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"d bly less than that of Lhe dcposit6 
s1 era b' t ,aper prccon­
clescribed in the su Jec I ' t'U ac-
solidaLion by surcharge loads s i < r-

m Ii hes a great deal of good. A su . ch P,. !oat.I left on for several mon~1s 
c argc 11 docs cause seve1 al 
i~citC:nir 8~~1~~e~t. :Most of Lhis _settler 
nl<lllL occurs in the uppermost porL1ons o 

·t Lh s prod11c­
the co~olidating dr°~~rr~· soi~ malerinls 
ing_ a thicker mat ~ead or "bridge" areas 
winch _tends to 8~ "birt; in t.he deeper of variable comp1 ess1 t y 

deposits. l"<l t" n by surchnrge, when Preconso l a JO h rr L 
npplicable, has been well worth L e e or 
expended. 

Effect of Stress History and Frequency of Stress 
Application on Deformation of Clay Subgrades 
Under Repeated Loading 
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• ASSESSING the destructive cll'cc:ts son. DFJF'OllMA'l'LONs UNnma REP.FJATED 
of the varying sequence of wheel loads to LOADING 

whicb the pavement will be subjected is During the past few years apparatus 
one of the most difficult problems in- and techniques have been developed at 
volved in the development of a method the University of California for testing 
of pavoment design. A highwny pave- r ·1 · I 
mcnt must support wheel loads of widely specimens o soi ' representing e emcnts 
different magnitudes, moving with diff cr- of a highway subgrade, under triaxial 

stre s conditions with repeated axial cnt speeds and with different intervals stress npplications (1, 2). Specimens arc 
between their applications at any given placed in triaxial compression cells and 
point. on the pavement surface. n i of subjected to a confining pressure of tbe 
interest to determine, therefore, the rein- desired magnitude, as for a normal type 
Live effects of different magnitudes of of unconsolidated-undrained test; but 
load, whether these effects will vary with instead of slowly increasing the axial 
lhe age of the pavement, and the influ- stress until the specimen fails, a con­
encc of the frequency and duration of the st.ant axial stt·css is repeatedly applied 
load applications. and removed, and the progressive in-

CompHcating features in any attempt crease in deformation of tbe specimens 
to determine the influence of these vnri- with increase in number of stress appli­
ous factors on an a-ctual pavement nrc cations is recorded. Tests are usually 
lhc progre~ive changes in watel' content conducted on compacLed soils with a de­
of the subgrnde soiJ throughout the life ~ree of compaction between 90 and 95 
of the pavement and, often, the lack of pct·ccnt of the maximum density ob­
control of the wheel loud applications. taincd in the modified AASIIO compuc­
'rhesc influences may make ii~torprcta- tion test. 
Lion of field data extremely difficult, if Typical results obtained in a test of 
110~ impossible. Howevel', with the de- this type arc shown in Figtu·c 1. The 
Vclopnicut of suitable equipment for specimen of silty clay (water r,onf,ent 
Lesting soils under repeated loading and 19.4 perrcnt, dry density 108.8 pof) was 
lllldcr controlled conditions in the labo- placed in 11 triaxial compression cell and 
r:itory, the effects can be individually as- subjected to n confining pressm·e of 14.2 
&cssed. Although the maintenance of con- psi. An additional axial stress of 9.9 psi 
lltant composition for the soil on which was lhco applied Lo the specimen for a 
t le .~ts are performed may seem un- period of 0.33 seconds. After a 2.7-sec ,~~hst1c from the standpoint of field con- interval, the same stress was again ap­
{ 

1

t
1
ons, the results obt.ained can provide plied for the same period of time; thfa ~~Uable information concerning the sig- procedure was repeated about 100,000 

ll~ eance of the various factors involved Limes. The progressive increase in de­
li d tnateriaUy assist in the interpreta- formation of the specimen is shown in 

on of field data. Figure 1. During the first application of 
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stress the specimen deformed 1.57 pcrd 
cent and when the st~·css was remove. 
the residual deformation was 0.99 J?eI­
cent During the lOOOth stress apph?a­
tion. the cumulative total ~ef ormat10n 
was 4.80 percent and the residual defor­
mation on removal of the stress was 4.24 

crccnt whale during ~he l OO,ooqth a~­
~lication the deforrn.at1on bad still fur-
ther increased to 5.96 percent. . 

