition. 
The method of correction consisted of extending the portion of the curve 
With a maximum slope over 0.1 inch penetration to zero stress and estab
lishing a new origin. For the purpose of this investigation, it was 
assumed that the controlling CER value was at 0.1 inch penetration, 
which allowed the use of the following method of correction. The cor
rection, as shown on figure 3, is made by drawing a line through the 
origin parallel to the steepest slope maintained for any 0.1 inch of 
penetration and selecting the bearing value at the intersection of this 
line with the line at O.l inch penetration. In the case shown on figure 
3, the curve for molding water content of 12.6 percent would correct 
from a CER at 0.1 inch penetration of 9 percent to one of 14 percent. 

52. Later studies showed that similar stress-strain curves were 
obtained in triaxial and unconfined compressi.on tests on specimens 
compacted dynamically, and that the CER stress-penetration curves for 
specimens compacted statically and specimens compacted dynamically at 
water contents dry of optimum seldom required correction. It was there· 
fore concluded that the concave-upward shape of the stress-penetration 
curve was actually due to the lack of rigidity of the soil mass and 
correction was possibly not warranted. However, until more data can be 
obtained, it is believed advisable to continue to correct the stress
penetration curves, and corrections have been made throughout this 
report where curves concave in the upward direction were obtained. 

Equipment 

53. Experience and observations indicate that a steady rate of 
penetration is needed. It is therefore considered that the usual tYPe 
of single-acting hydraulic jack is unsatisfactory, due to the surge 
effect created by the pumping operation. It is recommended that a 
laboratory testing machine, capable of producing a constant rate of 
strain, or a screw jack and proving ring arrangement ~imilar to that 
shown on figure 4 and plates 158 and 159 be used. Other equipment for 
the penetration test, as shown in figures 5 and 6 and discussed in 
Part VI, is considered satisfactory. 

Gravelly samples 

54. The presence of gravel in samples will produce erratic test 
results. However, laboratory studies so far conducted do not yield 
suf,fic!_ep.t data to warrant formulation of_§_ ~w method of testJ.!1L 
gravelly samples. Until further investigation can be made, all samples 
used in the laboratory for design tests should be processed as speci
fied in Part VI, and it is recommended that several tests be made, to 
allow an average representative test result to be determined, and that 
this average result be utilized in design. Field in-place tests on 



gravelly materials should also be sufficient in number to allow an 
average representative result to be obtained. 

Factors Controlling the Preparation of 
Laboratory-Compacted Specimens 

55, In preparing laboratory-compacted specimens for any tYPe of 
physical test, such as consolidation, shear, C:BR or permeability, it is 
necessary to duplicate conditions expected in the field. Originally it 
was thought that density was the only factor that had to be considered 
in preparing laboratory-compacted soaked and unsoaked specimens for the 
C:SR test. However, the comprehensive laboratory studies showed that 
not only density, but also molding water content and the method of com
paction were prime factors.to be considered in the preparation of soil 
specimens of low plasticity for the penetration test. In the case of 
free-draining cohesionless soils, it was found that the density was the 
main -f-actor, -whereas for hl.gh-_swelllng .c~ohe---sive .soils molding water 
content And density were the main factors. 

56. The results of the laboratory studies showed that variations 
in C:SR design test results were largely due to the method of preparing 
test specimens. The variations, however, were found to be systematic 
and were caused, as stated above, by mo~ding wate_!' ___ C:_9_!f~_§~'t. 1 __ <;l~_!l.~J-~y_and 
method of compaction. It was found that consistent laboratory results 
could only be obtained when these variables were given full considera
tion. Of particular interest was the shape of the C:SR stress-penetration 
curves which, under static compaction, were practically always concave
downward, whereas under gynamic compaction, except for clean sands and 
high-swelling clays, the curves started concave-upward. These concave
upward shaped curves were practically always obtained on specimens com
pacted near optimum and on the wet side of optimum, both for the 
as-molded and soaked condition. Another pertinent observation was the 

, fact that under static compaction these intermediate soils between clean 
sands and impervious high-swelling clays always swelled when soaked, 

. whereas under dynamic compaction they did not. 

57. In order to determine whether the same variations in shearing 
resistance as indicated by C:SR tests would also be indicated by other 
types of physical tests, triaxial and unconfined compression tests were 
conducted on a few tYPical soils ranging from sands to clays. The 
results of th~se tests showed that molding water content, density, and 
method of compaction controlled the shearing resistance of rernolded 
soils in a manner similar to the way they controlled the C:SR. Thus it 
is apparent that, no matter what method of test is used to determine the 
shearing resistance of soils, great care must be taken in preparation 
of test specimens to avoid erratic results. 
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58. Inasmuch as the molding water content is such a prime factor 
in controlling the physical properties of all except free-draining soils 
it follows that, in remolded soils, duplicate laboratory specimens can 
not be prepared, unless the same molding water content and method of 
compaction are duplicated, even though water contents and densities ob
tained subsequent to molding are duplicated. In other words, if a soil 
is molded at some given water content and then this water content is 
allowed to increase or decrease by a given amount, another identical 
soil specimen can not be reproduced, unless the whole cycle is repro
duced, starting with the same molding water content. 

59. The combination of molding water content, density, and method 
of compaction results in a certain tYPe of compacted soil system being 
formed, which may or may not retain the same general physical properties 
in the soaked state as obtained in the as-molded state, depending on the 
amount of swell. The variations in shearing resistance obtained on low 
to medium plastic soils exhibiting little or no swell and on high
swelling soils investigated in the laboratory studies are explained in a 
postulation set forth in Part IV of Appendix A. The postulation covers 
the variations obtained from the at-and.point- of diffe~ence£ in the struc
tural arrangement of the components in the compacted soil system. 

60. Another factor entering into the preparation of test specimens 
for the CBR penetration test is the height of the specimen. The labora-

4
tory studies showed that it appears advisable to use a minimum height of 
-1/2 inches for all soils, in order to eliminate the influence of the 

rigid base plate on the bulb of pressure created by the penetration 
piston. 

61. An extreme increase in CBR values for some soils at densities 
greater than standard AASHO density may be partly due to the confining 
effect of the 6-inch diameter mold. Present indications are that the 
6-inch diameter mold is not large enough at high densities (modified 
AASHO) on soils exhibiting less than 3 percent swell during soaking, or 
for base materials containing 3/4-inch particles. However, it is not 
considered advisable to change mold size without considerable further 
investigation. 

Types of Compaction for Remolded Specimens 

Laboratory compaction 
methods studied 

62. Two general methods were used for compacting specimens during 
the laboratory studies: static and dynamic. Static compaction con
sisted of placing the required amount of soil in the CBR mold and slowly 
adding load to it by means of a piston actuated by a testing machine. 
(Some laboratories used a hydraulic jack mounted in a frame.) The load 



was added at about 0.05 inch per minute and the maximum load was left on 
for one minute. Adding a constant load to several specimens at different 
water contents will yield results which can be plotted on a curve or 
molding moisture versus density, so as to obtain for some soils an opti
mum water content for that effort. 

63. The dynamic compaction method used consisted of compacting 
·the soil into a cylinder under a given number of free-falling blows of 

~ a given height with a hammer of given weight and given striking area. 
Dynamic tests were performed in both the standard Proctor compaction 
cylinder, which is approximately 4 inches in diameter, and the standard 
CBR cylinder, which is 6 inches in diameter. Both molds ·were placed on 
a concrete floor during compaction, in order to obtain a firm support. 
The number of blows of the tamper to use was determined by test, so 
that comparable densities were obtained at a given molding moisture con
tent. The results described in this report were, however, obtained 
pr~ncipally from compaction tests made directly in the CBR mold. 

Comparison of static and 
-dynamic compaction character1st1cs 

64. The laboratory studies showed that medium to high plastic 
soils and pumice obtained maximum densities and minimum optimum water 
contents using the Porter static (2000 psi) procedure, whereas cohe
sionless and low plastic soils obtain maximum densities and minimum 
optimum water contents when the modified AASHO procedure was used. 
Under dynamic compaction, practically all soils developed compaction 
curves with definite optimum water conte~ts, which agrees with field 
experience. Under static compaction, the medium and high plastic soils 

{were the only ones for which a compaction curve with a definite optimum 
! could be developed. In addition it was found that static compaction on 
! low plastic soils did not produce compaction curves with a definite 
toptimum water content. This is contrary to fiPld experience. 

65. It appears from the studies that it is possible to obtain a 
uniform density gradient under static compaction. However, to accomp
lish this uniformity, the load must be applied once to each end of the 
specimen, or an apparatus must be used which would allow ~ movable 
piston at each end of the specimen during compaction, Under dynamic 
compaction it appears practically impossible to establish a standard 
procedure of a constant number of blows per l~yer, or of staggering 
blows to give uniform density, even if each soil tYPe were considered 
individually, because of the fact that change in molding water content 
causes change in density gradient. 

, 66. Breakdown of cohesionless particles under both methods of 
lcompaction, although not excessive for the soils tested, is nevertheless 
undesirable. Because of this breakdown and because other soils having 
enough cohesion to do so may retain the density in small lumps from the 
previous compaction, even though the soil mass is thoroughly kneaded, 
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material should not be used more 
the water-content density curve. 
remolding specimens for any soil 

than once in establishing each point of 
Neither should material be re-used in 

test. 

Recommended 
compaction method 

67. The following factors were considered in selection of the 
dynamic method for preparation of remolded test specimens: 

!!• From the standpoint of furnishing control and design data 
on optimum moisture and density, and because the establish
ment of a definite optimum water content agrees with field 
experience, dynamic compaction is considered to be of more 
general applicability than static compaction. 

b. Although the molding moisture content has a very large 
effect on the physical properties of the soil mass under 
dynamic compaction, the variations due to molding moisture 
are systematic and can oe controIIecf fn the Ial5oratory oy 
proper procedure in-the preparation of specimens for test. 

c. The equipment required for dynamic compaction is relatively 
simple, as compared with heavy loading equipment required 
for static compaction. 

66. Since dynamic compaction is recommended, because of its over
all· general applicability, some means should be developed for accurately 
and rapidly determining the density of the top two inches of every 
specimen penetrated in the CBR test. This problem deserves more study 
than time has allowed in this investigation. Also needed is a compari
son of the compaction and strength characteristics of materials compacted 
by the laboratory dynamic method with those obtained on the same soils 
compacted in the field by standard compacting equipment, such as tractor 
drawn sheepsfoot rollers and heavy rubber-tired equipment. 

Control of Molding Water Content and Density in 
Preparing Laboratory-Compacted Sµecimens for Design Test 

Control compaction tests 
f9r remolded samµles 

69, For consistent and uniform results whenever the modified AASHO 
method of compaction, or any other dynamic compactive effort, is speci
fied for the preparation of test specimens for the CBR penetration test, 
the compaction test should be performed in the 6-inch diameter CBR mold 
on materials processed in accordance with paragraph 95-a, below. Each ' 
layer of material should be given 55 blows, to duplicate modified AASHO } 



effort, and a corresponding number of blows per layer, to duplicate any 
other specified effort. In addition, the mold should be placed on a 
concrete floor or pedestal during compaction of the soil, and material 
should not be re-used. 

Materials exhibiting 
high swell (3% or more) 

70. On soils exhibiting excessive swell,' the effects of molding 
water content are not reflected in the test results on soaked specimens. 
The laboratory studies show that, on high plastic soils sho~dng exces
sive swell, such as California adobe clay, the spread of soaked CBR 
values is small, regardless of the molding water content or type of 
compaction, as shown on plate 78 in Appendix A. However, although the 
spread of values is small, those specimens compacted dynamically on the 
dry side of optimum had the lowest CBR value, and consequently compac
tion on the dry side must be avoided if swell is to be kept to a 
minimum. 

71. Since these so1is will require compaction in the field on the 
wet side of optimum, in order to minimize swell, comparable compaction 
tests should be duplicated in the laboratory, in so far as is possible. 
Observation of swelling tests, after compaction of several specimens 
over a range of water content, may serve as the basis for field control, 
and remolded specimens for design tests should be selected from the 
results of the initial swelling tests, to duplicate anticipated field 
conditions. 

Free-draining 
cohesionless sands 

72. This group of soils includes cohesionless materials which will 
compact without detrimental shear under the anticipated traffic to maxi
mum density as specified by the modified AASHO method previously discus
sed in paragraph 38 of Part IV. For these soils the modified AASHO 
compaction test should be performed and it is only necessary to conduct 
the CBR penetration test on duplicate test specimens which have been 
compacted to 100 percent of modified AASHO density and at the optimum 
water content for this effort. Consequently, it may be possible to use 
one of the original compaction specimens for the penetration test if it 
is at 100 percent modified density. 

Soils of low plasticity 
exhibiting little or no swell 

73. This group of soils is intended to include all soils other 
than those described above. The results of CBR and unconfined compres
sion tests on these soils indicated that the shearing resistance ob
tained in the as-molded or soaked condition is greatly affected by 
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molding water content, as previously discussed. Inasmuch as these soils 
are so sensitive to molding water content, it follows that a definite 
control in the preparation of test specimens is needed and, as a result, 
several methods were investigated which are described in the paragraphs 
below. 

74. Constant number of blows to obtain 95 percent modified AASHO 
density. In order to save time and to simplify methods for preparing 
specimens at specification density, it was decided during the course of 
the investigation to determine whether there was any one dynamic com
pacti ve effort which would obtain 95~;-cent o_f modified AASHO density 
at the optimum water content for all plastic soils. Usually, laboratory 
samp1~~--~U.!3~_E_e~~-~cte9: __ ~0 ~his. C!_~si tx_for d(:lsign tests, _sin~~s 
~-s~e densi~_ge~ral~y~peci_fied for field co~tion_of_sub~ra~and 
"t~e~erial. The results of this study, which was a cooperative study 
between various Engineer Dis~ricts and the Experiment Station, are 
covered in Appendix B. These tests showed that the dynamic compactive 
effort required to obtain 95 percent of modified AASHO maximum density 
was a function of the plasticity of the soil; the required compactive 
effort increasing with in-c:re-as-e in plas-ti-city.. For 26 blows per lay-er. 
using the modified AASHO method, a variation from 93 to 98 percent of 
modified Proctor density was obtained. This variation was considered 
too much and therefore a constant number of blows was not recommended. 
Since this method was unsuccessful, one of the two following procedures 
is required~ 

75. Method 1. It is recognized that during the war, lack of time 
and ~quipment very often prohibit following the procedure recommended in 
Method 2. In these instances, Method 1, which consists of a minimum 
number of tests, should be used. This method, which is described in 
detail in Part VI, consists first of performing a carefully controlled 
modified AASHO compaction test and rigidly establishing the optimum water 
content by the curve. Three specimens are then prepared for the design 
CBR penetration test by compacting each at modified AASHO optimum water 
content under a different dynamic compacti ve effort. The maximum allow
able variation in molding water content should be not more than plus or 
minus 0.5 percent. From these data a curve of CBR versus molded dry 
density as shown on figure 7 can be obtained which will permit the 
determination of the design CBR based on the expected field density. 

76. As can be seen, Method 1 is suitable for preparation of test 
specimens when specifications cal_l for 95 percent of modified AASHO 
density. This approach can be used, because quite often higher densities 
Will be obtained in the field, although specifications require a minimum 
of 95 percent of modified AASHO density. If some other density is speci
fied, the procedure must be changed. 

77. It is emphasized that this method will give satisfactory 
~esults in the laboratory only when the molding water content is closely 
controlled within the tolerance shown above and it is desired for speci
mens to be compacted in the field at 100 percent of modified AASHO 
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optimum watPr content. Since the tests are performed for only one mold
ing water content, no indication (either quantitative or qualitative) is 
given as to how this soil group will behave if placed in the field at 
any water content other than that for which the laboratory tests are 
performed. 

78. Method 2. In general, this method, which is described in 
detail in Part VI, mu.st be followed, in order to obtain a complete pic
ture of variations due to molding moisture. The results of this method 
of test permit a full study of the variation of CBR with density and 
water content, and the approach for arriving at a CBR value to be used 
in design on this group of materials is as follows: 

a. 

b. 

c. 

Assume a practical working range of water content and 
density to be expected in the field. 

Perform penetration tests on all specimens used in the 
development of compaction curves for three compactive 
efforts. The efforts used should cover the assumed 
working range of density and water content, so that the 
variation of CBR within this range can be established, 
All specimens should be soaked prior to penetration. 

From these data a family of curves can be developed as 
shown on figure 8 and the CBR value selected which is 
most nearly representative of the probable field condi
tions. The minimum value may be the controlling value, 
or it may be possible to use higher values if field 
conditions appear favorable. 

79, The validity of the results obtained by the above procedure 
is dependent upon the ability of the laboratory method of compaction to 
produce specimens whose water content, density and soil system duplicate 
those of the field compaction method. It is not known whether present 
compaction methods do this. Until additional research on this correla
tion can be accomplished, the test results as obtained by the above 
method should be used with the full understanding that the variations 
obtained may be only qualitatively valid. 

Method of Soaking Specimens 

80. As stated in paragraph 29, ~he Corps of Engineers requires 
soaking of CBR design test specimens, in order to simulate maximum 
anticipated moisture conditions. Three methods of soaking were investi
gated in the laboratory studies: soaking from bottom only, from top 
only, and from top and bottom. These tests showed that soaking from the 
bottom only was impractical, because of the time required, and that it 
did not give CBR values comparable to those obtained by soaking from top 
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and bottom, as originally recommended by Porter. Soaking from the top 
only likewise did not produce results comparable to those in the original 
method. Soaking top and bottom therefore appears the most practical 
method and is recommended. Additional tests also indicated that a soak
ing period longer than four days is unnecessary. The water content 
gradient obtained by soaking from the top and bottom results in a lower 
moisture content in the middle portion of the sample, but this does not 
appear to materially affect the test results, probably because the prin
cipal effect of the test is on the top inch of the sample. 

81. The soaking surcharge would affect the CER only if it pre
vented swell or caused consolidation during soaking, and its effect 
increases with increase in plasticity of the soil. It greatly affects 
medium to high plastic soils, moderately affects low plastic soils, and 
has practically no effect on cohesionless soils in the range of water 
contents and densities for the soils tested. 

82. In order to remove all free water from the top of sandy 
samples, the surface of which would be easily disturbed in removing th~ 
base plate and spacer disc, a drainage- ttme- of- 15 minut-es should be 
allowed after soaking. This time appears sufficient for all of the 
soils tested. 

Comments on Field Compaction 

83. It is not known how closely the stress-strain characteristics 
and shearing resistance of specimens obtained by laboratory compaction 
duplicate those obtained in the field by present construction methods, 
but the information which has been obtained to date appears to bear out 
laboratory eXperience in ranges of CER values below about 10 percent. 
These data are described in Part VII and are extremely limited. 
Unfortunately, no other data are available at this time, but the 
Engineer Department has started field compaction investigations which 
will obtain more data on this subject. Until such time as these data 
become available, it appears, from the results of laboratory test data, 
that it is advisable to compact fills of low cohesive soils exhibiting 
little or no swell at slightly dry of optimum water content for the 
compaction equipment being used, in order to take maximum advantage of 
the strength which can be gained by compaction. 

Methods of Taking Undisturbed Samples for CER Tests 

General 

84. The obtaining of undisturbed samples from natural subgrades or 
compacted fills for any tYPe of testing requires considerable care and 
patience, if disturbance is to be kept to a minimum. Undisturbed 

' ) 
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sampling of materials for the CBR test is even more critical, in that 
the test must be performed on a 6-inch diameter specimen supported uni
formly on the sides. If the proper lateral support and retention are 
not provided on the sides of the sample, the CBR value for unsoSked 
specimens may be low, and on soaked specimens lateral swelling may 
occur, which will affAct the specimen very much differently from the 
swell which will occur in a specimen compacted directly in the mold. 
Therefore, special means must be taken to provide suitable support for 
undisturbed samples as taken, because the usual procedure of pushing a 
CBR mold with special cutting edge into the ground has not proven 
entirely satisfactory. 

Equipment 

85. Any one of three types of sampling equipment can be satis
factorily used for sample contAiners: the 7-inch mold shown on figure 
9, the 7-inch galvanized metal containers shown on figure 10, or cubical 
wooden boxes, usually of about 10 inches inside dimensions, with remov
able top and bottom. The first two sample containers are usually used 
for Yine-grained materials and the third for samples containing gravel. 

Sampling methods 

86. In order to obtain suitable samples, a test pit should be 
excavated, leaving a pedestal in the center about 12 inches square. If 
the 7-inch mold is to be used, the mold with cutter attached is placed 
on top of the pedestal and forced gently into it, trimming away soil 
from around the cutter so as to avoid the use of a large loa.d to force 
it into the material. If this is carefully done, the volume of the 
sample can be computed from the size of the cutting edge and the length 
of the sample. The annular space between the sample and the 7-inch mold 
is filled with paraffin, or a mixture of paraffin and 10 percent rosin, 
which the South Atlantic Division has found to support the sample better 
than straight paraffin. The sample is dug out and the top and bottom 
cut off flush with the mold and covered with wax paper and paraffin for 
shipment to the laboratory. The 7-inch mold can be used with the over
size base plate and the collar shown on figure 9 to obtain soaking from 
the top and bottom, if it is desired to soak the sample. 

