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COMPACTION OF U N S T A B L E M A T E R I A L WITH 
H E A V Y PNEUMATIC T I R E D R O L L E R 

M. N. Sinacori , New York State Department of Public Works 

SYNOPSIS 

A por t ion of an a r t e r i a l p r o j e c t in New York was planned to c r o s s an 
e x i s t i n g c i t y r e f u s e f i l l . Because of the i n h e r e n t n a t u r e of the ma­
t e r i a l making up t h i s re fuse f i l l , i t was f e l t that i f the usual methods 
of des ign and c o n s t r u c t i o n were a p p l i e d to t h i s p r o j e c t , the completed 
highway would prove to be h i g h l y u n s a t i s f a c t o r y and p o s s i b l y q u i t e 
c o s t l y . Of the many methods cons idered , for a proper s o l u t i o n , the one 
i n v e s t i g a t e d i n d e t a i l i n v o l v e d the use of a heavy p n e u m a t i c - t i r e d 
r o l l e r to compact the r e f u s e f i l l from i t s s u r f a c e . The method i s 
p r e d i c a t e d on the b e l i e f that such a r o l l e r r o l l e d over the area a s u f ­
f i c i e n t number of times would f u r n i s h a compacted c r u s t of such t h i c k ­
ness to support a l i g h t f i l l and permit the c o n s t r u c t i o n of an adequate 
pavement. 

The p n e u m a t i c - t i r e d r o l l e r , v a r i a b l e in weight from 12 to 50 tons , 
was used to r o l l seven t e s t s t r i p s under c o n t r o l l e d c o n d i t i o n s . I n 
g e n e r a l , i t was found that the method i s p r a c t i c a l . B e s t r o l l i n g r e ­
s u l t s were obta ined when the area was r o l l e d i n two s t a g e s , the f i r s t 
s tage r e q u i r e d no more than 8 p a s s e s of the r o l l e r w e i g h i n g approx­
i m a t e l y 30 tons , the second s tage r e q u i r e d up to 30 p a s s e s of the 50 
ton r o l l e r . An average of 2 to 2 - 1 / 2 f t . of s e t t l e m e n t was observed 
in the areas r o l l e d completely . 

Novel methods were used to measure the e f f e c t s of r o l l i n g on the 
dens i ty of the r e f u s e f i l l m a t e r i a l in p l a c e , and on the depth to which 
r o l l i n g was e f f e c t i v e . Because of the nature of the m a t e r i a l , the tak­
ing of samples to measure na tura l d e n s i t i e s in pi ace was not p r a c t i c a b l e . 
Two methods used as a s u b s t i t u t e were- ( a ) the e l e c t r i c a l r e s i s t i v i t y 
method, and (b) the use of probing rods to measure change i n r e s i s t a n c e 
to p e n e t r a t i o n . The e l e c t r i c a l r e s i s t i v i t y apparatus showed that r o l ­
l i n g w i t h the 3 0 - t o n r o l l e r was f e l t to a depth of 6 f t . , and t h a t 
r o l l i n g wi th the 50-ton r o l l e r was f e l t to a depth of 9 to 10 f t . The 
r e s u l t s of the rod probings showed an i n c r e a s e i n r e s i s t a n c e to d r i v i n g 
to an average depth of 8 f t . 

The invest igat ion was conducted at the The tests were undertaken to ver i fy the 
s i t e of a proposed a r t e r i a l p r o j e c t i n b e l i e f t h a t the upper l a y e r of such a 
Binphamton, New York. The present founda- heterogeneous, loose f i l l could be com-
tion for approximately 4,500 feet of the pacted su f f i c i en t ly by heavy surface r o l l i n g 
length of th is project cons is ts of a c i t y to eliminate local weak spots, and to give 
refuse dump f i l l , varying i n age at the a unifonr bearing value capable of support-
time of the investigation from approximately ing the intended f i l l embankments without 
1 to 15 years , and extending to a depth d i s t o r t i o n . Tlie data obtained were nec-
variable from 5 to 25 feet. • essary to determine the f eas ib i l i ty of this 



procedure of f i e l d construct ion, to pre­
pare estimates of quant i t ies , and to for­
mulate s p e c i f i c a t i o n s covering the work. 