Using this type of procedure the m­
fluenee of the magnit ude of ~he repeate? 
axial stress on the deforJ?a:tion ~f a soi~ 
oan readHy be dctermmcd. ~1gur~ 

1 shows the results of tcst.6 . on tdent1ca 
. us1'ng axial dev1ator stresses specimens . 1 t' 

of 12.8, 14.9, and 17.0 pst. T he re a i_ve 
effects of the different stresses can. readily 
be determined from data of this type. 
T hus for example, the same deforma)llo.n 
of u:e soil specim~°:8 (4 percent l~ 

cl by 25 repct1t1ons of a 17.0-ps~ 
c~~e~ b 350 rc.'Pelitions of a 14.9-psi 
!tress, o/by 20,000 repetitions of a 12.8-
psi stress. 

Et'FECT OF CHANGE IN STRESS DURING 
REP~ATED LOADI NG 

....,,.__ 
1----

lc•t lo• " In 

comes pertinent to evaluat~ t.l~e cff~?ts 
of composite ·e1·ics of apphcal~ons "it.h 
different stress inagniLudcs, since lluj 
corresponds more closely to th~ act~n 
conditions encountered in prnct1cOO ])or 
example, Figure 2 sho\\:s lhnt 10,0 aj0 lications of a 12.8-psi ~tress cat!se · 
~crcent strain of the specimen, wlulc 14~ 
applications of n 17 .O-psi stress ca us~· Ll;v 
percent strain. What then would b >)Ii­
def ormn.Lion producet~ by 1 or~~~\\~ldl by 
cations of tl~e 12.8~psi ~Lr<'S~ .1 

• rcnsccl 
100 applications w1Lh t,hc Stl OSS n~ t lhC 
t.o 17.0 psi? It rn i gl~t he expect~~ i~f lh11l 
i·esulting deformnL1on ":m1ldr ~~icooo iw· 
produce<l either by a scr!cs ?,., nl:mc or o 
plications of l,hc 1~.8-psi sttc .. shc 17.o-p:<i 
series of 100 apphca.L1ous of L that thi" 
stress alone, but it will be sltoJvn fact thl' 
is not necc sal'ily ~he case. b~1 npprt-cin· 
resulting deform!\tton may . ly rronl 
bly le· Lhan would result slll~Psti·c·~. 
100 a1>plicntion of the 1? .0-J?S' oil :1 

· · t1gaL1onfl 1·r Comprehensive 1i:ivc~ . 37 . pins 1 
'lty clay soil (liquid luui~. 11 •for11111· 

s1 ti at the t c . ·• 
1'1n1it 23) have shown 1 • of ~.tr1~-

' • 1 series L 1111 
tions produced by a givci 1 r c e~t~11 ') 
applications depend .lo a ~fgtJ1c so•l .lfrcl 

Having thus determined the de~orro­
ing effects of individual stresses, it be-

the previous stres~ h~story c is p1·0''1l 
An example or tins mf\ucnc 
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by the test data in Figure 3. In this series 
of tests two identical specimens of silty 
clay with a degree of saturation of 91 
percent were subjected to a confining 
pressure of 14.2 psi and t-0 repealed ap­
plications of an axial dcviator stress of 
5.6 psi. After 100 slress applicat.ions bolh 
specimens had clefonncd about l .0 per­
cent. At this stage the dcviator stress on 
one or the specimens was in-01·cased to 
7.1 psi. H owevei·, for the ot,her specimen, 
10,000 applications of the 5.6-psi i;tress 
were applied before the rep ca Led stress 
wns increased to 7.l psi. The resu lting 
dcformaMons of the specimens arc shown 
in Figure 3a.. The specimen subjected ini­
tially to 10,000 applications of the lowct· 
stress deformed considerably less under 
the incrcnsed lond than did the specimen 
previously subjecfcrl to only 100 applica­
tions of the lower stress. 

A comparison of lhe progress of de­
formation under the 7.1 -psi tress for lhe 
two specimens is shown in Figure 3b. 
The specimen with only 100 prcviou 
stress applications def ormcd continu­
ously under the increased stre s and 
nrt~r 100,000 applications ltatl reached 
an axial strain of 2.8 percent. H owcvcr1 

the specimen with 10,000 previous stres. 

applications deformed hardly aL all dur­
ing the fit-st 1,000 applications of the in­
creased stress and, a lthough the deforma­
tion increased markedly thereafter, iL 
was only 2.15 percent after 100,000 ap­
plications. Furthermore, a combination 
of 10,000 applications of 5.6 psi and 
1,000 applications of 12. l psi produced 
only about two-thirds of the clcformntion 
(1.55 percent) resulting from the com­
binn Lion of only 100 applications of 5.6 
psi and ] ,000 applications or 7.1 psi. 