87. Sampling is performed in a similar manner with the metal 
jacket, except that the pedestal has to be trimmed by hand to approx
imate size and the density has to be determined by a displacement 
method taking into account the weight and volume of the paraffin or by 
nearby field density determinations. If it is desired to soak the 
specimen, the top paraffin can be removed and the sample soaked and 
penetrated from the top. 
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88. Sampling and testing methods using the box sample container 
are similar in all respects to those used with the metal jacket. The 
only advantage of this method is that a somewhat larger sample is taken 
and the effect of large gravel which may be encountered near the edge is 
minimized, 

• 
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PART VI: R:EX:OMMENDED PROCEDURES FOR PREPARATION OF 

TEST sPECIMENS AND PERFORMANCE OF THE CBR PENETRATION TEST 

Equipment 

Remolded samples 

89. The equipment required for preparing and testing remolded 
specimens is listed below. Most of the major items are shown on figures 
4 and 5. 

a. 

b. 

c. 

d. 

e. 

f. 

~· 

h. 

Cylinder mold 6 inches in diameter and 7 inches high 
provided with a collar extension about 2 inches long and 
a perforated base plate. The base plate and collar should 
fit and clamp on either end of the cylinder. 

A -d:hro -5-15/16 inches 1n diameter and 2 inches high for 
insertion as a false bottom in the cylinder mold during 
compaction. 

A compacting hammer or tamper similar to that used in the 
modified AASHO compa.ction test (10-lb weight and 2-in. 
diameter striking face). 

Adjustable stem and perforated plate, tripod and dial 
gauge (reading to 0.001 in.) suitable to measure the 
expansion of the soil. 

One annular disc weight weighing 5 pounds and several 
slotted weights weighing 5 pounds each, suitable to apply 
as surcharge loads on the soil surface during soaking and 
penetration. 

Penetration piston 1.95 inches in diameter and approxim
ately 7-1/2 inches high. 

Laboratorv testing machine or screw jack and frame 
arrangement shown on figure 4, either of which can be 
used to force.the penetration piston into the specimen 
at a rate of 0.05 inch per minute. 

Other general laboratory equipment such as mixing bowls, 
spatulas, straightedges, scales, soaking tank, ovens, 
moisture content boxes, et cetera. 

For samples which become sufficiently soft to push up through the hole in 
the surcharge weights before placing the piston, a locking and alighment 
device for penetration surcharge weights and piston as shown on figure 6 
can be used. 



Undisturbed samples 

90. The equipment required for obtaining and testing undisturbed 
samples is as follows: 

~· 

~· 

~· 

In the case of samples .to be obtained in steel cylinders 
approximating the size of the CER mold, a special over-
size cylinder, pushing collar, cutting edge, soaking collar 
and perforated base plate as shown on figure 9 will be re
quired. The procedure to be followed in obtaining samples 
in these special cylinders has been previously described in 
Part V. 

In the case of samples to be obtained in metal jackets 
approximating the size of the CER mold, a special galvan
ized sheet metal jacket approximately 7 inches in diameter 
and 6 inches in height as shown by the photographs on fig
ure 10 is used. The procedure for obtaining these samples 
has been explained in Part V. 

In the case of samples to be obtained in boxes, cubical 
wooden boxes approximately 10 inches inside dimensions with 
removable top and bottom are usually used. The procedure 
to be followed in obtaining these samples has been de
scribed in Part V. 

Wax paper, paraffin, rosin, spatulas, straightedges, dig-• ging tools, moisture content boxes, scales, ovens, soaking 
tank, etc. 

~· Same as 89 ~. ~· f and g, above. 

Field in-place tests 

91. The equipment required to conduct field in-place CER tests is 
iisted and described in Appendix C. 

CER Penetration Test 

92. Inasmuch as the actual penetration test procedure is constant 
and the same for all types of specimens, it will be described prior to 
methods of preparing remolded or undisturbed samples for the penetration 

1 test. The step-by-step procedure for this phase of the design test is as 
follows and should be used on field in-place, undisturbed or remolded 
samples after the testing surface has been prepared. 

~· Apply a penetration surcharge on all soils sufficient to 
produce an intensity of loading equal to the weight of the 
base material and pavement (within±.' 5 lb) if a pavement is 



44 

b. 

• c. 

d. 

e. 

f. 

to be constructed, which will overlie the soil in the 
prototype represented by the sample, except that the weight 
shall not be less than 10 pounds. The weight applied must 
be estimated and, if it does not proa.uce the intensity 
present in the final design, th~ test should be repeated. 
If the sample has been previously soaked, the penetration 
surcharge should be equal to the soaking surcharge, which 
in turn should have been estimated and governed by the con
ditions described above. On soils in a condition in which· 
it is expected a low CER value will be obtained, it is 
advisable to apply the penetration piston and penetration 
surcharge weights in either one of two ways, to prevent 
upheaval of the soil into the hole of the surcharge weights. 
In the first method, one 5-pound annular disc surcharge 
weight should be appli~d to the soil surface, the penetra
tion piston then· seated with a 10-pound load and finally 
the remainder of the surcharge ap~lied by the use of 
slotted 5-pound surcharge weights. In the alternate method 
a ~ecial locking and Bl.tgnment d~viee, as shown in 
figure 6 can be used. 

Seat the penetration piston with a 10-pound load and set 
the dial gauge to zero. The purpose of a 10-~ound load 
before starting the penetre.tion test is to in~ure satis
factory seating of the piston and should be considered as 
the zero load when determining stress-strain relations . 

Apply load on penetration piston so that the rate of pene
tration is approximately 0.05 inch per minute. Obtain 
load readings at 0.025, 0.050, 0.075, 0.1, 0.2, 0.3, o.4 
and 0.5 inch deformation. In using manually operated 
loading devices it may be necessary to take more load 
readings as an assistance in controlling the rate of 
penetration. 

Determine the moisture content.in the upper one inch and, 
in the case of laboratory tests, also for the entire depth 
of the sample. 

The penetration load in pounds per square inch should be 
computed and the stress-penetration curve drawn. In order 
to obtain true penetration loads from the test data, the 
zero point of the curve should be adjusted to correct for 
the initial concave-upward shape if present. 

Determine the corrected load values at 0.1 and 0.2 inch 
penetration. Next, determine the corrected California 
bearing ratio for 0.1 and 0.2 inch penetration by dividing 
the load at 0.1 inch by the standard load of 1000 pounds 
per square inch and the load at 0.2 inch by the standard 



load of 1500 pounds per square inch. Multiply each ratio 
by 100 to obtain the ratio in percent. · 

~· The California bearing ratio usually selected is at O.l 
inch penetration. If the CBR at 0.2 inch penetration is 
greater than that at 0.1 inch penetration, the test should 
be rerun. If check tests give similar results, the CBR at 
0.2 inch penetration should be used. 

Control Compaction Tests for Remolded Samples 
Pre~ared for CBR Penetration Test 

93. Whenever the modified AASHO method of compaction is specified 
for the preparation of samples for the CBR penetration test, the compac
tion test should be performed in the 6-inch diameter CBR mold using 55 
blows per layer on_ materials as- described- in paragraph- 95 a, befow. The 
mold should be placed on a concrete floor or pedestal and material 
should not be re-used. 

Preparation of Remolded Specimens 
for CBR Penetration Tests 

. 94. As previously explained, all soils prepared for the design 
test should have the same density and moisture conditions expected in 
the field. The following procedures are applicable for specifications 
of the Corps of !mgineers. 

Low plastic soils 
exhibiting 1i ttle or no swell -'7 '~"'"'\• ~'l 

95. Method 1. The step-by-step procedure for preparation of re
molded materials for test is as follows: 

a. All material over 3/4 inch in size should be removed and 
replaced with an equal proportion of material between 
0.18 inch (no. 4 sieve) and 3/4 inch in size. 

b. Conduct control compaction tests with a sufficient number 
of test specimens to definitely establish the optimum 
water content for 100 percent of modified AASHO density. 
Four or five specimens should be compacted '"'i th water con
tents within plus or minus 2 percent of optimum water 
content so that the optimum condition can be rigidly estab
lished. The height of fall of the hammer must be carefully 
controlled and the blows must be uniformly distributed over 
the specimen. This procedure establishes the moisture con
tent at which specimens for CBR tests should be molded. 



46 

c. 

d. 

e. 

f. 

For the CBR tests the mold should be fitted with an exten
sion collar and base plate. Clamp the mold with the fitted 
extension collar to the base plate and insert the spacer 
disc over thP. base plate. Place a 6-inch diameter coarse 
filter paper or wire mesh on top of the disc. 

When results are required for a soil at 95 percent of 
modified AASHO density, three specimens should be com
pacted at the optimum water content for 100 percent of 
modified AA.SRO compaction, using a different number of 
blows for each specimen, i.e., at 55, 25 and 10 blows per 
layer. The maximum allowable variation in the molding 
water content should not be ~ than plus £!:. minus ~ 
percent. Amr s-pecimens not falling within this range 
should be discarded and ~ ~ specimen comoacted that does 
meet this requirement. If specifications call for other 
than 95 percent of modified AASRO density or other than 
100 percent AA.SRO moisture, revisions must be made in this 
procedure in order to obtain specimens at the required 
density. 

Remove the collar, trim the specimen, place a screen or a 
6-inch diameter coarse filter paper over the top of the 
spP.cimen and clamp a perforated base plate to the top of 
the test mold. 

Invert the test mold, remove the base plate and spacer 
disc and determine the density of the specimen. 

When soils are to be soaked, the following steps should be taken: 

~· Place the adjustable stem and plate on the surface of the 
sp?cimen and apply an annular weight to producP. an inten
sity of loading equal to thP. weight of the base material 
and pavement within plus or minus 5 pounds, except the 
weight shall not be less than 10 pounds. 

h. Immerse the mold and weights in water so as to allow free 
access of the water to the top and bottom of the test 
specimen. Take initial mP.asur8ments for swell using the 
dial gauge and tripod. Allow specimens to soak for four 
days. A shorter period of time may be used for more per
vious materials. Take final swell measurements at the end 
of the soaking period and compute the swell in percent of 
initial spP.cimen height. 

i. Take the specimen out of water and remove freP. surface 
water, taking care not to disturb the surface of the 
spAcimen. Allow the specimen to drain downward for 15 
minutes. Whem removing surface wa.ter from impervious 
samples, it is necP.ssary to tilt the samples. When this 



is done, the weights should be firmly held in place. The 
perforated plate and surcharge weights should then be re
moved and the specimen weighed. The specimen is then con
sidered ready for the penetration test. 

J. When three specimens are prepared as described in sub
paragraph d, above, the results of tests on all specimens 
should be plotted to show the relation between density and 
CBR, as illustrated on figure 7. For design purposes, the l 
soaked CBR at 95 percent of modified AASHO density should J 

be used. 

It is emphasized that this method will give satisfactory results in the 
laboratory only when the molding water content is closely controlled 
Within the tolerance specified abovP. Since the tests are performed for 
one molding water content, no indication (either quantitative or quali
tative) is given as to how this soil group will behave if placed in the 
field at any water content other than that for which the laboratory tests 
are performed. 

96. Method 2. CBR test results are affected by the density and 
molding water content of the soil specimens. The effects are great fori 
some low plastic soils. It is recommended that the variation of test 
results with molding water content and 

0

dens±ty- be- determined for- at 
least one or two tyPical soils encountered. The series of test speci
mens described below should be prepared and tested. 

~· Prepare all specimens in a manner similar to that outlined 
under Method 1, above, except that each specimen used in 
the development of the 55-blow compaction curve should be 
penetrated. In addition, the complete compaction curves 
for the 25-blow and 10-blow per layer compactive efforts 
should be developed and each test specimen compacted 
should be penetrated. As pr,eviously stated, all compac
tion is performed in the 6-inch diameter CBR mold using 
the 10-pound hammer dropped 18 inches on each layer. It 
may be necessary to include an effort greater than 55-blow 
effort in the event heavier compaction is required. 
Attention is invited to Appendix B, which shows that a 
semilog plot of density versus compactive effort gives a 
straight-line relationship. This method of plotting com
paction data is believed to be a valuable aid ~n determin
ing the validity of cpmpaction test data. 

_£. Plot the de.ta from these tests as shown on figure 8. The 
above procedure is valuable to obtain test results on soils 
which are greatly affected by small changes in density and 
molding water content and gives a picture of the CBR 
characteristics, within the range of the field control 
expected, which will be useful in establishing the limiting 
CBR values. The test results, as obtained by the above 
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method, should be used in connection with the design curves 
with the full understanding that the variations obtained 
may be only qualitatively valid. 

Swelling soils 

97, The procedure for preparation of these specimens is the same 
as Method 1, above, for low plastic soils, except that the test specimens 
should be prepared at a water content and density as specified on the 
basis of swelling tests. If 95 percent modified AASHO density is speci
fied, specimens similar to those prApared in steps £. and ~under Method 
l for low plastic soils should be preparP.d, except that close control of 
water content is not necessary. 

Cohesionless 
sands and gravels 

, 98. This group includes cohesionless soils (P.I. less than approx-
:imately 2) which will readily compact under traffic to maximum density 
! as specified by the modified AASHO method. Samples of sand which do not 

readily compact under traffic should be prepared as described in para-
-graph 95 J'nr low plastic soils. The Jlrocedure for preparation of these 
specimens is the same as Method l under paragraph 95, except that only 
one specimen should be prepared at 100 percent modified AASHO maximum 
density for the penetration test. Ordinarily, soaking will not lower 
the CBR of cohesionless sando and gravels. In cases where this is 
determined, soaking should be omitted. 

Undisturbed samples 
in molds or jackets 

Preparation of Undisturbed Samples 
for CBR Penetration Test 

99. If these samples are to be soaked, the method of soaking is the 
same as for remolded samples in the CBR mold described in paragraph 95. 
After removal of wax paper and paraffin from the ends, the large 7-inch 
diameter mold is fitted with the base plate and testing collar, as shown 
on figure 9. This testing collar allows the use of the same adjustable 
stem, perforated plates, weights and tripod for taking swell measurements 
as used for the standard C]R molds. If samples taken in metal jackets as 
shown in figtire 10 are to be soaked, t~e same soaking equipment as just 
described can also be used, with the exception that no base plate will be 
required, inasmuch as only one end will be opened and soaking allowed 
from the top only. After soaking, taking swell measurements, allowing 
drainage and taking density determinfl.tion, the samplP.s are considered 
ready for the penetration test. 

100, If this type of sa.rn:ole is not to be soaked, the wax paper and 
paraffin from one end of the contain;::.r is removed, .the surface made 
level and the penetration test performed in the usual manner. 



Undisturbed 
samples in boxes 

101. For soaking, a method can be improvised whereby swell readings 
can be obtained using the same perforated plate, surcharge weights and 
tripod as used with the standard CER mold. Since the boxes are usually 
boiled in paraffin before being sent to the field, the swell in the boxes 
themselves is negligible. 

102. In the evE:mt soaking is n~t required, the wax paper and paraf- 1 

fin can be removed from one end, the surface leveled with a thin cover of 
sand, if necessary, and the penetration test conducted with the standard 
testing equipment and in the usual manner. 

Preparation of Test Areas for Field In-Place 
CER Penetration Test 

103. The detailed step-by-step procedure for preparation of the 
subgrade or base course soil surface in the field prior to penetration 
is described in .l\ppendiX- C.-

Test Procedure for Soils Containing Gravels 

104. The present CER test procedure has not proven entirely satis
factory for testing sample~ containing gravel particles. It has been 
found necessary to conduct a number of tests in order to determine a 
reasonable average value. This method should be followed until a more 
satisfactory procedure is developed. In some cases inconsistent test 
results can be avoided by removing the stones or particles which are 
not present in sufficient quantity to affect the stability of the soil. 
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PART VII: COMPARISON OF CBR ON FIELD-COMPACTED .AND 

LA:DORATORY DYNAMICALLY COMPACTED SOILS 

AND FIELD COMPACTION EXPER.IJJNCE 

General 

105. As previously stated, the CBR penetration test was performed 
by the California Department of Public Works on statically compa.cted 
laboratory specimens. However, after adoption of the California method 
of design, the Engineer Department changed to dynamic compaction. The 
differences obtained in the physical properties of soils compacted dyn-
amically and statically in the laboratory have been descri-bed briefly in 
Part V and are discussed in detail in Appendix A. There have likewise 
been introduced since the adoption of the California method by the 
Engineer Department, field in-place CBR tests, made with the apparatus 
described in Appendix C. A comparison of CBR values obtained from field 
in-~lace ~enetration tests performed on field-compacted samples and 
sami>les d'Ynamically compacted in the laboratory will be presented in this 
Part, to bring out evidence of mold effect, or differences in field and 
laboratory compaction. In addition to these comparisons, the effect of 
traffic compaction on materials sensitive to molding moisture variations 
will be described. Finally, a brief discussion of field and laboratory 
compaction experience on soils from several projects will be given. 

106. The results of field and laboratory CBR tests made in connec
tion with construction and testing of various field traffic tests are 
used in making the comparisons presented herein. Comparative CBR test 
data are included from pavement behavior tests made at Marietta, Gi:>orgia 
and Eglin Fii:>ld, Florida. Compaction experience from traffic tests on 
airplane landing mats at Vicksburg, Mississippi and pavement behavior 
ti:>sts at Marietta, Georgia and Langley Field, Virginia are also included. 
The results of Atterberg limits and compa.ction ti:>sts for soils used in 
these ti:>st si:>ctions are tabulated on figure 11. Grain size distribution 
curves for these soils are shown on figure 12. 

Comparison of Field In-Place CER Tests on Compacted Materials 
with CBR Tests on Laboratory Remolded Sampleo 

Marietta pavement 
behavior tests 

107. Clay subgrade. Field and laboratory CBR and compaction data 
on the clav subgrade utilized for the pavement behavior tests at 
Marietta, Georgia are shown on figure 13. The field density and CBR 
data were obtained on the material immediately after compaction with a 
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sheepsfoot roller. The laboratory compaction and CBR data as shown are 
for 15-blow, standard, and modified AASHO efforts on unsoaked material. 
It can be seen that the compactive effort in the field using a sheeps
foot roller is between standard and modified AASHO efforts. It can also 
be seen that the majority of the specimens representing the field
compacted matPrial are on the wet side of the standard AASHO optimum 
water content values. All are on the wet side of modified AASHO optimum 
water content. These data also show that in four instances the CBR 
values from the laboratory remolded tests are greater than, and. in two 
instances are equal to, the field in-place values on this soil in the 
condition tf>sted. In two instances the laboratory value was less than 
the field in-place value. 

108. Sand subgrade. This material was compacted with a sheepsfoot 
roller in the field as subgrade for one portion of the flexible pavement. 
Field and laboratory compaction data for this sand subgrade showed that 
the average density under modified AASHO effort was 116 pounds per cubic 
foot and that the field compaction gave the same value. The average CBR, 
however, for the laboratory was 59 and for the field only 27. The labo
ratory remolded samples were at a lower water content, with the exception 
of one specimen, than the field samples. However, it has been shown in 
this investigation that coliestonless sand is not- senslti~V'e- t-o- molding
water content. It is thPrefore believed that two factors largely account 
for the difference between laboratory and field CBR data. These are 
mold effect and density gradient. Laboratory data on cohesionless soils 
have sho\<m the bottom of the specimen as com:pacted dynamically (the 
bottom is the end penetrated in the CBR test) to be two to three pounds 
per cubic foot denser than the average computed density. CBR tests on 
this material show that a two to three pound increase in density between 
standard and modified AASHO compactive efforts results in the actual CBR 
value increasing by as much as 20 to 30. It therefore appears that the 
laboratory remolded samples at approximately modified AASHO density, 
being tightly compacted in the mold, are affected considerably by the 
mold. 

109. Clay-sand base course. Figure 14 shows field and laboratory 
compaction and CBR data on a clay-sand used beneath the pierced plank 
mat portion of the test section as a base course material. The field 
in-place tests were performed immediately after the clay-sand had been 
compacted with a sheepsfoot roller and after tracking with a loaded 
aeroplane. It can be noted that in nine out of nineteen instances for 
sheepsfoot roller compactipn the laboratory remolded unsoaked CBR values 
are higher than the field in-place unsoaked values. In six instances 
the laboratory values are equal to the field values and in the remaining 
three instances the laboratory values are less than the field.. It can 
also be seen that on all field specimens tested after compaction by the 
roller, the water content of the material as placed in the field was on 
the dry side of the standard A.ASHO optimum value and the majority of the 
field test specimens had water contents on the dry side of modified AASHO 
optimum water content. Figure 14 also shows field compaction and CBR 
data for the clay-sand after tracking. In this instance.the laboratory 
CBR values are all greater than the field in-place values. 
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Eglin Field 
test section 

110. Sand subgrade and base course materials. The tests at :Eglin 
Field were conducted by the Mobile District. The following tabulation 
is taken from the report on this test section. The values given are for 
tests in the unsoaked condition. The subgrade of the test section was 
graded to the desired elevation but was not compacted other than by 
incidental construction traffic prior to placing the base course. The 
base materials were compacted with sheepsfoot and rubber-tired rollers to 
densities necessary to give the required CBR values. In general the 
water content was slightly dry of optimum during compaction. 