DESCRIPTION OF S I T E 

The re fuse d u m p - f i l l s i t e wi th in the 
l imi t s of the a r t e r i a l project extends for 
approximately 4,500 l i n e a l feet along the 
proposed alinement. The f i l l i s made up 
of the usual material found in such refuse 
areas: food refuse, paper and wood, glass, 
metals (such as t in cans and bed springs) , 
ashes, rubber t i r e s , rags, and other mis­
cellaneous matter. The various percentages 
of these materials vary widely with depth 
and in hor i zonta l d i r e c t i o n s , depending 
upon the season of the year placed and the 
rate of dumping. Following the usual prac­
t i c e s of land f i l l construct ion, a l i g h t 
cover of earth blankets the en t i re f i l l . 
Tills was placed with no s p e c i f i c e f f o r t to 
obtain compaction. The area consequently 
i s a random, i r r e g u l a r f i l l , wi th wide 
v a r i a t i o n s i n dens i ty and load c a r r y i n g 
capaci t ies . No record i s available of the 
exact ages of the sect ions of t h i s f i l l . 
The ground water i s general ly found from 
7 to 15 feet below the surface. 

P r i o r to the construction of the refuse 
f i l l , this area was the location of a mean­
dering creek in low, f l a t lands. The ma­
t e r i a l underlying the f i l l includes layers 
of p a r t i a l l y consolidated muck, s i l t and 
c l a y , over a deep bed of s i l t , which i s 
i n t e r s p e r s e d with pockets and l a y e r s of 
sand and gravel. Figure 1 shows the thick­
ness of the refuse f i l l , and the underlying 
so i l prof i le within this area. 

A review of the e x i s t i n g l i t e r a t u r e on 
the c h a r a c t e r i s t i c s o f land refuse f i l l s 
indicates that the settlement expected in 
such f i l l s i s due to two separate factors. 
The f i r s t of these i s the settlement due to 
physical factors and mechanical adjustments 
and accounts for the major portion of the 
settlement. 

T h i s phys ica l sett lement can be sub­
div ided into two components. The f i r s t 
component i s the se t t lement due to the 
weight of the f i l l i t s e l f . Thi s value i s 
approximately 30 percent of the height of 
f i l l , with 20 percent taking place during 
the f i r s t 6 months, and the remaining 10 

percent during the following 18 months. Hie 
f i l l generally reaches s t a b i l i t y under i t s 
own weight in approximately 2 years, the 
second ccmponent of the physical settlement 
i s that which takes place due to a super­
imposed load on the f i l l , such as a highway 
f i l l or a structure. This settlement w i l l 
continue for a period following construction, 
with the ac tua l amount and rate being a 
function of the nature of the l oca l f i l l 
material and the superimposed load. 

The second factor contributing to se t t le ­
ment i s that due to decomposition of refuse 
material in the f i l l . The amount of th i s 
settlement i s r e l a t i v e l y smal l , compared 
to the physical settlement, but i t continues 
to take place for 30 or more years. How­
ever, experience has shown that, because of 
the minor value of th i s settlement, i t i s 
not necessary to wait u n t i l ultimate s t a ­
b i l i t y i s reached before proceeding with 
the use of the f i l l e d area. 

CONSTRUCTION METHODS CONSIDERED 

A number of methods were considered to 
permit the cons truct ion of the proposed 
highway across t h i s area . Most of these 
methods were thought to be too expensive, 
or inadequate in other respects. Among the 
methods c o n s i d e r e d i n d e t a i l were the 
following: 

1. Removal of the unsuitable material 
by excavation and b a c k f i l l i n g with accept­
able borrow. T h i s method was considered 
very expensive and impractical due to: the 
large quanti t ies involved; the problem of 
f inding a sui table waste area well beyond 
the c i t y l i m i t s , and i t s consequent long 
haul; and the sanitary precautions necessary 
for handling the material at the s i t e and 
through the c i ty s treets . 