The dnta ind icate that a series of 
stress applications to a compacted clay 
may produce a considerable stiffen ing 
effect in the clay and a consequent in­
crease in resistance to deformation under 
further stress applications. The cause of 
this stiffening is not immediately appar­
ent. Previous investigations (S) have 
shown that it cannot be attribuled sim­
ply to densification of a compacted clay 
under repeated loading, alt.hough this 
would produce some stiffening in s11cci­
mens with low degrees of saturation. 
IIoweve1·, au increase in density of speci­
mens ha,·ing an initially high degree of 
saturation will re ult in a reduced rather 
than an ineren ed resistance to deforma­
tion (4, 5). The increased i·esistance to 
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Number of Stress Applications 
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deformation result.fog from repeated 
stress applications is probably due to 
some change in the structural arrange­
ment of the particles. Repeated stress 
applications may, for example, cause ad­
sorbed water to be extruded from be­
tween pal'ticles of clay, bringing the par­
ticles slightly closer together at points of 
contact and thereby causing a strength 

· pnc· 
increase. Even a slight decrease in s d to 
ing of the clay particles wou~d ~ ness 
cause an appreciable increase in stiff 
of the clay. . pro· 

Some support for this c~nc_cpt 1 ~jfl"cn· 
vided by the fact that no s1milnr 8 

81111de 
ing effects are observed in tesls 0;1 t..s 011 

Fjgurc 4. gives the results of f C:C 1J1r 
specimens of fine sand i as be 0 

' 
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stress on one of the spcoimcns was in­
creased after 23,000 applications of a 
light load but in this case tihe deforma­
tion increased immediately and lite mag­
nitude of the deformation appeared to be 
unaff ectcd by the original series of stress 
applir.atiions. Further evidence is pro­
vided by the fact tlrnt increased numbers 
of load applications may cause increased 
stiff ucss of clay specimens even though 
they cause no appreciable deformation 
of the soil during their apµlicaLion. 

NUMBEU 01•' APl'LlCATIONS REQUIRED TO 
l'IlODUCE s·rnrFENJNG EF1"J~CT 

Since the previous data show that n 
large number of strClls applications may 
produce an increase in resistiancc to <lc­
forrnation of a compact.eel clay, it be­
comes of interest to determine how many 
applications arc .required to produce any 
substantial effect. Some information con­
cerning this aspect or the problem is 
provided by the data in Figure 5. 

Five specimons of silty clay having 
a 91 percent initial degree or saturation 
were subjected Lo repented npplications 
of n 5.6-psi deviator stress. After differ­
ent numbers of applications of this stress 
(3; 100; 1,000; 10,000; and 85,000) Lhe 
magnitude of tho dev.intor stress was in­
crel\sed to 7.1 psi. The resulting defor­
mations a.re shown in Figures Sa and 5b. 
Although 100 and 1,000 tre s applica­
t ions produce a slight initial stiffening of 
the specimens! the effect is not pcrmnnent 
and Lhe final c eformations of Lhese speci­
mens arc about the same as that of the 
specimen with only 3 previous applica­
tions of the lighter stress. Each of these 
specimens deformed about 3 percent 
after 100,000 appliclttions of the 7.1-psi 
stress. 

However, 10,000 applications of the 
ligbt stress produced a marked stiffening 
effect and, after a further 100,000 appli­
cations of lhe 7.1-psi stress the deforma­
tion was only 2.15 percent; the effect of 
85,000 applications of the light stre~ wai; 
even more pronounced. 

It would nppear from lhjs data that 
the number of stress applications re­
qttfred to produce any appreciable stif-

felling is greater than 1,000 and that 
marked changes in deformation char­
acteristics can be p1'0duced by numbers 
of applications in the range 10,000 to 
100,000. 

TESTS WITH CONSTAN'r PRJNClPAL S'fl:tESS 
RATIO AND REPEA'l'l<:D CONFlNING 

PRESSURES 

A surprising feature of the test data 
presented in Figure 3 is the marked in­
crease in deformation of the specimens 
resulting from a srnall increase in re­
peated dcviator stross. However, the 
stress conditions in .these tests differ in 
two respects from Lhosc to which n. soil 
clement under fl pavc1nent would be sub­
jected. In the preceding tests the lntc1·al 
pressu1·e on lllC spl"cimcn remained con­
stant when the axial stress wns increased. 
In actual practice, any increase in axial 
stress on a soil clement will be accom­
panied by a simultaneous increase in lat­
eral pressure, and thus a somewhat more 
realistic test condition is obtained by 
keeping the ratio of major to minor 
principal stresses constant throughout 
the test. This means that an increase in 
axial stress will be accompanied by a.n 
increase in lateral pressure and conse­
quently for the compacted i>i!Ly clny the 
increase in axial stress required to cause 
appreciable increases in deformation will 
be somewhat greater Lhan would be in· 
dicated by the data in Figure 3. 