Field Field Labor a-
Moisture Dry Density In- tory 

Material Location Percent* LbLCu Ft* Place (R)** 

Base A Inside 7,7 117.4 67 64-95 
Base ] Inside 6.4 120,8 86 36-84 
Base c Inside 5,8 118.4 61 68-78 . 
Base A Outside 7.2 118.2 R~ 68-104 
Base B Outside 6.4 119.1 28-73 
Base C Outside 6.1 115.9 37 48-60 
Sub grade Inside 5,3 110.2 35 33 
Sub grade Outside 4.7 109.3 31 31 

* At end of traffic test 
** (R) = CBR of recompacted samples at in-place 

density. First value is at optimum moisture, 
second value is at field moisture 

The tabulation above shows that there is good agreement between in-place 
and labora.tory remolded test values for the subgrade. However, there is 
considerable variation in the results of the tests on the base materials. 
These variations are believed to be due mainly to the effect of molding 
moisture content, which resulted in differences in the physical proper
ties of the soil mass. It is considered that the value of the field test 
should fall within the range of the laboratory values shown, in which 
case there appears reasonably good agreement between the two values. 

Comparison of Field and Laboratory Compaction Experience 

General 

111. Although the data contained herein are rather limited, it is 
believed that· a few worth-while observations may be made concerning a 
comparison of field and laboratory compaction. It should be borne in 
mind that when the subgrade and/or base after construction shows further 
compaction under.the traffic to which it is subjected, then this 
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additional compaction may, in a sense, be considered as a continuation of 
the construction compaction. 

112. It has been found from laboratory studies that all except 
free-draining cohesionless soils and cla.vs which exhibit high swell show a 
decrease in CBR with increase in density for a constant water content when 
compacted dynamically on the wet side of optimum in the laboratory. This 
was very pronounced in samples subjected to laboratory dynamic compaction, 
but there was only an occasional slight tendency for this to take place in 
samples subjected to laboratory static compaction. Three instances are 
cited below where field compaction produced the same phenomenon as stated 
above for laboratory dynamic compaction. The soils in which this occurred 
were: the clay subgrade and the clay-sand base at Marietta, Georgia, and 
the silt subgrade of the Vicksburg landing mat tests. A special soil con
dition experienced at Langley Field is also described, 

Marietta pavement 
behavior test · 

113. Clay subgrade. The compaction of the clay subgrade at Marietta 
was accomplished: with a sheepsfoot roller and the compaction and CBR data 
shown on figure 13 were obtained immediately after compaction with the 
sheepsfoot roller. It can be seen on this figure that the majority of the 
specimens representing field-compacted material are on the wet side of the 
standard AASHO optimum value and, even though the density is greater than 
that for the laboratory standard and 15-blow AASHO compaction, most of·the 
CBR values are less. 

114. Clay-sand base course. As shown on figure 14, the clay-sand 
base material at Marietta was placed initially on the dry side of the 
laboratory optimum between standard and modified AASHO effort. However, 
this figure also shows that under traffic compaction a large part of the 
material was compacted sufficiently to place it on the wet side of the 
laboratory optimum corresponding to the effort exerted by traffic compac
tion, which is higher than modified AASHO. It can be seen that, even 
though the density was increased under traffic to a value greater than 
that initially obtained with the sheepsfoot roller, the CBR showed a 
considerable decrease -- the in-place values after traffic being less than 
either the laboratory modified AASHO values or the in-place values before 
traffic. On most·of the tests the material is at a density approximately 
~qual to that obtained in the laboratory using dynamic compaction con
sisting of 100 blows per layer on 5 layers with a 10-pound hammer dropped 
18 inches in the CBR mold, It can be seen, however, that the CBR values 
from the field are all lower than those obtained under 100 blows in the 
laboratory. 



Vicksburg landing 
mat traffic tests 

115. Figure 15 shows the variation of C:BR with density and water 
content for the silt subg~ade material used in connection with some 
landing mat traffic tests at Vicksburg, Mississippi. The data on this 
figure show that the CER of this silt material is sensitive to both den
sity and compacting water content. Examination of this figure will show 
that for a constant molding water content the CER of this material may 
decrease with additional compaction on the wet side of the optimum 
values. This is attributed to the development of pore-water pressure 
during compaction, or to the establishment of a plastic soil system in 
the specimen being compacted. This phenomenon was also exhibited under 
traffic by the silt subgrade of the test section. It was found that a 
section without mat or base course, with a C:BR of 8 percent and a water 
content of 20 percent, failed at 172 coverages. Normally this section 
would have consolidated to a CER of 20 percent and withstood 1000 co·ver
ages. However, its water content was great enough that, after a certain 
amount -o£--traff:!:c compaction, the _cnmpactive effo1't for this water con
tent was passed. Then pore-water pressure developed and failure occurred. 

Langley Field 
traffic tests 

116. Data from the Langley Field test section indicate that if the 
excess water contained in the soil can be forced out at a reasonable rate 
under traffic compaction then the material may pass on beyond the stage 
of reduction in strength and finally reach a stable condition, provided 
the traffic is continued long enough and the surfacing can stand up 
under the large deformations that take place before stability is reached. 
The subgrade soil at the Langley Field test section was composed of a 
previously constructed hydraulic fill. The deposit, to a depth of 4 feet, 
consisted of a heterogeneous combination of grayish-brown to brown fine 
cohesionless silt and sand containing small balls of clay and very thin 
lenses of fine clean sand. When remolded it is classified as a slightly 
plastic silty sand. The subgrade had a natural average dry density of 
112. 5 pounds per cubic foot with an average field water content of 16. 8 
percent. Remolded, it had a standard AASHO dry density of 117.5 pounds 
per cubic foot at an optimum water content of 13.5 percent and a modified 
MSHO dry density of 128 pounds per cubic foot at an optimum water content 
of 9.5 percent. The subgrade was not compacted during construction · 
(hydraulic fill) but was compacted by traffic below a crushed stone base 
and asphalt-concrete pavement of total thickness of about 24 inches. The 
material was very close to saturation at the beginning of the traffic 
tests. The following information is taken from the report "Accelerated 
Traffic Test, Langley Field, Va., 11 prepared by the Norfolk District: 
At Langley Field, testing with a 20,000-pound wheel load was continued 
until 6,667 coveragP.s had been completed. Upon completion of the test 
no failures of the pavement due to shear deformation of the subgrade had 
occurred. Early in the traffic test the subgrade soil began to compact 
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and excess hydrostatic pressure began to develop. This was visible in 
the form of excessive springing, which increased until it reached a maxi
mum of 2 inches and then began decreasing. until at 2,667 coverages it 
had practically ceased. No density or CBR tests were taken prior to the 
traffic tests. However, at the completion of the traffic, tests on the 
top 8 inches of the subgrade outside the traffic lanes indicated an 
original CBR value of 15 and a dry density equal to approximately 88 per
cent of modified AASHO density. In the unfailed areas at the completion 
of the traffic tests the CBR increased to approximately 30 in the 20,000-
pound traffic lane and the dry density was increased to 94 percent of 
modified AASHO, 



PART VIII: CONCLUSIONS 

117. The following principal conclusions appear warranted as a 
result of information and data gathered from this investigation: 

a. The CBR test is considered to be only the actual pene
tration of thP. soil and the procedure described in 
Part VI is considered satisfactory. 

b. For design or evaluation purposes it is necessary to 
conduct CBR tests on: (1) natural undisturbed samples 
with water content a,djusted to expected field condi
tions, and/or (2) on remolded samples which have the 
same molding water content, moisture conditions, density 
and physical properties that will be produced during, or 
aft_er, construction. Therefore~ the CBR test can not be 
considered as a classification test, but is a shear test, 
and the CBR-Values obtained from the test-are moduli~ 
shearing resistance, the validity of which are dependent 
on preparation of the test specimen to duplicate field 
conditions. The test is only considered valid when a 
large portion of the deformation under penetration is 
shear deformation. 

c. Wide variations in CBR design test results on remolded 
samples are largely due to the method of preparation of 
the test specimens. The variations, however, are system

' atic and are caused primarily by the effects of molding 
l water content, density and~ of com~action used in 
\preparing test specimens. The variations are probably 
qualitatively valid but may not be strictly quanti ta-
ti vely valid. Consistent laboratory results can be 
obtained only when the above variables are given full 
consideration. Satisfactory methods have been developed 
for preparation of test specimens which take these 
factors into account. 

d. Small changes in density greatly affect the CBR, 
especially at high densities in the order of magnitude of 
modified AA.SRO. Small changes in molding water content 
greatly affect the CBR of unsoaked laboratory specimens, 
except on clean sands and gravels. At a constant density 
in the unsoaked condition, the higher the molding water 
content the lower the CBR. This general trend is nor
mally expected for soils in an as-molded or unsoaked con
dition which for a constant density are1known to decreaser 
in shearing resistance as the degree of saturation 
increases. 
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• For soaked laboratory specimens, except cohesionless sands, ; 
compacted by the static method, the CBR increases with increase I 
in the molding water content at a constant density. This is a 
reversal of the behavior of unsoaked specimens and is caused by I 
the fact that the drier the molding condition the greater the 
swell during soaking. The same trend occurred for soaked 
specimens of impervious high-swelling soils compacted by the 
dynamic method. 

For soaked specimens of low plastic soils with little or no 
swell, compacted by the dynamic method, the CBR decreases 
appreciably with a slight increase in the molding water con
tent at a constant density. This is especially significant, 
since it is generally believed by most engineers that the 
shearing resistance is not sensitive to the molding moisture 
within normal laboratory control for soaked specimens compacted 
to a given density. 

The results of unconfined compression and triaxial shear tests 
indicate that, when the shearing resistance is chosen at low 
strains, similar trends were found to occur as just described 
for the CBR test. 

Inasmuch as the molding water content is such a prime factor 
in controlling the physical properties of all except free
draining soils, it follows that, in remolded soils, duplicate 
laboratory specimens can not be prepared, unless the same 
molding water content and method of compaction are duplicated, 
even though water contents and densities obtained subsequent 
to molding are duplicated. In other words, if a soil is 
molded at some given water content and then this water content , 
is allowed to increase or decrease by a given amount, another : 
identical soil specimen can not be reproduced, unless the whole I 
cycle is reproduced, starting with the same molding water 
content. 

Wherever applicable, field in-place tests or tests on undis
turbed samples should be performed . 

Remolded CBR test specimens prepared for design study purposes 
should be compacted in the 6-inch diameter· CBR mold, using 
compaction performed by the impact of a free-falling hammer 
weight, such as the AASHO method. Procedures given in Part VI 
are considered best. 

All control compaction for CBR tests should be performed in 
the 6-inch diam~ter CBR mold. Material should not be re-used 
and the mold should be placed on a concrete floor or pedestal 
for firm support during compaction. 



.!. • 

m. 

n. 

ThA most practical method for soaking specimens for CJ3R tests 
is by submergence (top and bottom) for four days with the sur
charge applied as specified in Part VI. Less time is required 
for cohesionless soils. 

Test rAsults on samples containing stones are erratic and 
modification of the test procedure is needed for these soils. 
Until a more suitable procedure is developed, several tests 
should be performed, in order to obtain average representa
tive results. 

EithAr a closely-controlled constant strain type of loading 
machine or a combination screw jack and proving ring arrange
ment should be used for the penetration test, in order to 
eliminate the surge effect created by thA single-acting 
hydraulic jack originally used. A satisfactory field in
pTaue CBR apparatllil has been developerl.~ 

o. The extreme increase in CBR values for some soils above 
standard AASHO density may be due partly to the confining 

•effect of the 6-inch diameter mold, Present indications are 
:that the 6-inch diameter mold is not large enough at high 

_/*"!densities (modified AASHO) on soils exhibiting less than 3 
!percent swell during· soaking, nor for base materials contain-
1ing 3/4-inch particles. 
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PART IX: RECOMMENDATIONS FOR FURTHER INVESTIGATIONS 

118. Inasmuch as the laboratory studies have indicated a marked 
difference in the physical properties of a given soil prepared by dif
ferent compaction methods in the laboratory, it can be assumed that a 
similar difference in physical properties occurs when the soil is com~ 
pacted by different methods in the field. Likewise it is entirely 
Possible that the physical properties obtained with the usual types of 
field compaction equipment may be entirely different from those which 
are obtained in the laboratory. It is therefore recommended that field 
test embankments be constructed using various types of field compaction 
equipment. Molding water content and weight and speed of field equip
ment should be more closely controlled than is usually done in construc
tion work, so as to evaluate the effect of molding water content and 
compaction method on the physical properties of the compacted soil. As 
a r.esul t of these tests, la1rorat-crry- cumpaction methods should_ be deyis_erl._ 
Which will duplicate field compaction obtained by presently available 
field methods. Such test embankmPnts are now being constructed by the 
Engineer Department. 

119. Other studies which are recommended to obtain greater 
Perfection in preparation of CBR test specimens are: 

a. Further studies of the effect. of gravel on the CBR 
value. 

b. Further studies of the confining effect of the CBR mold 
on the values obtained from the penetration test. 

c. Development of a laboratory mechanical compactor which 
will eliminate inconsistencies in laboratory compaction 
tests. 

d, Development of compaction apparatus which will yield 
a uniform density throughout the specimen. 
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APPENDIX A 

LABORATORY STUDIES ON THE CALIFORNIA BEARING RATIO TEST 

PART I: INTRODUCTION 

Authorization 

1. This study was requested by the Office, Chief of Engineers 
in the second indorsement dated 17 September 1942 to a letter from the 
Experiment Station dated 7 September 1942, subject "California bearing 
ratio test procedure." Authority to perform the work was granted by 
the Office, Chief of Engineers in the sixth indorsement dated 13 Novem-
13 November 1942 to the same letter. 

Purpose of Laboratory Studies 

2. For design purposes it is necessary to prepare remolded 
·laboratory samples for the CBR test which will duplicate conditions to 

be eXpected in the field. The purpose of these studies was to inves
tigate the CBR test in the laboratory with a view toward obtaining 
data to support a general investigation made for the following 
purposes: 

a. To determine a suitable method of preparing remolded 
samples for the CBR test. 

b. To determine necessary modifications to the CBR (pene
tration) test as originated by the California Highv-ray 
Department. 

c·. To develop a loading apparatus for making CBR field in
place tests and laboratory tests which would eliminate 
the surge effect of the original hydraulic jack arrange
ment used for penetration of the sample . . 

3. The objectives of the study were accomplished by conducting a 
comprehensive laboratory investigation on numerous types of soils. 
Thp, soils chosen for the study and tb.e schedule of tests followed were 
outlined in October 1942 and at conferences held in November and 
December 1942. The schedule of tests was expanded at conferences held 
in February and April 1943. The development of a field CBR apparatus 
(see Appendix C) was accomplished by incorporating various improvements 
to a combination sc~ew jack and proving ring arrangement, the basic 
idea for which was developed by the Soils and Pavement Section of 
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the Little Rock District. This apparatus can also be used in the labo
ratory by inserting it in a frame, as described in Part V of the report. 

4. A complete list of soils originally considered for the study 
and a schedule of variables investigated is shown in table 1. This 
table together with plates 1 through 23 shows classification and com
paction data for the majority of the soils. Eight bracketing soils 
finally chosen for complete investigation are indicated by asterisks in 
table 1. To determine a suitable method for preparing remolded samples 
for the CBR test, the following factors were studied: 

a. Method of compa.ction li· Soaking surcharge 

b. Density h. Drainage time 

c. Water content i. Processing base course soils 

d. Height of specimen .J.. Density gradient 

e. Method of soaking k. Wat€r content gradient 

f. Period of soaking 1. Crushing of particles 

5. The principal factors studied regarding the CBR penetration 
test were: 

a. Penetration surcharge 

b, Rate of penetration 

c. Correction of stress-strain curves 

d. Mold and piston diameter 

6. Penetration tests were performed on remolded samples to deter
mine the effect on the CBR of each of the variables listed in paragraphs 
4 and 5, with the exception of water content gradient and crushing of 
particles. Triaxial and unconfined compression tests were conducted on 
some of the soils to determine if the same trends in shearing resistance 
occurred as indicated by the CBR tests. A few consolidation tests were 
conducted to obtain data regarding the effect of molding water content. 

7. During the course of the investigation it was decided to 
determine the effect of the variation in the gradation of cohesionless 
soils on the CBR and in addition it was decided to correlate, if possible, 
the modulus of soil reaction "k" as determined from field plate bearing 
tests on several soils with the CBR. In connection with the variation of 
gradation of cohesionless soils versus CBR, the Office, Chief of 
Engineers in January 1943 requested each Division to prepare reports on 
the correlation of CBR with grain size characteristics of sands and 
gravels, if such data were available. This correlation was desired in 
order to determine if classification methods would be satisfactory for 
determining the CBR of cohesionless soils. Copies of all reports pre
pared were forwarded to the Office, Chief of Engineers for review, after 
which they were furnished the Experiment Station for further study and 
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to determine whether a correlation were possible. No satisfactory cor
relation has been found to date. Additional data which were found lack
ing were requested of certain Divisions supplying reports. It is 
Planned to continue this comparative study as the additional requested 
information is received and as higher priority work permits. 

8. In connection with the study of 11k 11 versus CBR, the original 
program of tests outlined provided for the compaction of several ty-pes 
of soils in a 9 ft by 9 ft test pit. A series of plate bearing and CBR 
tests were then to be performed on the compacted materials in the as
placed and saturated conditions and the results compared. Due to the 
difficulty experienced in obtaining satisfactory compaction and the fact 
that a fully saturated condition could not be obtained in a reasonable 
length of time, it was decided to abandon this procedure in favor of 
tests on undisturbed materials. Consequently, the testing program was 
altered to provide for tests on a silt, lean clay, and heavy clSJT at the_ 
natural field wate-r con.tent- c-orrdition ancr after saturation. A co
operative program was established with the Committee on Sampling and 
Testing, Soil Mechanics and Foundation Divioion of the American Society 
of Civil Engineers, in which the Experiment Station was to perform all 
Plate bearing tests and secure undisturbed samples for laboratory tests. 
All laboratory work, with the exception of the CBR tests, was to be per
formed by the Committee on Sampling and Testing. These included con
solidation and unconfined compression tests. A summary of the work per
formed by the Committee, which includes comparison of field plate bearing 
tests, unconfined compression and triaxial compression tests on the 
three soils, has been"- released by them in the form of Technical Progress 
Re4orts 1, 2 and 3, dated 8 November 1943, 15 January 1944 and 30 March 
19 4, respectively. These three reports have been incorporated as an 
appendix to a report prepared by the Experiment Station on the study 
entitled "Rigid Plate Bearing Test Investigation," dated 1 March 1945. 
Although these tests showed the effect of water content and plate area 
on the modulus of soil reaction 11k 11 , they were not conclusive in so far 
~s a correlation between CBR and 11k 11 was concerned because of their 
bim1ted number. A copy of this report can be obtained on a 30-day loan 
thasis from the Engineer Department Research Centers Library located at 

e Experiment Station. 

t 9. In addition to the original soils lioted for study, several 
~her materials studied in connection with the construction of the 
Lavement Behavior Test Section at Marietta, Georgia and the Airplane 

B.nding Mat Test Sections at Vicksburg, Mississippi were investigated 
~nd the results incorporated herein. These soils are listed at the 

ottom of table 1 together with the results of classification and com
Paction test data and a schedule of variables investigated. 
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PART II: STUDY OF THE CJ3R PENErRATION TEST 

General 

10. In order to evaluate all factors affecting the CJ3R value 
obtained, it was necessary to know whether certain variables that 
entered into the test procedure subsequent to the preparation of the 
test specimen created any influence on the magnitude of the CJ3R. In 
addition, a few tests were performed in order to study the effect of 
sand particles on the CJ3R. The soils used for these studies are de
scribed in Part III. 

Description of 
CJ3R test 

11. The actual.. DER penetration test used in this study was accom
plished by placing the required penetration surcharge weights on top of 
the specimen, seating the penetration piston under a 10-pound load, 
adjusting the zeros of the recording dials on the loading equipment and 
the dial indicator used for measuring pe~etration depths. The loading 
equipment used was a J3aldwin-Southwark hydraulic testing machine of 
66,000-pound capacity, Except for special tests, a constant rate of 
penetration of 0.05 inch per minute was maintained during the actual 
penetration of the specimen, load readings being recorded usually at 
penetration depths of 0.025, 0.05, 0.075, 0.1, 0.15, 0.2, 0.3, o.4 and 
0.5 inch. 