2. Pui lding the f i l l on the foundation 
in i t s present s tate , without any excava­
tion, and untreated in any manner. I t was 
f e l t that th is procedure would resu l t in a 
pavement re f lec t ing considerable unevenness 
and local d i f f erent ia l settlement, and which 
would require large expenditures for main­
tenance a f t e r construct ion. I n addition 
the pavement would general1y be rough riding 
and dangerous. 

3. S t a b i l i z i n g the foundation by the 
in j ec t i on of chemicals or grouting mater-



l a l s . T h i s method was considered to be 
uncertain and expensive due to the large 
number of close-spaced holes required for 
adequate coverage. 

4. Surcharging the area with a tempor­
ary f i l l to obtain compression in the refuse 
material and increase i t s bearing capacity* 
Due to the lack of eas i ly available borrow 
in the v i c i n i t y , t h i s method was not con­
sidered feasible. 

5. Compacting the foundation i n place 
to a greater density and a higher bearing 
value to the maximum obtainable depth, by 
a heavy impact or r o l l i n g load. Of these, 
I t was f e l t that a heavy r o l l i n g load would 
be the more prac t i ca l and economical, and 
was the method developed and covered i n 
this investigation. 

SCOPE OF I N V E S T I G A T I O N 

.Preparations for the investigation were 
predicated on the be l ie f that a heavy pneu­
matic t i r e d r o l l e r r o l l e d over the area 
a s u f f i c i e n t number of times would compact 
the upper portion of the re fuse f i l l to 
furnish a s a t i s f a c t o r y bearing value and 
designate the local weak spots, which might 
be treated separate ly . I t was f e l t that 

this method would develop a conpacted crust 
several feet in thickness as the upper layer 
of the foundation, pre-consolidated by the 
r o l l i n g to reduce the settlement expected 
due to the superimposed f i l l load. Ch this 
would be added several feet of well com­
pacted f i l l . The combination of these 
would support s a t i s f a c t o r i l y a f l e x i b l e 
pavement, so as to eliminate abrupt d i f ­
f e r e n t i a l se t t l ements and minimize the 
gradual settlement covering long stretches. 

To determine the f e a s i b i l i t y of such a 
method, and to obtain s p e c i f i c information 
with which to prepare the necessary plans 
and s p e c i f i c a t i o n s , f i e l d data was r e ­
quired to cover: (1) The e f fec t ive weight 
of r o l l e r needed to compact the foundation 
to a s a t i s f a c t o r y density; (2) the order 
of increas ing the r o l l e r weight to obtain 
s a t i s f a c t o r y r o l l i n g without causing too 
much lateral displacement or deep ruts that 
would interfere with the r o l l i n g operations; 
(3) the number of r o l l e r passes required, 
(4) the e f f e c t of these operations on the 
refuse f i l l areas of d i f f e r e n t ages; (5) 
the depths to which the r o l l i n g was e f f ec ­
tive in contributing to a compacted crust , 
(6) the average amount of settlement ex­
pected. 

PRESENT SURFACE— ' 

ISFUSt F l U . 

SILT-SOME SAND 

SAND AND GRAVEL - 30HE SILT 

Ui 800 

STATION 
90 94 

Figure 1. P lan and Base L ine P r o f i l e 



EQUIPMENT USED 

Before the inves t igat ion was s tar ted , 
some thought was given to the possible type 
and weight of equipment which could be used 
to meet the developed requirements. At 
t h i s time, the Wi l l i am Bros B o i l e r and 
Manufac tur ing Company of Minneapo l i s , 
Minnesota, o f fered the use of t h e i r new 
50-ton compactor. I t was decided to use 
this heavy pneumatic-tired r o l l e r for the 
invest igat ion, as i t was f e l t that i t met 
the requirements. 