T ypical data obtained in a r<'pea~<'tl 
load test using a constnnt ralio of ml\J~l' 
to minor pdncipal stress arc shown 111 
Figure 6. An increase in axinl stress or 
9.5 psi was used in this case, whereas on 
increase of only 1.5 psi was required '·" 
produce sittular deformations for tho !,'lit 
described in Figure 3. However, t1

1
1r • t ir 

cumulative nature of the results 181' hi 
same. Repeated applications of. n '~-­
stress still produced nn incrCl\S? m res 
tanee to deformation of the soil. ·('('II 

The second major differcr1cc bcl\~tuil 
the prece<l i.ng ll~SL procedure nntl tf c,t. 11 
test conditions lies in the CucL ~I in 
constant confining pressure wl\.S udt!do· 
the laboratory tc ts with only thepplii.~1. 
tor stresses being repeatedly n 
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\\'hercas b ti 1 are r· o l ateraJ and axial strcs c 
Peate':feat~l under field conditions. Re­
rnl ancload1;11g t~t~ u ing repeated verti­
ductcd . axinl strl"sses have been con­
cqui 111 the 1aboratol'y (2) but the 
inor~~1ebt a.nd techniques arc somewhat 

a ONlte than lhosc required using 

ll•tr: 
,;,#IYl/ft#O(~ , '4MCWW.l~lrM..,,.o/ 
~rn11>t11 O#/tC0"°'11 (/If '.#-HYi.W Wrll.J 

constant confining pre.,sares. The re­
S!Jlts show that slightly more deforma­
tion of the specimens occurs under re­
peatccl 0.0nfinm~ pressure conditions than 
is obtn1ned with sustained confining 
J~re ures, but apart from this quantita­
tive aspect of tbe resulting deformations 

I 
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Number of Stress App/Jcotions 
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the stiffening effect produced by repeat~d 
stress applications is still apparent (Fig. 
7). 

EFFECT OF MAONlTUDE OF STRESS CHANGE 
ON SOIL DEFORMATION 

In conducting investigations .to deter­
mine the possible ca.uses of the mcreased 

. ( the silty resfataoce to deformation o loading, it 
clay as a re ult of rcpc~tcd ed rcsis­
was observed that the mcrca.s ens nrt' 
tance disappears if the specu~~bly by 
subsequently de!or0;1cd . appr~lls is iJlu~-
1.nci•cased stress a.pphcation. T 8 

11
ntl 

~- · Fiaurcs trated by the test d~- 10 t't Ii rst s11.b· 
9. In these tests specn:nen~ wcrer an 11s111I 
jected to 30,000 apphcations 0 
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stress of 5.7 psi. On 1wmc specimens the 
axial stress was then increased to 7.1 psi; 
on others, to 9.9 psi; and on still others, 
to 14.2 psi. 

The deformations of these specimens 
under further repeated strc s applica­
tions were then compared with Lhose of 
specimens subjected to the higher 
stresses without previous load applica­
tion. That ihe 30,000 applications of the 
5.7-psi axial stress caused some stiffening 
of the soil is apparent from a compnri­
sou of the deformabions occurring under 
repeated appJicabions of tho 7.l -psi axial 
stl'CSS. E,·en after 300,000 npplications of 
this stress the previously loaded speci­
mens had defo1·med considerably less 
than pt•eviously 1111loaded specimens . 

However·, for those specin1ens on 
which the i·epeatcd axial stress was 
changed to 9.9 psi the effect of the p1·c­
"'ious stiiff enlng is less apparent and 
when the repeated sfJ·<'ss was increased 
to 14.2 psi the stiffening effects of the 
previous stress applications disappeared 
completely (Figs. 8 and 9). 

Presumably the ch1tnge in soil struc-

Lure resulting from repeated stress ap­
plications is destroyed by large deforma­
tions. Such an effect would not be likely 
if the increased resistance were due 
merely to an increase in density of the 
specimens. 

In addilion to indicating lhe nature of 
the effect, the above data also illustnl.te 
the necessity of avoiding large stress 
changes if the h1cteased resistance result­
ing from repeated louding is to be used 
to practical advantage. 