Penetration surcharge 

12. A penetration surcharge is used to duplicate the confining 
effects of the pavement or base and pavement. All test specimens used 
to evaluate this surcharge loading were compacted dynamically (see 
"Definitions" in Part I of main report and description of dynamic com
pactor in paragraph 26 in this appendix), soaked, and then penetrated 
under various penetration surcharge loads. The results of tests on 
cohesionless soils are shown on plates 24 to 29, inclusive; on soils of 
low plasticity on plates 30 to 33, inclusive; and on soils of medium to 
high plasticity on plates 34 to 36, inclusive. Reference to applicable 
plates shows that an increase in the penetration surcharge results in a 
marked increase in the CER for cohesionless soils, a moderate increase 
for soils of low plasticity, and practically no change for soils of 
medium and high plasticity. 

Rate of penetration 

13. It was not known whether a fairly rapid rate of penetration 
would produce a "quick" condition in saturated cohesionless materials, 
thus effecting a reduction in strength, or would cause an inQrease in 
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strength of saturated cohesive soils because of the occurrence of vis
cous resistance. Likewise it was not known whether a comparatively slow 
rate of strain or penetration would allow consolidation to occur and 
thus effect an increase in strength over that normally expected. To 
evaluate these factors, test specimens of a cohesionless sand and a soil 
of low plasticity were compacted dynamically, soaked, and then penetrated 
under different rates of strain ranging between 0.025 and 0.1 inch per 
minute. In addition, test specimens of a soil of high plasticity were 
compacted dynamically and then penetrated as molded under rates of 
strain between 0.025 and 1 inch per minute. The results of these tests 
are shown on plates 37 and 38, 

14. Variation of the rate of penetration between 0.025 and 0.1 
inch per minute had little or no effect on the CBR for the cohesionless 
soil shown on plate 37 for the particular conditions of the test, that 
is, molded at modified AASHO optimum and soaked. The CBR increasE~
appreciably with increase in rate of penetration on the low plastic 
soil for the same range of penetration rates as above and when molded 
at modified AASHO optimum and soaked before testing (see Vicksburg loess 
on plate 37). There is no change in the CBR with increase of rate of 
penetration from 0.025 to 1,0 inch per minute for specimens of adobe 
clay tested as molded at 95 percent of modified AASHO maximum density 
on the wet side (see plate 38). The specimens of adobe clay were tested 
as molded on the wet side to insure a uniform distribution of water and 
to eliminate the soaking period. It is believed that the use of the 
original rate of 0.05 inch per minute will give satisfactory results 
for all soils, 

Correction to stress
l?!netrati on curves 

15. Tests performed in the early part of these studies and tests 
conducted by other laboratories showed that for some soaked samples the 
stress-penetration curves were concave-upward near the origin. TYPical 
CER stress-penetration curves for all bracketing soils plus several 
others are shown on plates 39 to 52, inclusive. To correct the concave
upward portion of the curve, the portion of the curve with maximum 
slope over 0.1 inch penetration was extended to zero stress and a new 
origin established. For the purpose of this investigation, it was 
assumed that the controlling CBR value was at 0.1-inch penetration, 
Which allowed the use of the following method of correction. 

16, When required, the correction as shown on the above-mentioned 
Plates, is made by drawing a line through the origin parallel to the 
steepest slope maintained for any 0.1-inch of penetration, and select
~ng the bearing value at the intersection of this line with the line at 

1
·1 inch penetration. Although this correction can be made graphically, 

1
t is usually made mathematically by taking the greatest accumulative 
oad change that occurs in any 0,1 inch of penetration as the bearing 

~alue at the first 0.1 inch. All corrections in this investigation 
Were accomplished mathematically. 
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17. In this investigation the penetration curves for soils of high 
plasticity never required a correction, and those for soils of medium 
plasticity seldom required a correction (see penetration curves on 
plates 46 and 47). Clean sands, when properly compacted and surcharged, 
seldom required correction (see plate 45). The soils in which the · 
stress-penetration curves practically always develop a concave-upward 
shape in contrast to the standard curve shape (consistently concave
downward) are the intermediate ones between clean sands and soils of 
high plasticity (see plates 39 through 43 and 4S through 52). However, 
these intermediate soils never require a correction when molded on the 
dry side of optimum for any given dynamic compactive effort, provided 
the surface of the specimen is not disturbed in some manner, such as 
swell in the upper portion. Statically compacted specimens of any and 
all the soils tested seldom required correction. It is on the wet side 
of optimum under dynamic compaction that this concave-upward shape de
velops. This is due to the lack of rigidity of the soil mass or the 
plastic t;vpe of structure or soil system obtained on the wet side of 
optimum. As will be shown later, similar stress-strain curves were 

--obtained -:1-n -t-rla"' .. dal and uneo-nfined eompresi'ifon te~t ~pecimens compacted 
dynamically. In view of the above, the correction of the curves is 
possibly not warranted. However, for consistency and more uniform re
sults in this research investigation, all penetration curves that did 
not show the greatest accumulative load change to occur in the first 
0.1 inch penetration were corrected. Until more data can be obtained 
it is recommended that the curves be corrected. 

Shape of 
cohesionless particles 

lS. Very limited data on the effect of this variable were 
obtained. A subrounded and a subangular sand were compacted dynamic
ally, soaked and penetrated. The results of these tests are shown on 
plates 25 and 29, which show that there is no practical difference in 
'the CBR for these two sands. 

Mold and piston 
diameter 

19. The standard CBR mold is 6 inches in diameter and the CBR 
penetration piston is 1.95 inches in diameter. In order to study the 
confining effect of the mold and the effect of the relation between 
the diameter of the mold.and the diameter of the piston, a series of 
tests on a cohesionless soil, a silt of low plasticity and a soil of 
high plasticity was conducted using the standard CBR mold and piston 
and using a 12-inch diameter mold and 4-inch diameter piston. In ad
dition, the effect of mold and piston diameter on the CBR of three 
natural and processed base course soils was studied. 

. 20, It appears that for fine-grained soils the 6-inch diameter 
mold (using a 2-inch diameter piston) may possibly offer enough 
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confinement to prevent the value obtained on remolded laboratory speci
mens from checking field in-place values, particularly in materials 
having high CBR values (see pictures of specially prepared specimens, 
plates 53 through 58; note especially plate 55). Data for the cohesion
less, low plastic and very cohesive soils, using 2- and 4-inch diameter 
penetration pistons in molds of 6- and 12-inch diameters, respectively, 
are shown on plates 59, 60 and 61. On the ·sand and loess, the concave
upward shape of the penetration curves are more pronounced with the 
4-inch piston in the 12-inch mold than with the 2-inch piston in the 6-
inch mold. On adobe clay, both curves are concave-downward and fall 
practically one on top of the other. For the sand, the corrected CBR 
Value with the 2-inch piston in the 6-inch mold is 113 percent greater 
than the corrected CBR value with the 4-inch piston in the 12-inch mold; 
for the loess this relationship is 64 percent, and for the adobe clay 
there was no difference. 

21. Data showing the effect of mold and piston diameters on the 
natural and processed base course soils are given in table 2. The fol
loWing results are pert-tnent-:-

a. CBR values of natural material in the 6-inch mold (2-inch 
piston) are from 50 to 200 percent greater than CBR 
values of natural materials in the 12-inch mold (4-inch 
piston). 

b. CBR values of processed materials in the 6-inch mold 
(2-inch piston) are from 165 to 275 percent greater than 
CBR values of processed materials in the 12-inch mold 
(4-inch piston). · 

c. ·CBR values of natural materials in the 12-inch mold are 
from 25 to 300 percent greater when using a 4-inch diame
ter penetration piston than when using a 2-inch diameter 
piston. 

d. CBR values of natural materials using a 2-inch diameter 
penetration piston are from 285 to 500 percent greater 
in the 6-inch mold than in the 12-inch mold. 

22. It is recognized that CBR values taken at 0.1-inch penetra
tion using a 4-inch diameter piston should not be compared directly 
With those obtained using the standard 2-inch diameter piston without 
due consideration for the difference in stress distribution, particularly 
the depth to which the stresses are effective. This should be kept in 
mind in studying the data shown for these tests. If the results are 
Plotted in terms of unit load against the ratio of deformation in inches 
to the diameter of the piston in inches, then the stress deformation 
curves are generally closer together than when the deformation is 
e:xpressed in inches. This assumes the major portion of the stresses to 
be dissipated within depths proportional to the diameters. 
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Equipment 

23. The principal items of equipment used for making the penetra
tion test on remolded samples consists of the 6-inch diameter mold con
taining the sample, a steel penetration piston 1.95 inches in diameter 
(area 3 sq in.), penetration surcharge weights, and a laboratory loading 
machine or screw jack and frame arrangement. The mold, piston and 
weights are shown on figure 5 and the screw-jack loading arrangement is 
shown on figure 4 of the main report. The original loading arrangement 
specified in Chapter XX of the 'Engineering Manual was a single-acting 
hydraulic jack which has not proven satisfactory because of the surge 
effect created during application of load. Either a closely controlled 
laboratory constant strain type of machine or the arrangement shown in 
figure 4 for laboratory or field should be used for applying load in
crements, in order to eliminate this surge effect. Appendix C describes 
and illustrates this screw-jack type of loading equipment used in the 
field and which can be easil,y duplicated in the laboratory by shifting 
the jack to the frame shown in figure 4 of the main report. This type 
of arrangement is necessary in order to insure a smooth rate of 
penetration. 



, Appendix A 9 

PART III: STUDY OF THE PREPARATION OF 

REMOLDED SAMPLES FOR THE CBR TEST 

General 

24. This part of the appendix first presents data of a preliminary 
nature which includes results of classification tests on the materials 
investigated. It then gives data on compaction characteristics produced 
b~ dynamic and static compaction and data on certain variables that 
entered into the preparation of remolded specimens for CBR tests. Next, 
the effects of these same variables on the results of tests other than 
CBR are discussed and finally the effects of a few other variables that 
entered into the preparation of remolded specimens for CBR tests is 
givenl some of which_ could.- be evaluated onl;;r b;'r the actual- p-erf-o-rmanc-e 
of the CBR penetration test. 

Preliminary.Tests 

Class i fi ca ti on 

25. As previously stated, the results of mechanical analyses, 
specific gravity and Atterberg limits tests performed on all soils 
studied are shown on plates 1 through 4 and table 1. It is believed that 
the data shown thereon give all the information necessary in order to 
obtain a clear picture of the characteristics of the soils, with the 
exception of Vicksburg loess, Texas caliche and California pumice. These 
materials may be considered special soils and hence a brief description 
of each is given below. The Vicksburg loess is a very uniform silt of 
low plasticity with approximately 5 to 10 percent clay sizes. Caliche 
deposits belong to the limestone family. Two caliche materials were in
vestigated -- one was a soft, very light gray deteriorated limestone 
from the vicinity of Georgetown, Texas, and the other was a very soft, 
Pink-gray calcareous material from the vicinity of Mission, Texas. 
Caliches are commonly used in highway and airport construction through
out many of the southwestern states. The California pumice is a very 
Porous, nonplastic volcanic ash that shows considerable breakdown under 
modified AASHO compaction. 

T;vpes of 
,£2,mpaction used 

Compaction Characteristics of Soils Under 
Dynamic and Static Compaction 

26. Specimens for CBR and other tests were compacted in the 6-inch 
diameter CBR mold to a height of 4-1/2 inches, using two methods of 
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compaction; namely, static and dynamic. In static compaction the soil 
was placed in the test mold in one layer, rodded lightly, and compacted 
by a piston with the same diameter as the inside diameter of the mold 
under static load in a manner similar to the Porter or California method. 
In dynamic compaction the soil was placed in several layers in the mold 
and compacted by several blows of a free-falling hammer weight, such as 
is used in the AASHO method .. The compactive effort was varied by chang
ing the number of blows per layer or the amount of the statically applied 
load. The compaction characteristics for most of the soils studied are 
shown on plates 5 through 23. 

Static compaction 

27. Shape of compaction curves. It can be noted, by reference to 
plates 5 through 23, that for the range of compactive efforts used, soils 
of medium to high plasticity and pumice show maximum densities and mini
mum optimum water contents using the Porter static (2000 psi) procedure. 
It can also be noted that under static compaction the soils of medium and 

_high plasHcity -ar-e the only ones i'-0-r -which a compaction curve w1 th a 
definite optimum water content can be developed similar to that as ob
tained dynamically. Some cohesionless sands and soils of low plasticity 
under static compaction have, in general, flat-shaped curves with little 
or no tendency to develop a definite optimum water content, which is con
trary to field experience. A smooth curve for the wet side of optimum 
for soils other than those of medium to high plasticity can be developed 
by altering the static compaction procedure such that the load is stopped 
as soon as free water appears. 

28. Density gradient. At the beginning of these studies it was 
realized that it would be highly desirable to have a uniform di stri but ion 
of density within the test specimen. In order to obtain data on the 
density gradient of remolded specimens compacted statically, a series of 
tests were performed on a sand, a silt, and a lean clay, using a 2000 psi 
static load. All specimens were compacted at the optimum water content 
for the 2000 psi effort according to the standard procedure for this 
method. Under Porter compaction (2000 psi) with the load applied from 
one end only, the top as compacted was the most dense and the bottom the 
least dense on all soils tested. The difference in density between the 
top and the bottom of the specimens was as follows: for the silt, about 
5 pounds pgr cubic foot; for the sand, about 2 pounds per cubic foot; 
and for the lean clay, about 1 pound per cubic foot (see plates 62, 63 
and 64). · · 

29. Having determined the density gradient for the soils when 
compacted statically according to the standard procedure for the above 
method, an attempt was made to obtain more uniform density distribution 
by applying the load once to each end of the specimen. Under static 
compaction (2000 psi) when the load was applied once to each end, the 
results were as follows: on the sand, the density was brought to a 
very uniform condition, the variation from top to bottom being negligible. 
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However, the average density obtained by this method of static compaction 
Was 4 to 5 pounds less than that obtained by the modified AASHO procedure. 
No static tests of this tYPe were conducted on the silt. On the lean clay 
the average density was increased approximately two pounds over that ob
tained by the standard static procedure, the ends being brought to approx
imately the same density and the middle being the least dense by approxim
ately one pound (see plates 62 and 63). 

30. Breakdown of particles under compaction. Tests were performed 
on '.Eglin Field sand to determine the amount of breakdown of cohesionless 
particles under static compaction. Plates 65 through 67 show that for 
this sand under static compaction, the grain size distribution is altered 
in the range of medium to very fine particles. The breakdown caused by 
this compaction method, although not excessive, is undesirable. 

~runic compaction 

31. Shape of compaction curves. Reference to plates 5 through 23 
indicates that ~or the compactive efforts used, cohesioniess soiis and 
soils of low plasticity show maximum densities and minimum optimum water 
contents when the modified AASHO procedure is used. Under dynamic com
paction practically all soils develop compaction curves with definite 
optimum water contents, which agrees with field experience. Poorly 
graded sands and gravels develop very erratic test points under dynamic 
colllpaction and determination of a definite optimum water content is 
usually very difficult, if not impossible. Plates 5 and 7 show that for 
~Sand and a silt the maximum AASHO densities obtained in the CBR mold 
are one to two pounds per cubic foot less than those obtained in the 
standard Proctor mold. As shown later, small variations in density and 
~Olding water content greatly affect the CBR values for some soils. Thus 
t is necessary to conduct all compaction control tests for preparation 

of samples for the CBR test in the 6-inch diameter CBR mold. 

32. Density gradient. In order to obtain data on the density 
;radient of remolded specimens compacted dynamically, a series of ~ests 

as performed on a sand, a silt and a lean clay, using modified AASHO 
compactive effort. All specimens were compacted at the optimum water 
~~ntent for this effort according to the modified procedure. Under modi

ed AASHO compaction, the sand and the silt showed the bottom of the 
~Pecimen as compacted to be the most dense and the top to be the least 

ense, the difference in density being in the order of four to five 
~ounas per cubic foot for the silt and two to three pounds per cubic foot 
for the sand. Dynamic compaction on the lean clay resulted in a tendency 
t~r the middle of the specimen to be slightly more dense than the ends, 
f e difference in density being approximately one to two pounds per cubic 
oat. These data are shown on plates 68 through 71, inclusive. 

33. Having determined the density gradient for the soils when com
!acted dynamically according to the standard procedure for the above 

ethod, an attempt was then made to obtain more uniform density 
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distribution by staggering the number of blows per layer.· Under this 
method, which used a total number of staggered blows equal to modified 
AASHO effort, the sand and the silt had the highest density shifted toward 
the center, and the ends tended to approach equal densities (see plates 
68, 69 and 70). On the lean clay no advantage seemed to be gained by 
staggering the blows (see plate 71). 

34. It is desired to emphasize the fact that the above tests were 
performed at only one molding water content for each soil. These tests 
show that the density gradient is markedly different for different soils. 
Further tests on a clayey sand and a silt showed that the density gradi
ent changed with variation in the molding water content (see plates 72 
and 73). Note on these plates that the trend is for the density to be
come more uniform throughout the specimen with increase in molding water 
content under a given compactive effort. This may account in part for 
the high dry-of-optimum and low wet-of-optimum CBR values which are 
usually obtained at equal densities and which will be discussed later. 

35. Breakdown of particles under compaction. Tests were performed 
on California pumice and Eglin Field sand to determine the breakdown of 
cohesionless particles under dynamic compaction. Plate 74 shows the 
breakdown of pumice under modified AASHO compaction for molding water 
contents of 6 and 30 percent. As can be seen from these curveo, the 
breakdown of the material at 6 percent water content is appreciable more 
than at 30 percent, showing that in studying the breakdown of particles 
under compaction the molding water content is a factor to be considered. 
This material would probably also break down under field compaction, 
because of the presence of unsound particles. 

36. Plate 75 shows that under dynamic compaction the grain size 
distribution of Eglin Field sand is altered in the range of the coarse 
particles and the range of fine to very fine, but that the distribution 
remains practically unchanged for the medium particles. The breakdown 
under this method of compaction, like that under static, although not 
excessive is undesirable. 

37. As has been pointed out by other investigators, material 
should not be used more than once in establishing the water content
densi ty relationship, or in remolding specimens for any soil test. 
Beside the breakdown of some materials containing friable particles, 
other soils having enough cohesion to do so will retain the density in 
small lumps from the previous compaction, even though the soil mass is 
thoroughly kneaded. It is possible that this latter characteristic may 
be applied to advantage in field compaction. Plate 18 shows what hap
pened to a lean clay when the material was recompacted. The third time 
the material was used, the compaction characteristics had altered as 
follows: 
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Initial compaction 
Third time used 
Change .......... . 

Static versus 
dynamic compaction 

Modified AASHO 

Opt. w Max. I\/ d 

-~%-Lb/cu ft 

15 113 
12 119 
-3 -+b 

Standard AASHO 

Opt. w Mroc. 1/d 
-~%-Lb/cu ft 

18 107 
15 110 
-3 +3 

15-Blow AASHO 

Opt. w Max. 1/ d 
% Lb/cu ft 

19 105 
.ll 108 
-2 +3 

13 

38. Summarizing, it appears that soils of medium to high plasti
city and pumice obtain greater densities at lower optimum water contents 
when the Porter static (2000 psi) procedure is used, whereas cohesionless 
sands and soils of low plasticity obtain greater densities at lower opti
mum water contents when the modified AASHO procedure :i.s used. The range 
of results are shown in table 3. Under dynamic compaction, practically 
all soils develop compaction curves with definite optimum water contents, 
Which El,grees with field __ experience. Under stattc- coirrpac-ii-on, tlie soils 
of medium and high plastic! ty are the only ones for '!irhich a compaction 
curve with a definite optimum can be developed. In addition, it was 
found that static compaction on soils of low plasticity did not produce 
compaction curveo with a definite optimum water content. This is con
trary to field experience. 

39. It appears that it is possible to obtain a uniform density 
gradient under static compaction. However, to accomplish this uniform
ity, the load must be applied once to each end of the specimen, or an 
apparatus must be used which would allow a movable piston at each end of 
the specimen during compaction. Under dynamic.compaction it appears 
practically impossible to establish a standard procedure of a constant 
number of blows or of staggering blows to give uniform density, because 
of the fact that a change in the tyPe of soil and the molding water con
tent causes a change in density gradient. Therefore, if dynamic compac
tion is used for the preparation of CBR test specimens, some means should 
be developed of accurately and rapidly determining the density of approx
imately the top two inches of the specimen as tested. This problem 
deserves more study than time has allowed during this investigation. 

40. Breakdown of cohesionless particles under both methods of com
paction is undesirable but may not exceed that experienced under field 
compaction. Because of this breakdown and because other soils having 
enough cohesion to do so may retain the density in small lumps from the 

,previous compaction, material should not be used more than once in 
establishing each point of the water content density curve. Neither 
should material be reused in remolding specimens for any soil test. 
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Constant number of blows to obtain 
95% of modified AASHO density 

Appendix A 

41. In order to save time and simplify methods for preparing speci
mens at specification density, it was decided during the course of the · 
investigation to determine whether there was any one dynamic compactive 
effort which would obtain 95 percent of modified AASHO density at the 
optimum water content for all plastic soils. The results of this study, 
which was a co-operative project between various Engineer Districts and 
the Experiment Station, are covered in Appendix B. These tests showed 
that the dynamic compactive effort required to obtain 95 percent of mod
ified AASHO maximum density was a function of the plasticity of the soil; 
the required compactive effort increasing with increase in plasticity. 
For 26 blows per layer, using the modified AASHO method, a variation 
from 93 to 98 percent of modified AASHO density was obtained. This var
iation was considered to be too much and therefore a constant number of 
blows was not recommended. 

General 

Effects of Molding Water Content, Density and 
Method of Compaction on CBR 

42. The effect~ of water content and density on remolded samples 
are so closely related that it became necessary to use a method of 
plotting test data which would allow a ready comparison of the effects of 
both of these variables on the CBR. Plate 79, as do numerous other 
plates with this appendix, illustrates the manner in which it was de
cided to present test data when it was available in sufficient quantity. 
The left-hand plot shows the basic compaction and CBR test data. The 
penetration test was performed on all specimens used in the development 
of each compaction curve. The center plot of CBR versus molded dry 
density for different molding water contents was obtained from data 
shown on the left-hand plot •. This was accomplished by plotting at a 
constant molding water content the molded dry density and corresponding 
CBR value for each compactive effort. Each pair of these values gives a 
point on one of the curves in the center plot. In like ma,nner, the 
right-hand plot was obtained from the center plot by showing the various 
combinations of CBR and molding water content for a constant molded dry 
density. In the case of soaked specimens, as illustrated on plate 80, 
the procedure is repeated except that the soaked instead of the as
molded CBR value is plotted versus molded dry density and molding water 
content. It was impracticable to plot soaked CBR values versus soaked 
densities and soaked water contents. In addition, the soaked plots as 
shown are of more value, because a designing engineer is interested in 
knowing what the ultimate soaked CBR value of a given material will be 
after it has been placed in the field at a certain water content and com
pacted dry density. These plots show that relationship and give a com
plete picture of the behavior of a soil for any desired range of water 
content and density in which the soil would be tested. 
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!_tatic compaction 

43. Density effect. Plates 76 (silt), 77 (sand), 78 (clay), 79, 80 
and 81 (clay-sands) show the effect of variation of density and molding 
water content on the CBR for several different soils under static compac
tion, Reference to these plates shows that the CBR is extremely sensitive 
to change in density, and the higher the density range the more sensitive 
the CBR becomes. This condition exists for both the as-molded and soaked 
conditions, as shown on plates 79 and 80, the difference being of course 
a lower range of CBR values in the soaked condition. Typical stress pene
tration curves for these tests are shown on plates 41 (silt), 45 (sand), 

. 47 (clay) and 49 through 51 (clay-sands). Reference to these plates shows 
that all the soils, except soaked silt at 2000 psi, soaked Vicksburg clay
sand at 3900 psi, and soaked Marietta clay-sand at 2000 psi, exhibit 
concave-downward stress-penetration curves. 

44. Water content effect. Reference to the families of curves shown 
on the compaction-CBR ~lates mentioned in paragraph 41 shows that the CBR 
is extremely sensitive to change in molding water content on all except 
the sand and the Marietta clay-sand at low densities, either in the as
molded or soaked condition. Typical of the test results on specimens 
tested as molded are those of the clay-sand shown on plate 79 which il
lustrate that, for a constant density, the higher the molding water con
tent the lower the CBR. The general trend of these curves is normally 
eJrpected for as-molded specimens of any soil (except clean sands) which 
for a constant density are known to decrease in shearing resistance as 
the water content or degree of saturation increases. 

45. Ex:cept for sands, the data for the clay-sand shown on plate 80 
are tyPical of the results obtained on samples tested in the soaked con
dition. These data show that for a constant molded dry density the higher 
the molding water content the higher the CBR. This is a reversal of the 
behavior of specimens tested as-molded' and is caused by the fact that the 
Soaked specimens experienced considerable swell on the dry side of opti
mum, the drier the molding condition the more the swell. 

~namic compaction 

46. Density effect. Plates 78 and 82 through 100, inclusive, show 
the effect of variation of density and molding water content for most 
Of the soils tested under dynamic compaction for both the as-molded and 
Soaked conditions. Plate 101 shows the relationship of CBR to molded 
dry density at optimum water content and maximum density for three com
Pactive efforts for most of the soils tested. Reference to these plates 
Shows that the CBR is extremely sensitive to changes in density, and the 
higher the density range the more sensitive the CBR becomes. This sen
Sitfvity exists for specimens tested in both the as-molded and soaked 
conditions, the difference being of course a lower range of CBR values in 
the Soaked condition. For a given soil, the CBR versus density curve 
'U.sUally has an extremely abrupt increase in s-lope for the range of den
s1 ty between standard AASHO and modified AASHO. It can also be noted 
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that, except for cohesionless, free-draining materials, where sufficient 
tests have been performed to develop families of curves, the CBR at con
stant molding moisture content increases with increase in density. This 
increase continues up to the density for whi6h that water content is 
optimum, but thereafter the CBR decreases with increase in density. This 
relationship holds for both the as-molded and soaked specimens and is due 
to differences in the structural arrangement of the components of the 
compacted soil syste~ formed at the time of compaction. 

47. Water content effect. Reference to the same compaction-CBR 
plates mentioned in paragraph 46, above, shows that the CBR is extremely 
sensitive to change in molding water content on all except free-draining 
oands and that the CBR values obtained on soaked samples are much less 
than those on samples tested as molded. Test results obtained on speci
mens tested as-molded followed a trend normally expected, i.e., for a 
constant density the higher the molding water content the lower the CBR. 
Plate 102 shows the relationship of CBR to molding water content at 95 
percent of modified AASHO maximum density for a large number of the soils 
tested in the soaked condition. Plate 103 gives, for most of the soils 
tested, the relationship of soaked C13R to optimum water content for any 
dynamic compactive effort and for 95 and 100 percent maximum density for 
the effort used. 

48. For soils other than free-draining and high-swelling, CBR 
stress-penetration curves (plates 39, 43, 46, 49, 50, 51 and 52) analyzed 
in conjunction with compaction and CBR data on both soaked and unsoaked 
specimens (plates 82, 87, 92, 96, 97, 98 and 99) show that under dynamic 
compaction with a given effort the rigidity of the soil mass appears to 
decrease as dry density increases and as optimum water content is ap
proached from the dry side. This decrease in rigidity is offset by 
increase in density; hence the CBR increases up to optimum water content, 
at which point the best combination of density and water is obtained. 
An exception to this relationship was exhibited by sample 5, a sand-clay 
in which the CBR was found to be higher on the dry side of optimum than 
at optimum water content (see plates 43 and 87). However, for all soils 
in this group, once optimum water content is passed, both rigidity and 
density decrease rapidly and the CBR decreases very rapidly. On this 
intermediate group of soils for a given density under dynamic compaction 
the higher the molding water content the lower the CBR value, even 
though all specimens were soaked to the same degree of saturation prior 
to penetration. The fact that this general relationship persists for 
soaked specimens which showed little or no swell is especially signifi
cant, since it is generally believed that specimens of a given soil at 
equal densities with equal degrees of saturation have equal shearing 
resistances. The variations shown are caused by basic differences in 
the structural arrangement of the components of the compacted soil system 
formed at the time of compaction. This arrangement in turn is controlled 
by the molding water content, density and method of compaction used in. 
preparing test specimens. 
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49. On soils exhibiting excessive swell, such as adobe clay, the 
effects of molding water content are not reflected in the test results on 
Soaked specimens. This is shown by reference to plates 47 and 78, which 
show that, due to excessive swell, the spread of soaked CBR values is 
small, regardless of molding water content or type of compaction. How
ever, it can also be seen that, although the spread of values is small, 
the dry-side specimens had the lowest C]R values and consequently com
paction on the dry side of optimum must be avoided if swell is to be 
kept to a 'lninimum. 

50. It is of special interest to notP- that on California pumice, a 
material composed of very porous particles, the difference between the 
initial water content and the molding water content of dynamically com
pacted test specimens has a pronounced effect on the soaked CBR. Initial 
Water content refers to the water content of the material immediately 
before more water is added in the performance of a soil test, such as 
the compaction test. This distinguishes it from the molding water con
tent, which is the actual water content at the time of compaction. These 
data are shown on plate 104. It is believed the variations shown are 
e:xplainecl ·oy the fact that the pa:rttc-les-, bei-ng- porous-, were- capable of
absorbing water, and the water initially in the material had time to be 
largely absorbed. Thus the amount of water around the particles (not 
absorbed) during compaction was a function of the difference between 
initial and molding water content. Therefore, for the range of density 
and water content shown on plate 104, the larger this difference (mold
ing minus initial water content) the more water was present between 
Particles during compaction and the less stable the soil mass became. 

Comparison of dynamic 
!!!d static compaction 

51. Table 3 shows a comparison of static and dynamic compaction 
and soaked CBR data for the eight bracketing soils. It should be kept 
in mind that densities shown on this table and the various plates, 
except where noted, are average densities and that density gradient will 
affect the test results to some extent. It will be noted by reference 
to plate 105 that for clean sand the range of densities for the static
ally compacted material is somewhat lower than that for the dynamically 
compacted material. It was impossible with the equipment available to 
obtain modified AASHO density statically. However, it appears that 
whereas density has a decided effect, water content has no appreciable 
effect on the CBR for this material for the two methods of compaction. 
:Reference to plate 106 shows that for a silt of low plasticity, exhibit
ing enough swell to alter the initial compacted density, there is no 
a~preciable difference in the soaked CBR values obtained by the two 
methods of compaction, until the wet side of optimum is reached. Once 
the wet side is reached, for a given molding water content, the dynamic
ally compacted material shows a decrease in CBR with an increase in den
:ity, whereas the statically compacted material shows an increase with 
ncrease in density. Plates 107, 108 and 109 show CBR data on two 
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clay-sands for both dynamic and static compaction. The physical proper
ties obtained by the two methods of compaction on these materials are 
markedly different. On the dry side of optimum, soaked CBR values are 
in most instances approximately two to two and one-half ti.mes as great 
under dynamic compaction as they are under static compaction for the same 
density and molding water content. On the wet side of optimum (for a 
given water content) the shearing resistance for soaked specimens under 
dynamic compaction decreases with increase in density, while under static 
compaction it generally shows an increase with increase in density. 

52. Inasmuch as the molding water content is a prime factor· in con
trolling the physical properties ·of all except free-draining soils when 
subjected to the CBR test, it follows that, in remolded soil, duplicate 
laboratory specimens can not be prepared unless molding water contents 
are duplicated, even though water contents and densities attained subse
quent to molding are duplicated. In other words, if a soil is molded at 
some given water content and then this water contP.nt is allowed to in
crease or decrease by a given amount, another identical soil specimen 
can not-be repronucea unl.ess the who~e cycle is reproduced, starting at 
the same molding water content (see table 4). 

53. Summarizing, it can be said that for all soils except clean 
cohesionless sands, which are chiefly affected by density, the CBR is 
extremely sensitive to the molding water content, density and method of 
compaction. For soils of low plasticity, the CBR is more sensitive to 
molding moisture and density under dynamic than under static compaction. 
Of particular interest is the shape of the CBR stress-penetration curves 
which, under static compaction, are practically always concave-downward, 
regardless of the initial molding water content, However, under dynamic 
compaction, except for clean sands and high-swelling clays, concave
upward shaped curves are practically always obtained on specimens com
pacted near optimum and on the wet side of optimum, both for the as-molded 
and soaked conditions. Under dynamic compaction, soils compacted on the 
dry side of optimum usually obtain concave-downward shaped curves. Also 
of particular interest is the fact that under static compaction these 
intermediate soils between clean sands and impervious high-swelling clays 
always swell when soaked, whereas under dynamic compaction they do not. 
This difference and the other variations obtained by the two methods of 
compaction with varying water content and density are caused by differ
ences in the structural arrangement of the components in the compacted 
soil system formed at the time of compaction. All laboratory test re
sults are considered qualitatively correct, but may not be quantitatively 
correct due to the confining effect of the 6-inch CBR mold. 

Drying back (curing) from wet side 
compared with molding on dry side 

54. Table 5 will give some indication as to how much the soaked 
bearing value may be increased by curing sand-clay materials before soak
ing for testing and how the cured materials compare with the materials 
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molded on the dry side of optimum. It appears from these data that, al
though the soaked bearing value of these materials molded on the wet side 
of optimum is improved slightly by curing, better bearing values are ob
tained by initially molding the materials on the dry side. 

Q_eneral 

Effects of Molding Water Content, Density and Method of 
Compaction on T.ests OtheT than CBR 

55. In order to determine whether the same trends in shearing resis
tance as indicated by CBR tests would also be indicated by other types of 
Physical tests, triaxial and unconfined compression tests were conducted 
on a few typical soil types ranging from sands to clays. A few consolida
tion tests were also performed, in order to compare the compressibility 
characteristics of soils compacted dynamically at different water contents. 

Tri axial 
.£2,!Ilpression tests 

56. Specimens for these tests wer~ 1.4 inches in diameter and 
approximately 3 inches in height. All specimens except sands were cut 
from samples which had been previously compacted in the CBR mold under 
dynamic compaction. Sand specimens were compacted directly in the 
standard type of forming jacket. No soils were compacted statically for 
these tests. Triaxial tests were performed on soaked specimens molded 
initially on the dry side of optimum, at optimum, and on the wet side of 
optimum as for the CBR test. Modified AASHO compaction was used in the 
majority of cases. In general, the teGts were of the consolidated quick 
t;ype, specimens being saturated in the triaxial apparatus prior to load
ing, Lateral pressures of 0,1, 0.3 and 0.9 ton per square foot were used 
for consolidating specimens. In some instances, quick type tests were 
Conducted under lateral pressures of zero and approximately one ton per 
square foot. A constant stress type of machine was used to apply the 
6.l:ial loads, and tests usually took from 5 to 10 minutes to reach failure. 

! 57. The results of these tests are shown on plates 110 through 122. 
t can be noted by reference to plate 110 that the high-swelling adobe 

Clay showed, as did the CBR for this material, that the stability on the 
dry side of optimum after soaking is low, due to excessive swell. Data 
on Plate 110 for the two free-draining sands show, as did the CBR values 
for these materials, that the shearing resistance is practically inde
Pendent of molding water content. 

58. It can be noted by reference to plates 110, 111, 112, 114, 117 
:nd 120 that the stress-strain curves for consolidated quick, saturated 
riaxial specimens show the same characteristics as the CBR penetration 

CUr · Ves, i.e., higher stress per unit of strain on the dry side than on 
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the wet side of optimum. In other words, at a given density, when the 
stress is taken at a low strain, the lower the molding water content the 
higher the shearing resistance, even though the materials were saturated. 
However, for equal as~molded densities, the results of saturated consol
idated quick tests for wet-side specimens show very nearly the same maxi
mum shearing resistance as the dry-side specimens. It must be remembered 
that these specimens were consolidated before testing and that the more 
plastic wet-side specimen consolidated more than the dry-side specimen; 
hence at the time of testing the wet-side specimen was more dense than 
the dry-side specimen. Thus the difference in density probably compen
sates for the difference in physical behavior in this instance. 

Unconfined 
compression tests 

59. General. A comprehensive series of unconfined compression 
tests was performed on dynamically compacted Vicksburg loess in the as
molded condition. In addition, a full series of tests was performed on 
the Vicksburg clay-sand under dynamic and static compaction in the as
molded and soaked conditions. The as-molded specimens for the unconfined 
compression tests on loess were compacted in a mold 2 inches in diameter 
by 4 inches in height and the whole specimen tested. The clay-sand was 
compacted in the CBR mold and a test specimen 2.B inches in diameter by 
5 inches in height was cut from the compacted material. Specimens for 
soaked tests "rere soaked in the CBR mold after compaction prior to cut
ting them out for the test. All density computations were made before 
removing the specimen from the CBR mold. 

60. Dynamic compaction. Compaction and unconfined compression 
test data including stress-strain curves for dynamically compaqted 
Vicksburg loess and Vicksburg clay-sand are sho"m on plates 123 to 127, 
inclusive. It can be noted from these data that it is possible for the 
maximum unconfined compressive stress at a constant water content to 
decrease with increase in density, either in the as-molded or soaked 
condition. If plotted, the stress at a low strain would show the same 
trend. Note also that plates 124 and 127 show that the yield point in
creases with increase in molding water content for a given dynamic com
pactive effort. The behavior of either the as-molded or the soaked 
clay-sand at low strains (see right-hand plots on plates 125 and 126) 
is similar to that obtained on this material by the CBR tests. That is, 
for a given density the shearing resistance of the as-molded or soaked 
specimens molded initially on the dry side of optimum is greater than 
that of the specimen molded initially to the same density on the wet 
side of optimum with the soaked specimen having a lower range of shear
ing resistances. It can be seen that for a given density the soaked 
maximum unconfined compressive stress increases with increase in molding 
water content up to optimum and shows a decrease thereafter. This vari
ation in maximum compressive stress for the soaked soil is not contra
dictory to the variations obtained by CBR tests, because the CBR test 
measures the shearing resistance at low strain. As just pointed out, 
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unconfined compressive stresses at low strains show results similar to 
those of CER tests. 

21 

61. Static compaction. Compaction and unconfined compression test 
data including stress-strain curves for statically compacted Vicksburg 
clay-sand are shown on plates 128 through 130. Plate 130 shows that the 
strain at the yield point is practically constant for a given static 
compactive effort, regardless of change in water content and density. A 
comparison of plate 127 with plate 130 shows that the curves for dynamic
ally compacted specimens are generally concave-upward on the wet side of 
optimum only, and those for statically compacted specimens are generally 
concave-downward throughout the range of molding water contents. It is 
interesting to note on plate 128 that the variation of the as-molded un
confined compressive stress (maximum or low strain) with molding water 
content for constant densities follows a trend very similar to that ob
tained for CER. In like manner, plate 129 shows that the soaked uncon
fined compressive stress (maximum or low strain) follows the same trends 
and are in turn similar to the trends obtained with this material in the 
Soake.d CER test. The variations just described and those mentioned in 
Paragraph 60 are further evidence o!~ the diffe-rmrces- in the s-truotura"l
arrangement of the components of the compacted soil systems formed by 
these two methods of compaction. 

Comparison and correlation of 
.£BR and unconfined compression tests 

62. Plates 131 and 132 show a comparison of unconfined compressive 
strengths on the Vicksburg clay-sand, compacted by both the dynamic and 
static methods in the as-molded and soaked conditions. Data on these 
Plates were taken from data on plates 125, 126, 128 and 129. Reference 
to these plates and plates 107 and 108 for comparable CBR data shows 
that on the dry side of optimum and near optimum, soaked CBR values and 
~S.Ximum unconfined compressive strengths are in some cases approximately 

wo and one-half times as great under dynamic compaction as they are 
'Under static compaction for the same molded dry density and molding water 
Content. On the wet side of optimum (for a given water content) the 
shearing resistance under dynamic compaction decreases with increase in 
density, while under static compaction it generally shows an increase 
With increase in density. 

63, The data on plate 133, which are for the unsoaked Vicksburg 
Clay-sand, are taken from plates 107 and 131, and show for a density 
range of 92 to 99 percent of modified AASHO maximum the following: 

~· For a molding water content dry of modified AASHO optimum 
the CER increases more rapidly with increase in densfty 
under dynamic compaction than under static compaction, 
the difference in rate of increase becoming more pronounced 
after 96 percent modified AASHO maximum density is passed. 
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For the same molding water content as in a, above, the 
maximum unconfined compressive stress increases more 
rapidly with increase in density under dynamic than under 
static compaction, the difference in rate of increase 
being fairly uniform from 92 to 99 percent of modified 
AASHO maximum density. 

For a molding water content wet of modified AASHO optimum, 
the CBR and maximum unconfined compressive stress for 
both static and dynamic compaction show slight but prac
tically equal increases with increase in density up to 
96 percent of modified AASHO maximum; thereafter the 
static continues to increase, whereas the dynamic 
decreases. 

A similar set of curves for dynamic compaction on loess (plate 134) 
tested in the as-molded ·condition show variations in CBR and maximum 
unconfined compressive stress to be parallel up to modified AASHO maxi
mum d:errsi-ty. Modified AASHO maximum cle!"l-sity Dn the loess is approxim
ately 111 pounds per cubic foot as compared to 130 pounds per cubic foot. 
on the clay-sand. 