DEMONSTRA'l'JON OF FlFFECTS OF STRESS 
IllS'.l'ORY ON SOIL DEFORMATION 

To iJlusbrate the important eJTects that 
a previous stress history in the form or n 
series of repeated stress applications may 
have on the subsequent <leformntion of n 
soil, a series of tests were conducted in 
which specimens were subjected to a 
progressive increase in repeated axial 
stress over a period or about 8 clays. 
Tbree identical specimens were subjected 
progressively to 30,000 stress applications 
at each of the following repeated tlcviator 

o1 10 
Number of Stress Appkcotions 

100 1000 I0,000 

For o/f 1p«:lm1111 ; Wottr confMI • 19.I t 
Ory tflf!Sity •107.6 f/J ptrcvlr 
0#91u of solvrotion • 90t 
Dvrotlonol """ OJJP1ico1iQn1•a !JMC 
F11q11#11cyol slr~ss applicati'on1zto~rmi11v111 

---- Al~Pf'i«tPOl.Jtnss 1/<f.2psi; Mo/tu p""nc~Pol.11,,n, 19.2 psi 

- M1-priftcipo/11rn1•22.2p1f;J,fojor pr/ncipo111r111• .JO Op,( 

FJcu.., 7. Ell'cet o! change ot alre11 on olhy clay durfoi; repeale d lo•dlni; with ropeated lateral pre .. uro. 
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stresses: 7.1 , 8.5, 10.0, 11.4, 12.8, 14.2, 
15.6, and 17.0 psi. The average deforma­
tions of these specimens are shown by the 
solid lines in Figure l 0. 

Identical specimens of the soil with no 
previous stress history were subjected to 
repeated applications of the same 
stresses. The avorage deformations of 
these specimens arc shown by the dashed 
lines in Figure 10. 

Compa1·isons of the deformations pro­
duced in soil specimens with and without 
a preceding ~tress history can rcad·ily be 
made from these data. For example, Fig­
ure 10 shows that different magnitudes 

of stress cause the following deforma­
tions: 

No. of Devin tor 
Applicatiollll Streu (pa!) 

30,000 7.1 
S0,000 8.Ci 
S0,000 10.0 
30,000 11.4 
30,000 12.8 
S0,000 H.2 
30,000 l~.o 
30,000 17.0 

240,000 1 _ , 
1 Total. 
• 30,000 ot cncl1 mairnitu<le. 
".Average. 

Jtc1ulUn.ir 
t>cforma tlori 

(%) 

1.77 
2.22 
2.94 
S.62 
4.08 
4.00 
6.23 
6.84 

6.00. 

Number of Stress Appt/colions 

o'r---___:~r---......;1Too;..._ __ ~1000T-----'~~woo ____ 100.~,_ooo __ ~i_ooo1!.000.__ __ --,,-----, 
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Solid 11~ 'ndttoft'I ot11ro91 d~moliM1 Iii 
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pro9r•s.11t'~ly llJ&rlDsttl from 7.l IOl7.0p11 ----+-___;i..,...-+----4-----+---'"'j 
Th#,,,,,, oltoclt S/Of'o/ l/11,, sf 1S 
itulltDl#d Ntpotl/1111111$ O't IMC1Hf'tl 

\ 
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It is appa1·e~t L~at t~\e entire sequence 
?r 240,000 applications 10 which the stress 
is gradually increased causes less de­
formation than either of lhe latt.cr Lwo 
parts of th~ sequence applied indiviclu­
aUy; and, 10 fact, the cotii-e series of 
240,~0 . applic~tions, including 30,000 
applications with a l 7.0-psi stress, 
causes onJy flS much deformation as 
would only 1,500 applications of the 
17.0-psi stress alone. 1t, would nppear 
[rom th~e data that, for clay soils, the)'(' 
is no s.1mpJe means of assessing t,hc 
cum~lat!ve effects of a series of stress 
applications of differenL magnitudes 
from data concerning their individual ef­
fe~ts and furtJter research will I.Jc re­
quired before assessment of this type 
can be made. 