64. The CBR penetration test measures the resistance of the soil 
mass to deform within itself and measures the combined influence of co
hesion and internal friction. Resistance to deformation due to the 
confining effect of the surrounding material increases as the penetra
tion proceeds to failure. Hence, a single-curve correlation between CBR 
and unconfined compression or triaxial compression for all soils, inde
pendent of normal load, cohesion and internal friction, is not expected. 
However, it is believed that if all three tests are basically sound, they 
should give a family of curves for given conditions of normal load, 
cohesion and internal friction under given conditions of water content 
and density. Reference to plates 135, 136 and 137 shows that the CBR and 
unconfined compression tests do correlate under these conditions, giving 
a family of curves for a given material. However, these families of 
curves, although similar for different materials, do not have numerical 
agreement. Sufficient data are not available at present to arrive at 
similar curves for triaxial test specimens. However, it is reasonable 
to believe that, although the curves would shift, the test data would 
correlate for any given normal load. 

65. It is pointed out that a correlation of the tyPe given herein 
in which a constant minor principal stress for the shear tests is main
tained, is not a correlation which allows the CBR and unconfined compres
sive stress values to be used interchangeably in design. It is recog
nized that the ultimate correlation desired is that of CBR versus shear 
strength in which the shear strength is that obtained from a shear test 
performed under a minor principal stress equivalent to that induced by 
the design wheel load at the required depth indicated by the CBR. It is 
not known whether this shear strength should be the ultimate, or that at 
some lower percent strain. It is believed that efforts should be contin
ued to arrive at such a correlation. 
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Consolidation tests 

66. Plates 138 and 139 show the difference in the consolidation 
characteristics of soaked specimens of clay-sand and loess which were 
molded on the wet and dry sides of optimum moisture. It can be seen that 
for a given soil, even though the specimens were at equal densities and 
were all soaked before testing, the wet-side specimen shows considerably 
more consolidation than the dry-side specimen for the same pressure. This 
variation is additional evidence of the difference in the physical be
havior of remolded soils and should be studied further. 

Summary 

67. Summarizing, it can be stated that molding water content, 
density and method of compaction control the shearing resistance of re
molded soils as determined by the triaxial or unconfined compression 
test in a manner similar to the way they controlled the CBR. Thus it is 
apparent that no matter what method of test is used t-o determine the 
shearing resistance of r'emolded soils, the method of preparation of the 
test specimen governs the results to be obtained. The same statement 
holds true for the determination of any other physical property of soils 
such as compressibility, or consolidation characteristics, or permeabil
ity coefficients. 

6B. Specifically, it is shown that for soils of low to medium 
Plasticity exhibiting little or no swell, triaxial or unconfined compres
sion tests indicated that when the test stresses are chosen at low 
strains, dynamically compacted specimens showed the same trends in vari
ation in stress as did the CBR for the same materials. That is, for a 
given molded dry density, the stress or CBR on the dry side of optimum 
is 'greater than the stress or CBR on the wet side of optimum for either 
as-molded or soaked specimens. This difference was not found for 
statically compacted specimens. Furthermore it was found for these soils 
that the CBR and maximum unconfined compressive test stress of dynamic
ally compacted and soaked specimens near modified AASHO optimum are · 
approximately two and one-half times as great as those of statically com
pacted and soaked specimens. 

Height of Specimen, Soaking, Processing Gravel 

General 

69. To study the effect of other factors encountered in the prepar
ation of test specimens for the CBR penetration test, several series of 
tests were performed on selected soils. These factors included height of 
specimen, methods and period of soaking, soaking surcharge, drainage 
time, and method of processing gravelly materials. These tests will be 
discussed in the paragraphs which follow. 
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Height of 
specimen 
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70. Special tests were conducted on cohesionless soils and soils of 
low to medium plasticity under (1) modified AASHO compaction and (2) 
experimental combinations of static and dynamic compaction, in order to 
study the effect of height of specimens on the CBR and the depth to which 
each soil type was affected by the penetration test. All tests were per
formed in the 6-inch diameter CBR mold and a constant height of 4-1/2 
inches was uoed in the experimental tests. In these tests each layer of 
soil was sprinkled with a layer of chalk dust just prior to the placement 
of the next layer. After compaction the specimen was removed from the 
mold, .cut in half, photographed, placed back together again, inserted in 
the mold and then penetrated. The specimens were then removed from the 
mold again, divided and rephotographed. The results of these tests are 
shown on plates 53 to 58, inclusive, The series of tests using actual. 
modified AASHO compactive effort per layer was performed by compacting 
the test specimens to heights of 2, 3 and 5 inches and performing the CBR 

_penetration test. The results of this series of tests are shown on 
plate 140. 

71. It is believed that the depth to which the soil is affected by 
the penetration test is influenced by the water content, density, par
ticle size and the structural arrangement of the components of the com-

. pacted soil system. As can be seen by reference to plates 53 through 58 
and 140, it appears inadvisable to use a specimen height of less than 
4-1/2 inches for the plastic and medium plastic soils. It is not fully 
understood why the cohesionless material shows an increase in CBR in 
going from a specimen height of 2 inches to one of 5 inches. However, 
this may possibly be due to slippage of the material along the base of 
the mold in the shorter specimens, as well as to differences in density 
gradient. It is believed that a minimum specimen height of 4-1/2 inches, 
as originally recommended by Porter, should be used for all soils. 

Methods of soaking 

72. In the case of soils of medium to high plasticity it was con
sidered desirable to know prior to penetration what the most expeditious 
method of soaking these soils was, and to determine the water content 
gradient under different soaking conditions. In order to obtain data on 
these factors, specimens of different soils were compacted in the CBR 
mold under dynamic compaction and allowed to soak from the bottom only 
and from the top and bottom for various periods of time. The specimens 
were then removed from the soaking tank, penetrated in some cases and 
in other cases extracted from the mold and cut into several sections for 
water content gradient neterminations. The results of these tests and 
other similar tests are shown on plates 85, 86, 91, 92, on plates 141 
to 146, inclusive, and on table 6. 
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73. Effect of method of soaking on water content gradient. In con
sidering the possibility of reducing the height of specimens to expedite 
compaction and soaking, especially for the more plastic soils, tests on 
the method of soaking were conducted to determine the water content dis
tribution. Specimens were soaked from the bottom only, from the top only, 
and from the top and bottom. Preliminary tests on Berry Field lean clay 
soaked from the bottom only for periods of 4, 11 and 21 dayo (see plates 
143 and 144) showed that the major water content change occurred in the 
bottom inch. For these conditions the water contents increased as 
follows: 

Molded Water Content Actual 
Method of Days Molding 'fld of Bottom Inch Water Content 

Soaking Soaked w - ~ Lb[CuFt after Soaking Increase - ~ 
Bottom only 4 14.8 114. 7 16.2 1.4 
Bottom only 11 14.o 116.2 17.8 3,8 
Bottom only 21 14.5 i14,9 17.1 2.6 

It can be noted on plate- 144- that after ~1 dayo- scrald-ng from t-he-bo-t-tum
only, the top inch of the specimens increased approximately 1.8 percent 
above the original molding water content, whereas those soaked 4 and 11 
days showed practically no change in the top inch. To investigate this 
difference further, a second series of tests was performed on this ma
terial in which opecimens were soaked 10 and 21 dayo from the bottom only, 
the top only and the top and bottom. Specimens were compacted from ma
terial which had already been used in the preliminary tests. 

74. The results of the second series of tests are shown on plates 
145 and 146 and indicated the following water content increases: 

Mod. AASHO Water Content 'V Percent* Molded 
Av •. , d 

Method of Increase in After Saturation 
Soaking Days 'Vd Specimen in Percent Soaking After 
~12ecimen Soaked LbLcu,Ft Top Middle Bottom LbLCu Ft Soaking 

Bottom only 10 119.2 2.6 0,8 2.5 118,6 90 
Bottom only 21 119.4 3.1 o.6 2.4 118.9 90 
Top only 10 118.6 3.8 1.1 3.1 117.9 90 
Top only 21 119.1 3.1 0.8 3,9 118.1 89 
Top & bottom 10 118.9 4.1 1.1 3,5 117.8 92 
Top & bottom 21 119.4 3.1 o.6 2.2 118. 3 90 

*Computed on basis ofr total weight i:md average water content of 
specimen 

It is believed the reason for these variations is that the bottom inch as 
soaked is usually the least dense as compacted and is therefore suscep
tible to additional water absorption; the top inch as soaked is allowed 
to expand and absorb water; the middle portion of the sample is usually 
the most dense as compacted, is the most confined portion of the sample 
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and contains entrapped air. Although it absorbs a small additional 
amount of water, it does not absorb as much as the ends of the sample. 

75, It appears that for the material tested there is no advantage 
to be gained, in so far as increasing the percent saturation is concerned 
by allowing specimens to soak beyond 10 days. However, as shown on plate 
141, there is practically no change in the CER value after 4 days soaking 
from top and bottom. As can be seen by the tabulation in paragraph 74, 
regardless of the method of soaking, the middle portion of the specimens 
absorbs only approximately 30.percent as much water as the top and bottom 
portions, which absorb approximately the same amount. Variations in 
water content increases are probably due to variations in density, which 
are known to be different for the top, middle and bottom portions of the 
specimen as molded (see plates 68, 69, 71 and 73). 

76. Effect of method and period of soaking. It was found imprac
ticable to soak soils of medium to high plasticity from the bottom only, 
because of the time required. Specimens of Stockton adobe clay compacted 
at modified AASHO !iens1ty after -soaking fJO days in this manner were not 
saturated. Some specimens of Berry Field lean clay required as long as 
25 days ts> soak. However, when the specimens were soaked by submergence 
(top and bottom), four days were found to be sufficient for saturation 
(see plate 141). It appears that some soils of low plasticity may be 
satisfactorily saturated in four days by soaking from the bottom of the 
specimen only ( s·ee plate 142). Purely cohesionless soils may be satu
rated in a few hours by soaking from the bottom. Reference to plates 91 
and 92, Berry Field lean clay, and plates 85 and 86, Vicksburg loess, 
again shows that the CER for these materials when soaked top and bottom 

.is markedly less than when the materials are soaked from the bottom only, 
even though specimens soaked from the bottom only had free water on top 
after soaking. It may also be noted that on loess the swell is approx
imately twice as much when soaked top and bottom as when soaked from the 
bottom only. On the lean clay the swell is about the same by either 
method. 

77. Inasmuch as the soil system of the loess specimens· soaked from 
the bottom only was apparently not disturbed by swell, these specimens 
show, for a given density, that the lower the molding water content the 
higher the CER value (plate 85). However, the material soaked top and 
bottom (plate 86) exhibited enough swell to alter the initial dry-side 
compacted structure such that its effects are not reflected in the 
soaked CER values of these specimens to the extent that they are in the 
specimens soaked from the bottom only. 

78. In table 6, data are shown for soils of medium and high plas
ticity which give the water content distribution and the CER after soak
ing from the bottom and from the top and bottom. Eased on these data 
and that previously presented, it appears that for a standard procedure 
the most practical method is to soak the specimens by submergence for 
four days, although some materials will not require this long. 
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!_oaking surcharge 

79. The effect of this variable on plastic soils was studied by com
pacting several soils under dynamic compaction in the CBR mold, soaking 
'll.nder various surcharge loads and then penetrating under zero surcharge. 
Data obtained from these tests are illustrated graphically on plates 35, 
36 and 147. In general the soaking surcharge would affect the CBR only 
if it prevented swell or caused consolidation during soaking. For the 
range of water contents and densities for the soils tested, it can be 
seen by reference to the above plates that with the exception of the 
loess the effect of the soaking surcharge above a 10-pound minimum causes 
only a small change in the numerical value of the CBR. However, small 
changes in CBR value on low bearing materials radically affect the design 
thickness of pavement and base course and it is therefore important that 
the soaking surcharge equal the weight of overburden in the field to plus 
or minus 5 pounds, as recommended in Part V of the main report. 

~ainage time 

80. The effect of this variable on the CBR was studied by subject
ing specimens of dynamically compacted and soaked soils to various drain
age periods prior to CBR penetration. The results of these tests, which 
~ere conducted on a sand, a silt and a clay, are shown on plate 148, 
~here it can be seen that a drainage time of 15 minutes appears satisfac
tory for all soils tested. 

Processing materials 
~taining gravels 

81. Tests were conducted in 6- and 12-inch diameter molds on three 
natural and processed gravelly materials to study the effect of large
Size particles on the CBR. ,Processing the materials consisted of remov
ing all particles larger than 0,74 inch and replacing them with equal 
Percentages by weight of sizes 0.74 to 0,37 inch and 0.37 to 0.18 inch. 
~e percentage of material finer than 0.18 inch thus remained constant. 
Odified AASHO compaction tests conducted in the 6-inch mold showed for 

the three soils tested that the maximum dry density obtained on processed 
materials was equal to or greater than the maximum dry density obtained 
on natural materials (see plates 11, 17 and 19). Specimens used in de
'9'eloping the compaction curves in the 6-inch molds were subjected to 
soaking and CBR penetration. The results of these tests are shown on 
Plates 88, 90 and 93. All test results are summarized in table 2, No 
static compaction tests were performed on these three base course soils, 
The following pertinent results can be obtained from a study of the above 
Plates and table: 

a, CBR value of the natural clay-gravel in the 6-inch mold 
is approximately 25 percent greater than the CBR value of 
the processed clay-gravel in the 6-inch mold. CBR values 
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of natural sand-gravel and gravel-sand-silt in the 6-inch 
mold are approximately 50 percent of the CBR values of 
processed materials in the 6-inch mold. 

CBR values of processed clay-gravel and sand-gravel in 
the 12-inch mold are approximately 40 percent less than 
CBR values of natural materials in the '12-inch mold, CBR 
value of processed gravel-sand-silt in the 12-inch mold 
is approximately 50 percent greater than C:BR of natural 
material in the 12-inch mold. 

CBR values of either natural or processed materials com
pacted in the 6-inch mold on the dry side of optimum are 
approximately 60 to 250 percent greater than CBR values 
at corresponding densities on the wet side of optimum for 
clay-gravel and gravel-sand-silt. Dry and wet of optimum 
natural and processed CBR values are estimated to be 
e~ual for sand-£ravel. 

There are insufficient data from these tests to warrant any definite 
conclusions concerning the effect of processing granular base course 
soils. Time did not permit furthe~ study during this investigation and 
therefore it is recommended that the present procedure for preparing 
samples containing gravel be continued. Inasmuch as experience has shown 
that erratic CBR test results are obtained when testing gravelly materials, 
several tests should be performed i~ order to obtain average representa
tive results. 
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82. As previously indicated in Part III of this appendix, molding 
water content, density and method of compaction control the physical be
havior of remolded soils. The combination of these factors results in a 
certain tyPe of compacted soil system being formed which may or may not 
retain the same general physical properties in the soaked state as ob
tained in the as-molded state, depending on the amount of swell. In the 
case of sands it appears that density is the only controlling factor and 
that molding water content and method of compaction have little or no 
effect on the shearing resistance. However, the physical behavior of all 
other soil tyPes is definitely influenced by the above-mentioned factors 
and it is the purpose of this part to set forth a possible ex:R_lanation 
for the variation in shearing r-esistance ol5tained on soils of low to 
medium plasticity exhibiting little or no swell and impervious high
swelling soils investigated in this study and reported on in Parts II 
and III of this appendix. The variations are explained from the stand
point of the structural arrangement of the components in the compacted 
soil system. 

DYnamic compaction, soils 
other than free-draining 
!!_nd impervious high-swelling 

83. TyPical of this soil group is the Vicksburg clay-sand for which 
CBR and compaction data are shown on plates 96 and 97 and CBR stress
penetration curves on plates 49 and 50. Comparable unconfined compres
sion test data are shown on plates 125, 126 and 127. For these soils 
under dynamic compaction, the structural arrangement of the components of 
the compacted soil system obtained is a function of the pore pressure de
~eloped during compaction, and hence a function of the molding water con
tent. Two distinctly different tyPes of arrangement of the soil system 
are obtained: one is characterized by elastic properties and the other 
is characterized by plastic properties. It appears that the line of de
marcation is the line showing the relationship between optimum water con
tent and density. For a given compactive effort, a material molded on 
the dry side of optimum fails in shear at low strain, but when molded wet 
of optimum the same material fails in shear at a much larger strain. On 
!2._aked specimens of the same material at the ~density on the wet and 
dry sides of optimum moisture, the CBR and unconfined compressive stress 
at low strain is higher for the specimen molded on the dry side of opti
nru.m. On soaked specimens molded initially at a constant water content on 
the wet side of the line of optimum water contents under different com
PactiVe efforts, the stress per unit of strain decreases with increase in 
Colllpactive effort, i.e., the CBR or unconfined compressive stress decreases 
With increase in density. This indicates that the soil mass becomes more 
Plastic with an increase in compactive effort (more blows per layer). 



30 Appendix A 

84. A possible explanation of these phenomena is as follows: On 
the dry side of the compaction curves, the water pr~s~nt in the pores of 
the soil mass during compaction acts as a lubricant~lJ, and increasingly 
so as the optimum is approached. A relatively small amount of the com
paction energy is dissipated in developing pore pressure. On the wet 
side of the compaction curves, the water present in the pores has reached 
an amount such that it no longer acts as an aid to compaction but is det
rimental, in that pore pressure develops. A relatively large amount of 
the compacting energy is dissipated in the form of instantaneous pore 
pressure. The amount of energy dissipated increases as the water content 
increases. Since considerably less effective energy is utilized in ob
taining the same range of densities on the wet side of optimum as was 
obtained on the dry side of optimum, either one or both of two phenomena 
are taking place: 

a. The lubrication of the mass has reached a point such 
that the energy required to force the particles together 
is greatly reduced. 

b. The particles are arranging themselves in a manner such 
that the energy required to force them together is 
greatly reduced. 

It seems, on first thought, that increased lubrication would be the 
explanation, but, if this were true, once the dry-side material was 
soaked (lubricated) to the same degree of saturation as the wet-side ma
terial, then the two, being at the same density, should behave similarly 
when stressed. The data on plates 50, 97. 126 and 127, however, show 
they do not. Pertinent comparisons of shearing resistance, density and 
degree of saturation for this soil are tabulated below. 

As Co~acted After Soaking 
Degree Degree Unconfined 

of of Compressive 
Compac- Va Sa tu- Va Sa tu- Car- Stress at 

tivs... w ration w ration rected 1% Strain 
Effort _L LbLFt3 ~ _L LbLFt3 ~ CER TonLSg Ft 
Mod. 5.7 127.4 48 9.4 127.4 80 66 
AAS HO 9.0 127.4 76 9.5 127.4 80 25 

Std. 7.1 118.1 46 12.3 118.1 80 15 
AAS HO 12.0 120.0 81 12,2 120.0 82 4 

Mod. 6.2 127.0 53 8.8 127.0 80 0.52 
AAS HO 9.6 127.0 82 9.9 127.0 84 0,20 

Std. 7.7 120.0 53 11.8 120.0 81 0.23 
AAS HO 11.6 120.0 78 12.4 '120,0 84 0.10 

( 1) 
R.R. Proctor: "Fundamental Principles of Soil Compaction, 11 

Engineering News-Record, vol. 111, no. 9, 31 Aug. 1933 1 pp 245-248. 
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Since equal saturation (lubrication) at equal densities does not bring 
about like stress-strain characteristics, the distribution of the water, 
air and soil particles of the soil systems is different, and both of the 
above-mentioned phenomena take place. 

85. A possible explanation of the mechanics of the arrangement of 
the water, air and soil particles in the three-phase soil system may be 
described as follows: · 

a. Dry side of optimum. The pore pressure de~eloped on this 
side of optimum under the impact of the compaction hammer is 
negligible, if it develops at all. The soil particles are 
vibrated and wedged together and a certain amount of arching 
takes place. The coarser grains are not all uniformly coated 
with matrix (material passing the 200 mesh) and there is 
considerable grain-to-grain contact, with little, if any, 
matrix between the points of contact of the larger grains. 
The pore spaces are considered to be larger than those in a 
specimen compacte~ to the same d-ensity on the wet side of 
optimum and, to a large extent, are filled with air. This 
soil system is considered to be brittle and more or less 
rigid and it is considered to largely retain these proper
ties even when the saturation is increased, provided the 
structural arrangement of the coarser grains is not altered. 
Inasmuch as the pore spaces are relatively large and air
filled and there is a minimum of matrix between the points 
of contact of the larger particles, this soil system will 
saturate at a more rapid rate than will a soil system at 
equal density on the wet side of optimum. (This difference 
has actually been observed in the laboratory.) Since the 
soil system is rigid, it behaves elastically at low strain; 
since it is brittle, it has a yield point at low strain. 

b. Wet side of optimum. The amount of water in the soil sys
tem on the wet side of optimum is sufficient to allow the 
development of an appreciable amount of pore pressure under 
the impact of the compaction hammer. The soil matrix has 
sufficient water in it to allow plastic flow under the im
pact of the compaction hammer. Under a given impact of the 
compaction hammer the water in the voids is instantaneously 
stressed, the volume occupied by the air is instantaneously 
reduced and, for an instant, the soil matrix is caused to 
flow plastically from beneath the hammer. Instantaneous 
migrations of pore water toward and away from the air voids 
also occur. This happens under each blow of the hammer 
and the more blows that are given the soil system the more 
homogeneous the distribution of the water, air and soil 
particles becomes and the more plastic the soil system 
becomes. Possibly the matrix approaches a distribution 
through the soil system such .that practically all larger 
grains are coated and the matrix is very uniformly distrib
uted between and at the points of contact of the larger 
particles. In addition, the individual voids filled with 
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air and/or water are considered to be smaller in compari
son to the individual voids obtained in a specimen compac
ted to the same density on the dry side of optimum. 
Inasmuch as this wet-side soil system is already at a rel
atively high degree of saturation, further saturation does 
not cause any marked changes in the stress-strain charac
teristics. Since the void spaces are relatively small and 
the points of contact between the larger particles have a 
substantial amount of matrix between them, this soil system 
saturates at a slower rate than a dry-side system with tho 
same total volume of voids. When this soil system is 
stressed, the resistance to deformation at low strain is 
largely due to the cohesion of the matrix, since nearly 
all the larger soil grains are separated from each other 
by the matrix. Entrapped air may also influence the 
stress-strain characteristics of the soil system at low 
strain. It is not until after a certain amount of movement 
and adjustment of the soil system under load that the 
larger grains begin to make intimate contact and the soil 
system.begins to develop some so-called frictional resis
tance. This accounts for the concave-upward shape of the 
stress-strain curves at low strains and for the fact that 
ultimately approximately the same strength is reached by 
all samples at equal density. Since the wet-side soil 
system is of a more plasti'c nature than the dry-side soil 
system, it has a yield point at a higher strain than the 
dry-side system. 

Dynamic compaction, 
impervious high-swelling soils 

86. The behavior of these soils during compaction, which is tYPi
fied by that of the Stockton adobe clay, is very similar to that of the 
soils covered in the preceding paragraphs. The difference in the behav
ior of these two soil groups when saturated and stressed is due to the 
difference in the swelling properties. In these high-swelling soils the 
soil system is altered during soaking. Nevertheless, those compacted on 
the wet side continue to show at a given water content the phenomenon of 
decrease in the CBR or stress per unit of strain with increase in com
pactive effort -- evidently indicating that the material becomes more 
plastic with continued compaction. Thus, on plate 78, it can be seen 
that under standard AASHO compaction with a density of 85 pounds per 
cubic foot the CBR is 2.5, whereas under modified AASHO effort with a 
density of 97 pounds per cubic foot the CBR is 2. It can also be seen 
that on the plot of CBR versus molding water content the standard AASHO 
effort curve falls below the 15-blow compaction curve. 

87. Clay soils in this gr~up with plasticity indices of approxim
ately 30 or greater never develop a concave-upward shape in the CBR 
stress-penetration curve on the wet side of optimum, regardless of the 
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method of compaction and for the range of efforts used in this investi
gation (see plate 47). The stress per unit of strain will become less 
with increased compaction at a given water content but no reverse curva
ture develops. This may be explained by the fact that the material gets 
its strength largely from cohesion and does not contain sufficient sand 
grains for the transition from cohesive resistance to cohesive plus 
frictional resistance to take place, as described in paragraph 85 b for 
the wet side of soils other than free-draining or high-swelling. Other 
clay soils which do not swell excessively attain compacted soil systems 
on the wet side similar to those of the soils described in paragraph 85 
above. 

Static compaction, 
general 

BS. una.er stat.ic compacnon the load is usua-lly- aJJpli-ed- at- a
relati vely slow rate (see description of method in paragraph 26) and 
the soil particles are forced together with lateral support without 
the benefit of vibration and impact received in dynamic compaction. 
Hence there is very little rearrangement of the particles. Since the 
particles are allowed to do relatively little shifting or rearranging 
Under any condition of molding water content or load, a different ar
rangement of the soil·system is created under static compaction than 
is created under dynamic compaction. A non-wedged tYPe of soil sys
tem with considerable arching of grains may be obtained for all condi
tions of static compaction on all soils except clays. The CER stress
penetration curve seldom develops a concave-upward shape on statically 
compacted soaked or unsoaked specimens (see plates 47, 49, 50 and 51). 

Static compaction, 
impervious high-swelling soils 

89. The only case where appreciable pore pressure might develop 
under static compaction at a slow rate of strain (approximately 0.05 
in. per min) is probably on the wet side of optimum water content for 
impervious soils. Because of the development of pore pressure, the 
impervious soils are the only ones for which a compaction curve with 
a definite optimum water content, similar to that obtained dynamic
ally, can be developed under a given static compactive effort. Present 
indications are that static compaction on the wet side of optimum for 
these impervious soils has a slight tendency to produce a plastic tYPe 
Of soil system. 

90. As pointed out previously, clays with plasticity indices of 
approximately 30 or greater never develop a concave-upward shape in 
the CBR penetration curve, regardless of whether they are compacted by 
dYnamic methods or static methods. This was explained as being due 
to the fact that they get their strength largely from cohesion and 
therefore no transition occurs from cohesive to cohesive plus 
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frictional resistance, as described in paragraph 85 b for other soils on 
the wet side of optimum. However, there are quite a-number of soils in 
this group that are outside the range of the above-mentioned clays. In 
these other soils (for example, see plate 41 for Vicksburg loess) both 
dynamically and statically compacted specimens develop concave-upward 
shaped CBR penetration curves. The statically compacted specimens, how
ever, develop these curves to a much less degree than the dynamically 
compacted specimens. This may be explained by the fact that the mate
rial does not receive the kneading under static compaction that it does 
under the repeated impact of the hammer under dynamic compaction. The 
arrangement of the soil system obtained on these materials under static 
compaction may be similar to that obtained on the dry side of other than 
free-draining and impervious high-swelling soils, with the exception 
that there is considerably more arching of grains and less wedging. 

Static compaction, soils 
other than free-draining 
and impervious high-swelling 

91. The following is a possible explanation of the behavior of 
this group of soils under static compaction. Considerable arching of 
soil grains occurs under static compaction. These soils are pervious to 
the extent that no appreciable pore pressure can develop at static pres
sure of 2000 psi or less for the rate of application of static compaction 
load used. After optimum water content is reached under static compac
tion, the soil drains under continued increased static load instead of 
developing pore pressure; the water content decreases and the density 
increases until the soil skeleton has stabilized itself under the load. 
Therefore, the wet-side portion of the curve cannot be developed under 
a given static effort (see plate 79). However, the wet-side portion of 
the curve may be developed by stopping the load as soon as free water 
appears. This does not, however, give a plastic tyPe of soil system as 
obtained on the wet side of optimum under dynamic compaction. This 
method of obtaining the wet side of the curve under static load is 
analogous to dynamic compaction, in which the effective effort on the 
wet side is actually less than the applied effort, due to the develop
ment of pore pressure. 

92. The data on plate 79 seem to indicate that under very high 
static efforts it may be possible to develop part of the wot side of the 
moisture-density c~rve. The difference in behavior at higher pressures 
from that at lower pressures is not fully understood. One explanation 
for this may be that under very high static pressures the soil grains 
are crushed to the extent that the void spaces have been materially 
reduced in size. 
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PART V: CONCLUSIONS 

93. The CBR test is considered to be only the actual penetration 
of the soil and variations in CBR test results are largely due to the 
method of preparation of the test specimens. The variations, however, 
are systematic and are caused primarily by the effects of molding water 
£._ontent, density and method of compaction. The variations are probably 
qualitatively valid but may not be strictly quantitatively valid, partly 
because of the confining effect of the 6-inch diameter CBR mold. Con
sistent laboratory results can be obtained only when the above variables 
are given full consideration. Unconfined compression and triaxial shear 
tests indicate that when the shearing resistances are chosen at low 
strains, similar trends are found to occur as found for the CBR. Inas
lll'llch as the molding- vi-a:t-er- content is a prime factor in controlling the 
Physical properties of all except free-draining soils, it follows that, 
in remolded soil, duplicate laboratory specimens can not be prepared 
'Unless molding water contents are duplicated, even though water contents 
and densities attained subsequent to molding are duplicated. In other 
~ords, if a soil is molded at some given water content and then this 
~ater content is allowed to increase or decrease by a given amount, 
another identical soil specimen can not be reproduced unless the whole 
01cle is reproduced, starting at the same molding water content. 

~ CBR penetration test 

94. The following conclusions can be drawn regarding the CBR pene
tration test: 

a. In general, the effect of the penetration surcharge on 
the CBR increases with increase in density or decrease in 
plasticity of the soil. The penetration surcharge greatly 
affects the CBR of cohesionless soil, moderately affects 
that of soils of low plasticity, and has practically no 
effect on that of soils of medium to high plasticity. 

b. A penetration rate of 0.05 inch per minute will give 
satisfactory results for all soils. · 

~· For consistency and more uniform results, all stress
penetration curves that develop concave-upward shapes 
should be corrected by extending the portion of the curve 
with maximum slope over 0.1-inch penetration to zero 
stress and establishing a new origin. 

d. A closely-controlled constant strain type of loading 
apparatus should bA used. 

e. Test results on samples containing stones are erratic 
· and modification to the test procedure is needed for 
these soils. Until such a procedure is developed, 
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several tests should be performed in order to obtain 
average representative results. 

95. The results obtained by a study of the compaction character
istics produced by dynamic and static compaction on soils warrant the 
following conclusions: 

a. The maximum dry densities obtained by the modified AASHO 
dynamic compaction test do not equal those obtained by 
the 2000 psi Porter static method, The variation may 
be as much -as 20 pmmds per cubic foot, depending on the 
tYPe of soil. 

b. Under laboratory dynamic (dropping hammer) compaction, 
practically all soils develop compaction curves with 
definite optimum water contents, which agrees with 
field experience. The compaction curves for soils of 
low plasticity developed by the static method of compac
tion are not characteristic, since a definite optimum 
water content is usually not obtained, 

c, The density gradient of compacted specimens is differ
ent for different soils and varies with the molding 
water content. Under the present dynamic compaction 
method , it is impossible to obtain uniform dens~ty in 
the test specimens. Fairly uniform density can be ob
tained by the static method of compaction, provided 
the load is applied at both ends of the specimen. 

d. Material should not be used more than once in estab
lishing the water content-density relationship, or in 
remolding specimens for any soil test. All control 
compaction for CER tests should be performed in the 
6-inch diameter CER mold with the mold placed on a 
concrete floor or pedestal for firm support. 

Preparation of 
remolded specimens 
for CER test 

96. As a result of the laboratory studies, the following-listed 
conclusions appear warranted: 

a. Small changes in density greatly affect the CER, 
especially at high densities in the order ofliiagnitude 
of modified AASHO. The effect of density is most pro
nounced for cohesionless soils and soils of low plasti
city, 
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b. 

c. 

d. 

e. 

f. 

~· 

h. 

.!.· 

37 

Small changes in molding water content greatly affect the 
CBR of unsoaked laboratory samples, except on clean sands 
and gravels. At a constant density in the unsoaked condi
tion the higher the molding water content the lower the 
Cl3R. 

The CBR for all soils compacted statically and soaked 
showed an increase with increase in molding water content 
at a constant density. This is a reversal of the behavior 
of unsoaked specimens stated above and is caused by the 
fact that the drier the moldfng condition the greater the 
swell during soaking. 

The CBR for impervious high-swelling soils compacted 
dynarriIC'"all:r and- s-ocrlre-d showed an i-ncrease with increase in 
molding water content for a constant density. 

The CBR for specimens of soils of low plasticity with 
littre-or .!!!?_ swell when compacted dYnamically and"""'SO'aiced 
showed an appreciable decrease with slig~t increase in 
molding water content for a constant density. This is 
especially significant, since it is generally believed by 
most engineers that the shearing resistance is not sensi
tive to the molding moisture within normal laboratory con
trol for soaked specimens compacted to a given density. 

Specimens compacted statically on the dry side of optimum 
swell more when soaked than specimens compacted dynamically 
to the same density at the same moisture. 

Laboratory soaked specimens of soils of low plasticity 
compacted at optimum moisture content or dry of optimum 
moisture content by the dynamic method have greater CBR 
values than corresponding specimens compacted by the static 
method. On the cl~v-sand tested, the CBR for dynamically 
compacted soaked specimens were approximately two and one
half times greater than statically compacted soaked speci
mens at equal densities and at approximately modified 
AASHO optimum. 

The same trends described for the CBR test in paragraph S6 
c, d, e, f and g, above, also occur for maximum strength 
and stresses at low strain obtained by unconfined compres
sion and quick triaxial tests, except for maximum strength 
values for soaked specimens compacted dynamically. These 
latter values showed trends similar to those obtained for 
soaked specimens compacted statically, 

The CBR specimen height should not be less than 4-1/2 
inches for all soils. 
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The most practical method for soaking test specimens is by 
submergence (soaking from top and bottom) for four days. 
Less time than this is required for some cohesionless 
soils. 

k. In g~neral, the effect of variation of the soaking sur
charge on the CBR increases with increase in plasticity 
of the soil. The soaking surcharge greatly affects the 
CBR of soils of medium to high plasticity, moderately 
affects that of soils of low plasticity, and has practi
cally no effect on the CBR of cohesionless soils. 

1. Fifteen minutes is a satisfactory drainage time for all 
soils. 

~· The extreme incrPase in CBR values for some soils above 
standard AASHO density may be partly due to the confining 
effect of the 6-inch diameter mold. Present indications 
are that the 6-inch diameter mold is not large enough at 
high. densities (modified AASHO) on soils exhibiting less 
than 3 percent swell during soaking, nor for base 
materials containing 3/4-inch particles. 



.APPENDIX B 

INVESTIGATION OF COMPACTION CHARACTERISTICS OF PLASTIC SOILS 

IN RANGE OF 95 PERCENT MODIFIED AASHO DENSITY 



APPENDIX B 

INVESTIGATION OF COMPACTION CHARACTERISTICS OF PLASTIC SOILS 

IN RANGE OF 95 PERCENT MODIFIED AASHO DENSITY 

Purpose of 
investigation 

1. The purpose of this investigation was to determine if there 
were any one compactive effort which would obtain 95 percent of modi
fied AASHO maximum density at the optimum water content for all plastic 
soils. Usually, laboratory samples must be compacted to this density 
for design tests, since this is the density generally specified for 
field. compaction of subgrade- amt bas-e mat-ertals. To- acc1>mpli-sh thh 
study the U. S. Waterways Experiment Station was instructed by the 
Office, Chief of Engineers in November 1943 to make a study of all its 
available compaction data on plastic soils, and to contact certain 
District and Division offices for information and compaction test data 
on at least five plastic soils. Where complete data were not already 
available, additional compaction tests were requested to be performed. 

Offices furnishing 
compaction data 

2. In addition to the U. S. Waterways Experiment Station, the 
following-listed U. S, Engineer District and Division offices furnished 
compaction data for this study: 

Method of analyzing 
the test data 

Boston District 
Mobile District 
New York District 
Portland District 
Missouri River Division 
Southwestern Division 

3. The Experiment Station found on all soils studied that a semi
log plot of dry density (at optimum water content) versus compactive 
effort gave for efforts between standard and modified AASHO a straight
line relationship. Dry density in pounds per cubic foot is plotted on 
the arithmetic scale and compactive effort in foot pounds of energy is 
Plotted on the log scale. The density may, also be expressed as a per
cent·of some given density, such as that obtained by modified AASHO 
compaction. In comparing different soils, it is more convenient to 
9:7:press the density on a percentage basis. 
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4. In order to study this relationship more thoroughly, tests were 
performed on Vicksburg loess for six different compactive efforts. These 
efforts ranged from 15-blow AASHO to an effort three times as great as 
modified AASHO. Plate 155 shows the data from these tests. It can be 
seen that a straight line is obtained between standard AASHO effort and 
the effort three times as great as modified AASHO. However, a slight 
curvature occurs for efforts below standard AASHO. The Experiment 
Station has found this method of plotting compaction data to be a use
ful and reliable means of determining whether the compaction data are 
valid. 

Test results 

5, Classification tests. Results of classification tests on the 
46 soils used in this study are shown on plates 149 through 154. It can 
be noted that all except two of these soi1.s show 70 J'ercent or more of 
material passing the 35-mesh screen. For simplicity and convenience, 
all samples from the various Districts and Divisions were renumbered, 
and no attempt is made to distinguish between the samples from different 
localities. 

6, Compaction tests. All data were plotted according to the 
method outlined in paragraph 3. In cases where the tests were performed 
in the standard AASHO mold, the energy was converted to the equivalent 
in the CER mold, so that all data could be shown for the same size mold 
for comparative purposes. For all efforts and mold sizes investigated 
in the past, the amount of energy required for a given density for dif
ferent size molds has been found to be approximately in the same ratio 
as the areas of the molds. 

7. Upon plotting the data for the 46 plastic soils, it was found 
that the plasticity index was a very good criterion of the amount of 
compactive effort required to produce 95 percent of the modified AASHO 
maximum density, These soils divided themselves into groups as shown 
on plate 156. Plate 157 is a plot of plasticity index versus number of 
blows required to give 95 percent of modified AASHO maximum density in 
the CER mold. It can be seen that, as the plasticity index increases, 
the compactive effort required to obtain 95 percent of modified AASHO 
maximum density also increases, For these soils, in which the plasti
city index ranged from 2 through 50, the required compactive effort 
ranged from 16 to 31 blows per layer (compaction in the CER mold in 5 
layers using the 10-lb hammer dropped 18 in.), These curves are not to 
be considered as establishing rigid limits, but only to show the trend 
of compactive effort with increase in plasticity index. 

Conclusions 

8. As a result of this study, the following conclusions appear 
warranted: 
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a. On the soils investigated, one dynamic compactive effort 
(26 blows per layer) will give 93 to 98 percent of modi
fied AASHO maximum. However, due to the sensitivity of 
the CBR test to density, this variation from 95 percent 
is too great. 

b. The dynamic compactive effort required to obtain 95 per
cent of modified AASHO maid.mum density is a function of 
the plasticity of the soil -- the required compactive 
effort increasing with increase in plasticity. 

c. Under dynamic compaction (on a semilog plot) a straight
line relationship exists between dry density at optimum 
water content and compactive effort for efforts between 
standard and modified AASHO. This plot can be used as 
a reliable guide in establishing the validity of dynamic 
compaction data. 

3 
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INSTRUCTIONS FOR USE OF 

FIELD IN-PLACE CALIFORNIA BEARING RATIO .APPARATUS 

Introduction 

1. Past experience with the present hydraulic jack tyPe field CBR 
equipment used for conducting field in-place CBR tests has demonstrated 
it to be generally unreliable and inaccurate, due to the pulsating 
effect of 'the jack. 

2. In the field tests on the Barksdale Field Pavement Behavior_ 
teats, near Shreveport, Louisiana, the Little Rock Engineer District 
constructed and used a new tyPe of field in-place CBR equipment, utiliz
ing a calibrated proving ring and Walker screw jack which eliminated the 
inaccuracy of the test due to the pulsations of the hydraulic jack. The 
Experiment Station, using this basic idea as a guide, h~s developed and 
constructed a set of field CBR equipment which has been given extensive 
field use on several large-scale tests. These field tests have been 
compared with laboratory undisturbed cylinder tests and, in general, 
good correlation has been found to exist. 

3. In the subsequent paragraphs this newly developed equipment and 
method of test procedure are described. There are also included photo
graphs and detailed drawings illustrating this equipment. 

!ield in-place CBR equipment 

4. The equipment used to conduct field in-place CBR tests consists 
of the following: 

a. Mechanical screw jack equipped with special swivel head for 
applying load to penetration piston designed as follows: 

Maximum pressure ..... 10,000 lb 
Maximum lift . . . . . . . . . 5 in . 
Detachable handle .... 6-in. radius 
High-gear ratio . . . . . . 120 rev • per in. 
Low-gear ratio ....... 360 rev. per in. 

b. Two calibrated proving rings with the following ranges: 

0 to 2000 lb 
0 to 5000 lb 
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c. 

d, 

e. 

f. 

~· 

h. 

Appendix 0 

Circular penetration piston (3 sq in. area, 6-in. height) 
and internally threaded pipe extensions with connectors in 
the following lengths: 

2 .•.•.••.•••• 
2 
1 ........... . 
l 
1 

1-1/2 in. lengths 
4-in. lengths 
1-ft length 
2-ft length 
3-ft length 

Dial gauge (reading to 0.0001 in.) for measuring proving 
ring deflection. 

Dial gauge (reading to 0.001 in.) with adjustable dial 
extension clamp for measuring penetration. 

Support for penetration dial, made of 2-in. angle iron 
and approximately 8 ft long. 