,_ 

/ 
'../ 

15 IG f7 18 19 20 21 
Weier Con/Ml - />'l'~MI 

~ 112 t--1--+--,,~-~ 
~ 
~ 
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& felt i--;'"- -+--+--1---1 
~ 

!061~4-~--;;---;;---!;:---:1:--...L.__J 
18 19 20 21 

WIJl~r COll/1!111- ~'ct'fJI 

EFFECT OF FREQUENCY OF S'l'JlESS APPLICA­
'l'ION ON SOIL DEFORMATION UNDER 

REPEATED LOADING 

Previous investigations have shown 
that compacted clays often show an in­
crcuse in strength with the passage of 
time after co~pacti?n, even though there 
may be no d1scern1ble change in their 
composition (6). The phenomenon of 
strength gain with time in saturated 
clays bas long been recognized in oil 
mechanics and is often referred to as a 
U1ixotropic effect. Available data would 
seem t.o indicate that the elTccL in com­
pacted cl~ys l!\RY l>e quite large for 
sampl~ with high degr<•cs of saturntion 
-SJ~ccauens of the silty clay discussed 
Prcviot~sly compacted to a degree of 
satw·at1on of 95 pel'cent showed a 
str~ngth increase of 30 percent over a 
POr1ot1 of one week- but is quite small 
for san~ples co~n~ac~d to low degrees of f tura~on. This is illustrated by Figu1·e 
. l Wlllch shows the percent.age increase 
~n strength over a pel'iod of one week for 
~tnplcs compacted at various wn.ter 
e{l'~~~ts using a constant compactivo 

\\'h~oh a thixotropic material - or one 
ingtc shows a strength loss on rcmold­
stl'c or defo.nnn~ion followed by a 
be ~gth rcgam on standing- it would 

rpect.ed that n pel'iod of rest follow-

l-""l1uro 11. B«eet oC composition on thlxotropie 
c ta •racte-rblica oC compacred dlty <ilo)'. 

i~lg a series of repeated stress applica­
tions would have a significant errcct on 
the for~ of the relationship between de­
for~at1on and number of stress appli­
~atJons. That this is in fact the case 
is shown. by the data in Figure 12a. 
The spec1meus used in this study were 
tested 6 w~eks after compaction and thus 
hnd acquired considerable thixotropic 
sLrength. When ~rst. deformed by re­
pc~ted st!·ess apphcat1ons a part of this 
th1~otrop1c strm~gth is lost; if the appli­
cations are oont.inuously applied the soil 
shows large deformations. However if 
the specimen is nlJowed to rest for ~ev­
cra~ days um.lc.r 110 load after 10 appli­
cations the soil J·egains a part of the 
lost t.hixotropic strength and conse­
qu~ntly 1 when tl~c 1·epeated stress appli­
cations arc continued, the <.leforrnaLions 
are ~a1:kedly reduced (Fig. 12a). 

It. is 11!1po1·tant to note, howevc1·, that 
for specimens of the same soil com­
pac.ted Lo a. low degree of saturation a 
period of re~t has.practioaUy no influence 
on the relntionslnp between deformation 
and nu~1bcr of s.tress applications (Fig. 
12b). Smee specimens of this soil with 
lo~ dcgr.ces of saturation have little 
tl1L\'.Otrop1c strength, no effect of a pct'iod 
of ~esL would be anticipated. 

Smee the deformat..ion characteristics 
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Numb~r of Slr~s Applicotions 
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of a thixotropic soil are. affected by .a 
period of rest in the loadmg sequence, it 
would also be expected that the deforma­
tion pattern would be influence? by the 
period of rest between successive load 
a lications that is by the frequency of ittci applications. Lon~ in~ervals between 
repeated stress applications (lo.w f~e­
quencies) would allow thixotrop1c so1!s 
to regain more strength between apJ?h­
cations than would short intervals (h1gh 
frequencies) and consequently cause 

·1 How­smaller deformations of the so~·'.ipated 
ever , no such effects 'Yould ~e an ic 
in non-thixotropic soil specun~ns. f the 

F igure 13 shows a compariso;d 0stre~ 
deformations caused by repea~t de onrl 
applications of .the same m~gr_1 1

0~ 3 11
011 

durntion but with fre.quencics 
3 

pnirs ~r 
20 applications. per mmuto. on npprox•· 
identical specimens having !Iler ron· 
mately Lhe same density, but :~~cot.. fo~ 
tents of a.s. 17.3 .and 19.\ I~~ content 0 
the specimens haVlng n wa e 

SEED AND CHAN; DEJ<'OR~fATION OP CLAY SUBGRADES 
569 

14.5 percent, and a conespondingly low 
degree of saturation, a chnnge in fre­
quency from 3 to 20 applications per 
minute ha apparently no cff cct on the 
deformation cbaractel'istics. llowevcr, 
when the water content is increased to 
17.3 percent (wl1ich rorrcsponds approx­
imately to the optimum wntc1· conlcnt 
for the compactive effort used in pn·pnr­
ing the specimens), a slight iJifluencc of 
the frequency of stress application cnn be 
observed. This Ct\n presumably be att,rib­
utcd to the gl'catcr thixotropio effects 
nssocil\ted with the high degree of satu­
ration of the specimens (sec Fig. 11). 
Finnlly, at a water content of 19.4 per­
cent and a degree of saturation of 95 
percent the specimens po sessed sWI 
greate1· thixotropic characlcristics and 
the influence of the frequency change is 
stiU more apparent. 

specimens compacted to nn initial degree 
of aturat.ion of 95 percent were sub­
jected to repented stress applications of 
lhe same magnitude and duration but 
with frequencies of 20 applications per 
minute, 2 application::; per minute, l 
llJlplicnlion every 2 minutes, and 1 appli­
cation every 20 minutes. T he large dif­
ference in numbrt· of applications re­
quired to c:iusc a given amount of strain 
in the specimens is readily appnt'ent. 
Witb a frequency of 20 a:pplications per 
minute a. specimen roaches n. strain of 5 
percent aftel' about 2,700 applications. 
H owever, if the frequency is reduced to 
2 applications per minute the same de­
formation i only reached n.ftcr 15,000 
applications, w·hcreas if the frequency i 
Jess than 1 application every 2 minute 
it appears likely that the specimen could 
withstand en unlimited number of ap­
plications without reaching 5 percent 
strain. 

It is interesting to note that the data 
in Figures 13b and 13c were included in 
an earJicr paper (1) and led to the con­
clusion: 

The TesuHs oC nume1·011s tcsll! to deter­
mine the deformation oI partially 1111turatcd 
specimens of silty cll\y subjl'clcd to rc­
pcnte<i applications of n conl'tllnt stress iu 
trinxinl compression tests intlie11tc that up 
lo 11L le11Bt 100,000 applications of stress, the 
specimen defol'mation depends only on the 
number of stress applicnlions and i11 inde­
pendent of the frequency o{ stress 11pplicn­
tion within I.he frequency mngo of 3 to 20 
!lpplications per minute. A limited number 
of tests indicate LhnL this conclusion is also 
YRlicl lo frequencies ns low !IS 1 npplicalion 
)Jrr minute. 

By chance a ll of the tests on which 
lhis conclusion wa based were performed 
on specimens having low degrees of satu­
t'ation and little thixotropic ·trcngth 
gain. Although the conclu ·ion wa • valid 
for the conditions and data discus ed at 
that, time, it cannot be applied to spcci­
lllcns of the same soil "·ith high degrees 
Of aturation or, in fact, to any malerfol 
l>ossessing appreciable tbixotropic char­
aclcri sti cs. 

'rhc large influence lhat changes in 
frequency of stress application may have 
on .lite magnitude of soil deformations 
th1r1ng repeated loading is shown in Fig­
lltc 14, In this series of tcs1s identical 

Howe,·cr, Figure 15 show~ that cveu 
for this wide ,·ariat.iou in frcquencic 
there is little change in deformation pro­
d uced in the less thixotropic specimens of 
the same soil compacted to low degrees 
of saturation. 

Apart from the influence of thixotropy 
on the deformat,ion 1·esulting from differ­
ent, frequcncic of repeated st.J·es appli­
cation, the normal thixotropic strength 
increase with lime of some compacted 
soils may hnvc large effects on the de­
formations 1·esu lt,ing from repea ted stress 
applications of the same magnitude, 
duration and frequency. I dentical speci­
mens of silty clay compacted to a high 
degree of saturation were tested under 
l'opeated strcs applicn.Lions of constant 
magnitude and duration but with differ­
C'nt frcquencie (Fig. 16). Some of the 
specimens were tested immecliately after 
compact.ion, whereas others were tested 
2 weeks Inter after being stored at con­
stant water content for this period of 
time. 

It is apparent lhat the changes in de­
formation resulting from the trength 
gain in the 2-wcek period far exceed the 
changes in deformation character istics 
resulting from lbc use of different fre-
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Figure 16. Etrec.t or ag& of •peelmcns and frequency ol atreu applica1.ions on deformation• of tllly clay 
under ~pe1ted luadlng. 

quencies of stress application. Further­
more, U1e influence of the frequency of 
repeated sLress applications depends to 
some extent on the age of the specimens 
at the time of testing. For example, the 
cff ects of a change in frequency from 20 
applications per minute to 1 f\ppHcaLion 
every 20 minutes become evident a.fte1· 
only 3 stress applications for specimens 
tested immediately after compaction but 
are not apparent unt.il about 20 il.pplica­
Lions for specimens tested Lwo weeks 
after compaction. 