Circular steel plate, 10-in. diameter, weighing 10 lb, 
with 2-1/32 in. diameter hold cut in center. 

Several surcharge weights in the following numbers, 
weights and dimensions: 

2 10-lb weights, 8-1/2 in. diameter, slotted 
3 20-lb weights, 8-1/2 in. diameter, slotted 

More or less of these weights may be required, depending 
on anticipated overburden pressures. 

i. Truck equipped with heavy iron beam mounted across rear 
end with approximately 2-ft clearance above ground. 

J. Two track jacks. 

k, Other general equipment ~uch as sample containers for 
moisture and density determinations, spatula, rod level, 
straightedge, digging tools, etc. 

5. Detailed mechanical drawings of the screw jack and appurte
nances are shown on plates 158 and 159. Plate 160 shows a photograph of 
the unassembled CBR equipment, while plate 161 illustrates a ty:pical 
field set-up with this new ty:pe of equipment. 

Field in-place 
CBR test procedure 

6. The step-by-step procedure usually followed in the conduct of 
field in-place CBR tests is given in the subparagraphs below: 
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a. Prepare the surface to be tested by removing loose and 
dried material, leveling the test area as perfectly as 
practicable. 

b. Locate the truck so that the center of the iron beam on 
the rear end is directly over the surface to be tested. 
Place the track jacks beneath the ends of the iron beam 
and lift the truck so that no weight rests on the springs 
a:nd so that the truck is approximately level. The truck 
should be loaded sufficiently to give a counterreaction 
of about 7000 pounds: 

c. Install the swivel head and test jack to underside and 
center of iron beam, connect proving ring to end of jack, 
connect penetration piston to bottom of proving ringJ 
using enough pipe extemrton to brfng the piston to w1 thin 
1 to 2 inches of the surface to be tested. Fasten rod 
level to pipe extension and adjust swivel head until the 
penetration piston is plumb. Then lock apparatus in 
position by tightening the clamping nut in the swivel head. 

d. Place the steel plate beneath the penetration piston so 
that when the piston is lowered it will pass through the 
center hole. 

e. Seat the penetration piston under a load of 3 psi. (For 
rapid setting use high-gear ratio of jack.) 

f. 

_g. 

h. 

i. 

Raise surcharge plate while seating load is on piston and 
spread clean fine sand to a depth of 1/4 to 3/8 inch over 
the surface to be covered by the plate. This serves to 
distribute the weight of the surcharge uniformly, 

Apply surcharge weights to the steel plate equivalent to 
the load intensity of material and/or pavement which will 
overlie the subgrade or base, except that the minimum 
weight applied should be made up of the 10-pound circular 
steel plate plus one 20-pound surcharge weight. This 
minimum weight creates an intensity of loading equal to 
that created by the 10-pound weight used in the 6-inch 
diameter CBR mold in the laboratory. 

Attach the penetration dial clamp to the piston so that 
the dial rests upon the dial support. 

Set the dial gauges to zero. 
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J. Apply load to penetration piston so that the rate of pene
tration is approximately 0.05 inch per minute. By using 
the low-gear ratio of jack during test, a uniform rate of 
penetration can be maintained by the operator. Record the 
deflection of the proving ring at penetration depths of 
0.025, 0.05, 0.075, 0.1, 0.15, 0.2, 0.3, o.4 and 0.5 inch. 
Compute the bearing value in pounds per square inch and the 
CBR in percent. 

k. At the completion of the test, obtain a sample at the point 
of penetration for water content determination. A sample 
should also be obtained about 4 to 6 inches away from the 
point of penetration for dens! ty determination. 
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T.A:BLE 2 

EFFECT OF MOLD .AND PISTON DI.AMEI'ER ON NATURAL AND PROCESSED :SASE MATERIAL 

CJ3R at Modified Proctor Ootimum 
in 5- and 12-Inch Diamete; Molds 

Natural Material Processed Material 

C:BR at Dd· and Wet of Modified Proctor Optimum 
at 99% Ma±~ Dry Density in 6-Inch Diamet~r Mold 

Natural Material Processed Material 
Sam- TY;?e Material 
nle and Location 

6~Inch 12-Inch 6-Inch 12-Inch 
Mol0. !-!old* Mold Mold* 

Dry of' Wet of Dry of Wet of 
Optim'llm Optimum Optimum Optimum 

7 

15 

19 
• 

Clay-gravel 
:Sarks dale, La. 

Sand-gravel 
Manchester, N.li. 

Gravel-sand-silt 
Walesboro, Ina .. · 

74 37 ( 15) 58 

6** 4 ( 1) 9** 

73 24 ( 19) 142 

*Average of .two tests 
**Estimated 

Notes: 
Surcherge 10-10 in 6-inch mold. 
Surcharge 4o-40 in 12-inch mold. 

22 52 [42] 

3 5** 

38 80 

Figures in parentheses obtained using 2-inch piston. 
Figures in brackets are for 98% maximum dry density. 
Two-inch piston used in tests in 6-inch mold. 

46 [26] 52 [34] 

7** 5** 

25 160 

Four-inch piston used in tests in 12-inch mold except where noted. 

32 [20] 

7** 

45 
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TABLE 4 

COMPARISON OF CBR OF SOAKED SPECIMENS MOLDED AT OPTIMUM WATER CONTENT 

WITH CBR OF AS-MOLDED SPJ!OIMENS MOLDED AT 

WATER CONTENT OF TOP INCH OF SOAKED SPECIMENS 

Tested After Soaking 
Actual Test Specimens 

Water Con- Dry 
Molding tent after Density 

Tested As-Molded Data 
From Curves 

Dry 
Molding Density Cor-

Compac- Water Soaking- % as 
Cor

rected 
CBR 

Water as rected 
ti ve Content Top Aver- Molded Swell 

Effort % Inch age Lb/Cu Ft % % 
Content Molded CBR 

% Lb/Cu Ft %-

M.P. 
S.P. 
15-blow 

M.P. 
S.P. 
15-blow 

M.P. 
S.P. 
15-blow 

M.P. 
S.P. 
15-blow 

M.P. 
S.P. 

.15-blow 

M.P. 
S.P. 
15-blow 

7.5 8.8 
9.0 12.0 

10.1 12.4 

Sample 23 - Vicksburg Clay-Sand 

8.~ 129.7 o.o 104 
10.2 124.3 o.o 24 
11.6 122.9. o.o 16 

8.8 
12.0 
12.4 

128.0 
119.2 
118.8 

Clay-Silt Sub~rade - Vicksburg Landing Mat Investigation 

15.8 19.5 18.3 108.1 1.0 38 19.5 102.4 
20~0 26. 5 23.1 99.1 0.7 10 26.5 92.5 
21.3 29.7 25.9 95.0 1.2 6 29.7 90.0 

*Sample 3 - Vicksburg Loess 

15.5 17.7 17.8 111.0 0.1 51 17.7 106.6 
17.7 22.0 20.6 104.6 0.3 16 22.0 99.2 
19.l 22.0 21.3 102.6 0.1 12 22,0 99.0 

Sand-Clay Base Course - Vicksburg Landing Mat Investigation 

29 
2 
2 

g 
1 
0 

11 
l 
2 

7.4 9.0 9.3 131.4 0.2 30 9.0 127.8 56 
9.0 11.5 l0.5 124.9 0.1 12 11.5 121.8 5 
9.3 12.2 11.3 122,8 0.2 9 12,2 119.5 2 

Sample 9 - Clay Subgrade - Marietta, Ga. Test Section 
19.9 23.0 21. 5 108.7 0.5 30 23.0 104.o 9 
23.4 25.7 25.4 99.5 0.2 13 25.7 97.8 5 
25.8 28.4 27.6 96.4 0.1 6 28.4 92.6 3 

**Sample 14 - Clay-Gravel, Marietta, Ga. Test Section 
5.0 6.2 133.4 0.1 46 6.2 130.7 30 
7.0 9.1 122.2 0.1 12 9.1 120.5 3 
8.0 9.9 121. 3 0.0 10 9.9 119.0 2 

*Soaked from bottom only. All other samples soaked from top and 
bottom. 

**As-molded data. Specimens 
after soaking. 

molded at average water content obtained 



Material 

Gravelly 

TA]LE 5 

COMP ARI SON OF THE SOAKED CBR OF MATERIAL MOLDED ON DRY SIDE 

WITH CBR MOLDED ON WET SIDE J\11) CURED BEFORE SOAKING 

Specimens Soaked Immediatell After Molding 

(Surcharge 10-0) 

Molded .Soaked CBR at 0.1 Inch 
AveraJ!,e , Average in Percent 

'Y 'Yd 
Swell Uncor- Cor-

_Jf__ d -1!_ __?L_ rected rected 

clay-sand 6.2 129.2 9.7 129.1 0.7 29 33 (Dry side) 
ll.l 

Clay-sand 6.6 
ll. 6 

124. 3 12.3 124.3 -0.2 3 3 (Wet side) 

123.3 12.5 123. 3 o.4 99 99 (Dry side) 
125.1 12.4 125.1 0.0 5 9 (Wet side) 

Suecimens Dried Back (Cured) Before Soaking* 

(Surcharge 10-0) 

Molded Dried Back Soaked CBR at 0.1 Inch 
Average Average Average in Percent 

1' 'V d yd 
Swell Uncor-

.J!aterial w a. _w_ w Cb rected -- --
Gravelly 
clay-sand 10. 6 123.7 B.7 126.o 10.7 126.o 0.1 6 

Cla,y-sand ll. 6 124.5 9.3 127.0 n.4 127.0 0.3 9 

*Molded on wet side and dried back to approximately modified 
Proctor optimum. 

Note: Modified Proctor compacti ve effort use ct. 

Cor-
rected 

7 

16 

The gravelly clay-sand is Samule 2 of the Landing Mat Tests 
at Vicks~ur~, Mississip~i. 

The clay-sa.;.Hl. is Sample 5 of the C::Ji1 investigation. 



TABLE 6 

COMPARISON OF WATER CONTE1TT DISTRIBUTION, SWELL, .AND·CBR 

OF SPECIMENS SOAKED FBOM BOTTOM ONLY WITH sPECIMENS 
. . 

SOAKED TOP .AND BOTTOM FOR PERIODS SHOWN 

Water Content CBR at 0.1 Inch 
Molded After Soaking - 1o in Percent 

Method of Days Aver- Bot- Swell Uncor- Cor-
Soaking Soaked w - % 'V d age .Tu!?_ tom Cb rected rected --

Modified Proctor Com£action - Berry Field Lean Clay 

Bottom only 13 ~ h 
~.v 113.7 17.4 10 lJ. 

_..,/• I 15.6 1.2 16 16 (Dry) 

Top & bottom 4 7,9 113.0 i6.o 18. 5 16.6 1. 5 11 11 (Dry) 

Bottom only 13 12.5 llB.9 14. 6 16.3 15.3 0.3 59 59 (Opt.) 

Top & bottom 4 12.6 120.5 14.1 15.2 13,5 0.8 8 14 (Opt.) 

:Bottom only 13 15.4 113. 7 16.o 16.o 16.2 0.1 4 6 (Wet) 

Top & bottom 4 15. 9 113.0 17.1 15.9 16.5 0.1 2 3 (Wet) 

Standard Proctor Compaction - California Aa.obe Clay 

Bottom only 29 2~-. 2 84.7 32.2 34,8 31. 2 2.6 4 4 (Dry) 

Top & bottom 4 19.2 81. 6 39. 9 45. 7 36.4 3.2 1 1 (Dry) 

Bottom only 25 27,13 88.8 28.8 27.4 23.B o.4 14 14 (Opt.) 

Top & bottom 4 23.0 90.9 30 .. 4 34.4 29.1 1.9 J 3 (Opt.) 

Bottom only 27 32.2 85.8 33.6 37.9 34. 5 o.4 6 6 (Wet) 

Top & bottom 4 34. 3 83.8 36.1 36.4 35.1 1.2 2 2 (Wet) 
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COfltPS OF ENGINEERS, U. S. ARMY 

COMPACTION DATA 
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U. S. Waterways Experiment Station 

California Bearing Ratio Investigation 

COMPACTION DATA 

Sample 23 Vicksburg Clay Sand 
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COMPACTION DATA 
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Sample 23 Vicksburg Clay Sand 
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!Totes: 
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All. specimens soaked from bottom only. 

Jigures beside curTes indicate average molding 
water content and dry density, respectively. 
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Notes: 
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All specimens soaked from bottom only. 

Figures beside curve indicate avera&e molded 
water content and dry density, respectively. 
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All specimens soaked from bottom only. 

Figures beside curve indicate average molding 
water content and dry density, respectively. 
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Missi River Commission 
U. S. Waterways E:xperiment Station 

Ca.liforni a Ratio Investigation 

Test 1 Sample 3 Vicksburg LMss 

DEPTH OF SAMPLE AFFECTED :BY PENETRATION PISTON 

Specimen compacted in CJ3R mold at 8% water content in 16 laye:rs; spaci11g on 
of each layer and given 2 blows with hammer. Thin ll:lYer of dust placed. between 
ea.ch layer. Whole specimen then subjected to 2000 lb per sq in. static pressure. Molded dry 
density = 104. 9 lb per cu ft (modified Proctor density = 111 lb cu ft at 14. water 
content). Duplicate specimens were molded to obtain picture before and after penetration. 
Penetrated apecimen was first soaked from bottom until free water on top. Water content after 
soaking= 2S.9%. Surcharge 10-10. Corrected CER = 12. Top of specimen as compacted was pene
t-ra.tea.. A:fte-r testing, penet-ra.ted. specimen was 1?Ushed. from mold and cut in half on band saw. 

Pl.a'\ie 10\\.. 
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Mississippi River ssion 
U. S. Waterways Experiment Station 

California Bearing Investig~tion 

Test 2 Sample 13 Berry ld Lean Clay 

DEPTH OF SAMPLE .AFFECTED BY PENETRATIQN PISTON 

Specimen compacted in C:BR mold. at 15. water content in 5 layer.s; 55 blows layer with 10-lb 
hammer. Thin layer of dust placed between layer. Molded dry density= 115.5 lb per 
cu ft. After compaction, specimen was pushed from mold, cut in half on band saw and photographed. 
Specimen was then carefully put back in mold and penetrated without soaking. Top of specimen as 
penetrated was bottom as compacted. Penetration = 10 lb. Corrected CBR = 6. After 
penetration, specimen was pushed from mold and photogra:phed. 
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Legend 

-6-in. diam. mold, 2-in. diam. penetration piston 
Specimen height, 4.97 in., surcharges*l0-10. · 
As molded: w = 11.2%, rd= 112.0 lb/cu ft. 
Soaking: w := 13.1%,J-d = 112.0 lb/cu ft. 

---12-in. diam. mold, 4-in. diam. penetration piston, 
Specimen height, 5.95 in., surchar~es *4o-40. 
As molded: w = 11.8, rd= 112.l lb/cu ft. 
Soaked: w = 12.3, Td = 112.l lb/cu ft. 
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Penetration in Inches 

Mississippi River Commission 
U. S. Waterways Experiment Station 

California Bearing :Ratio Investigation 

PENETRATION AT MODIFIED PROCTOR DENSITY 

(Comp8Sison of CBR in 6 and 12-Inch Molds) 

Sample 10 Eglin Field Sand 
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Specimens soaked from bottom only 

Legend 
---- 6-in. dia. mold, 2-in. dia. penetration piston 
---12-in. dia. mold, 4-in. dia. penetration piston 
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Mississippi Riv~r Commission 
U. S. Waterways Experiment Station 
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~EN:En'BATION AT MODIFIED PROCTOR DENSITY 
Comparison of CER in 6- and 12-Inch Molds 

Sample 3 Vicksburg Loess 
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Specimens soaked top and bottom 

Legend 

~~6-in. diam. mold, 2-in. diam. penetration piston. 
Specimen height, 4.85 in. 
Surcharges *10-0 
As molded: w = 20.1, rd= 103. 7 lb/cu ft 
Soaked: w = 25. 7, ;-d = 96.4 lb/cu ft 

---12-in. diam. mold, 4-in. diam. penetration piston. 
Specimen height, 6.60 in. 
Surcharges *40-0 

... 

As molded: w = 21. 8, rd = 104. 7 lb/cu ft 
Soaked: w = 27. 6, T d = 96. 5 lb/ cu .ft 

-
... ·- ~ 

~ - . -- "" 
•' - .... -_, ,, .... ,. ..... -

~ ""'~ 
-~; v 

- ;::ir 
'.A .... 

,_, CV ,-,, 
,.... I/ I. 

~!WJ; • 
~/I 
-d 

..I. 

rJ ... 

I 
I 

"' 

0.,1 
0 

*10-lb surcharge in 6-in. mold is 
equivalent to 40-lb surcharge in 12-in. 

0.2 o. 3 0.,4 0.5 . 
0.1 0.2 0.3 o.4 0.5 
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Mississippi River Commission 
U. S. Waterways Experiment Station 

California Bearing Ratio Investigation 

PENErRA'l1ION AT MODIFIED PROCTOR DENSITY 

(Comparison of CER in 6 and 12-Inch Molds) 

Sample 20 Stockton Adobe Clay 
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2000 psi. Applied once at top only. -..... 

2000·psi. Applied once at each end. 

Average water content = 10.0% 
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Depth :Below Surface of Molded Sample in Inches 

Mississippi River Commission 
U. S. Waterw~s Experiment Station 

California Bearing Ratio Investigation 
DENSITY GRADIENT IN CBR MOLD 
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Eglin Field Sand 
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Mississippi River Commissi~n 
U. s. Waterways Experiment St~tion 

California Bearing Ratio Investigation 

4.5 
(Bottom) 

DENSITY GRADIENT IN CER MOfD Eerry Field Lean Clay 
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California Bearing Ratio Investigation 
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Tyler Stand1rd SieW Numbers Hydrometer 
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Legend 

\ 0 Before compaction 
\ 0---- -After compaction \ 

\ Compacted in one 4-1/2-inch layer 
\\ 1,Ulder one application of 2000 psi 

~tatic pressure 

\ M .•• after compaction is on material 
\ ~irectly beneath the compaction 

\ },'late. 

\\ Wa~;er content = 10. 3% 
\ Dr ' density - 103.4 lb per cu ft 
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U. S Bureau of Soils Classification 

Very Fine I 
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Mississippi River Commissicm 

Silt Clay 

U. S. Waterways Experiment St~tion 
California :Bearing Ratio Invesq.ga.tion 

GRAIN SIZE DI STRI:BUTION BEFORE AND .AFI'ER .APPLICATION OF STATIC LOAD ' . 

Sample 10 Eglin Fief.d Sand 
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Mississippi River Commission 
U. S. Waterways Experiment Station 

California Bearing Ratio Investigation 

GRAIN SIZE DISTRIJ3UUON mlFORE AND AFTER APPLICATION OF STATIC IOAD 

Sample 10 Eglin Field Sand 
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California Bearing Ratio Investigation 
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GRAIN SIZE DISTRIBUTION ::BEFOBE AND .AFTER APPLICATION OF STATIC LO.AD 

Sample 10 Eglin Field Sand 
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T t es s ner f orme d i t n s andard p roctor mold 

15 p = 15-blow Proctor 
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/ •• 3 l~ers, 5-1/2 lb hammer, / 

12-in. drop [7 

7 
v 

~ 
/ 

/ 
/ 

" "I 
~ 

1 

I *9 bl.ows per / l~er -
/ - **12 blows 'J)er lq~r 
~ 

/ •• r , 
lqer (M.P.) ! -
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Compacti ve Effort in Foot Pounds of ~Inergy 

Mississippi Biver Commission 
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California :Bearing Ratio Investigati,on 

COMPACTIVE EFFORT VS DRY DENSITY .AT OPl'IMUM W.A\TER CONTENT 

Vicksburg Loess 
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All tests in CBB. mold - 5 lqers, 10-lb hamme~·. 18-in. drop 

Compactive ·effort - .'11' .A ,I I 
blows per lqer 

~.~ ~ 'fl_ 
15 P = 15-blow Proctor to obtain 95"' w ' 

..... 
< S.P. = Standard Proctor ,,_ ~ ~ 

M.P.}-d 
._ 

~ 

~ ~ ~ ~~ M.P. = Modified Proctor -
~ ~ ~ ~,. -,. d = Dry density in -

.Approximate Range ~ 

~&'ff~ &; , lb/cu ft -
Plasticity Index ..... < ::::~ I 

~ s::" ..... ::::: ~W&'ff~ r ,I I - ~ ~ ~ VJ.~ Wff~~ Note: All soils showed N 
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~·~ f'. .... S.P. ! I I M.P. I ', r . I , I I 

100 1000 10 '000 
Compactive Effort in 7oot Pounds of 1nergy 

Mississippi River Commission 
U. S. Waterwqs Experiment Station 

California :!3earing llatio Investigation 

COMPACTIVE E'FORT VS PERCENT OF MODIFIED PROCTOR MAXIMUM DDSITY 
(At Optimum Water Content for the Effort Used) 
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