The deformation curves for specimens 
tested immediately and 2 weeks after 
conpaction, using a frequency of 1 ap­
plication every 20 minutes, arc repro­
duced in Figure 17. For this low fre­
quency there is very Jillie increase in 
deformation observed after lhe first 2 
stress applications if the specimens arc 
tested immediately a.fl.et· compaction. 
Apparently, the rate of increase in 
strength of these specimens is sufficient 
to offset the increa c in deformation 
'~hich would normally re ult from addi­
~tonal stress applications. However, this 
ts not the case if the specimens are tested 

2 weeks after compnction when the rate 
of strength gain is relatively low; there­
fore increa eel numbe1·s of applications 
cause increased deformations of these 
specimens over a longer period of time. 

CONCLUSION 

In recent years there has been a grow­
ing realization of the need for studies of 
soils under repeated loading if improve­
ments in pavement design procedm·cR R.rn 
to be made, and also of the need for 
methods of determining the number of 
wheel load applications that are likely 
to cause failure of highway pavements. 
The tremendous difference in estimations 
of the number of repetitions likely to 
cause failure oJ the pavement, in the 
WASHO lest road (7) is an outstanding 
example of the differences in opinions 
and expenience of the different sbates in 
this connection. 

'I'he purpose of the present paper has 
been to illustrate some of the fncto1·s 
which should be con idered in planning 
and interpreting studies of soil behavior 
under repeated loading and also the com-
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plexity of assessing the deformations re­
sulting from combinations of wheel loads 
in design. 

The deformation of a compacted clay, 
even at constant composition, resulting 
from a given series of stress applications 
may vary widely depending on its pre­
vious stress history, and in general it ap­
pears that a gradual increase in the mfltg­
nitude of the applied stress may often 
cause less dcfo1·mation than the direct 
application of a short sequence of wheel 
loads. It has been said by older engineers 
that "a roadway that grows with the 
traffic" is a better pavement than one 
constructed with modern techniques. 
Younger engineers may well be inclined 
to regard such st.atements with some cle­
gt·ce of skepticism but a pronounced in­
fluence of stress history would amply 
justify such claims. In fact, the previous 
studies indicate that if traffic could be 
controlled on a modern highway in such 
a way that the wheel loads were gradu­
ally increased over a period of years, re­
ductions in pavement thickness might 

well be achieved. The practical diffi­
culties of such a control system seem in­
surmountable since, if pavements are de­
signed for saturated conditions in the 
subgrade, there is no need for control 
unt,11 the water content of the soil in­
creases to such an extent that a high de­
gree of saturation is attained and the 
length of t ime required for this to occur 
is likely to vary widely. Ncvertlhelcss, 
the data indicate the need for careful 
consideration of stress history in the in­
terpretation of past experience of high­
way performance and the possible danger 
of extrapolating experience with long 
service pavements to new constructio!1· 

fl'he studies have also shown that 1.n 
some soils the frequency of stress appli­
cation may have a marked cfTcct on the 
resulting deformation, and Lhis factor 
should not be overlooked in att.c111pts. lo 
relate the results of accelerated tcs~rg 
programs to actual field conditions. . 1~ 
elieet of tluxotropy on tbe deforniat101 

I rc­charaeteristics of compacted c nys . 
quires careful consideration if laboratoi.Y 
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tests on co1'1?-pacted samples arc to be 
used to 1!1ax1mum l\clvantage ror pave­
ment design purpo cs. 

N? a~tempt hus been mnde in this in­
~·estigat1on to determine the applicabil­
ity of. the result.a to a wide range of sojls. 
CcrLamly the <'ffccls arc not apparent in 
sands but fievc1:al elu~ soils investigated 
show so~c . t11Jxotrop1c characteristic~·; 
l~owevcr, it. 1s n?t ~nown at the present 
time whether tins 1s a frequently or in­
frequently encountered phcuomonon. No 
at~empt l1ns been made to determine if 
lih1xotr?PY and sL1·css history effects arc 
exc~plifiecl to the same degree in soil 
spconn~ns compacted to low degrees of 
saturation and then raised to high de­
grees ?f s~tura~ion by soaking. However, 
some JUSltficat1on for tc ting soil speci­
mens compacted to initially high degrees 
of saturation m~y pos ibly he claimed by 
the fact t.hat blus 1s tbe current practice 
of a numb~r. of st.ate highway depart­
ment.a, and it 1s hoped that the limitation 
?f t~e test data to one particular soil is 
!ust1fied by the fnct that tbc principles 
mvolved are of sufficient importance to 
warrant an early pre enlation. 
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