The r o l l e r consisted of a large, metal 
box, approximately 17 f t . long by 8 f t . 
wide, under which were centered two axles 
in l ine , each with two rubber t ires of size 
18:00 X 24-24 ply. A tongue neck extended 
from the box to two f ront d o l l y wheels 
and a t i e - b a r connected the dol ly wheels 
to the t rac tor . The empty weight of the 
r o l l e r was 12 tons, and the box was of 
such capacity that i t could be loaded with 
saturated sand to a total we i^ t of 50 tons. 
For this experiment the r o l l e r was used at 
three d i f ferent weights: empty weighing 12 
tons, loaded to h a l f load at 31 tons, and 
f i n a l l y loaded to f u l l capacity at a total 
weight of 50 tons. During the tes ts , the 
r o l l e r was pu l l ed f i r s t by a D-7 C a t e r ­

p i l l a r tractor, and later by an HD-19 A l l i s -
ChalTtiers tractor. 

T E S T PROCEDURES 

For the investigation, seven test s tr ips 
were prepared in various locations on the 
refuse f i l l in such a manner that f i l l s of 
different ages and composition would be in ­
cluded. Each test s t r i p was 200 f t . long 
and 20 f t . wide. The r e l a t i v e locat ions 
of these test str ips are shown in Figure 2. 
After they were l a i d out, the s t r i p s were 
cross -sect ioned and referenced to estab­
l i shed bench marks. During the r o l l i n g , 
additional cross-sections and prof i les were 
taken per iod ica l ly in every test s t r i p to 
measure the amount of settlement or d i s ­
placement taking place as a function of the 
number of r o l l e r passes and the weight of 
ro l l e r used. 

In the f i r s t f ive test s t r i p s , the com­
paction tests were made in three separate 
stages. The f i r s t stage consisted of r o l l -
ing the area with 12 f u l l passes of the 
empty r o l l e r , which weighed 12 tons. In 
the second stage, the r o l l e r was loaded to 
a total weight of 31 tons, and the areas 
were rol led 12 additional times. F i n a l l y , 
with the r o l l e r loaded to i t s capacity of 

Figure 2. R o l l e r Loaded to 50 Tons S i n k i n g in to a Sof t Spot 



Figure 3. T e s t S t r i p 2 Fo l lowing R o l l i n g with 31-Ton R o l l e r Showing Surface 
I r r e g u l a r i t i e s Developed , 

50 tons; this r o l l i n g was continued unt i l 
no measurable sett lement was noticed in 
these test s t r ips . During these operations, 
local weak spots developed, into which the 
ro l l er sank as much as 4 feet. These areas 
were backfi l led and leveled off with a thin 
layer of sand and gravel before the ro l l ing 
was continued. 

The la s t two test s t r ips were compacted 
only with the r o l l e r loaded to a t o t a l 
weight of 50 tons. I t was thought advis­
able to compare the behavior of the r o l l e r 
fu l ly loaded on material not previously com­
pacted to that on material previously com­
pacted by l ight r o l l i n g and to notice the 
number of depths of local depressions by a 
comparison of the two methods. 

Figures 2, 3, and 4 show the ro l l er used 
and the appearance of que of the test s tr ips 
during the ro l l ing operations. 

T L S T R E S U L T S 

Ihe test results obtained during the in ­
vest igat ion were computed, analyzed, and 
plotted in several ways to show the r e ­
quired relat ionships. Each test s t r ip i n ­
cluded s ix control sect ions across which 

p r o f i l e s were taken at 2 - f t . i n t e r v a l s 
within the compacted width of 20 f t . These 
prof i les were taken periodically during the 
ro l l ing operations and were correlated with 
the number of passes and the various weights 
of r o l l e r used. Center l ine p r o f i l e s and 
additional sections at some of the weakest 
locations between these standard sections 
were taken as the investigation developed. 
To mainta in contro l dur ing the r o l l i n g 
operations, the average settlement across 
each of the s ix control sections for each 
t e s t s t r i p was p lo t t ed d i r e c t l y in the 
f i e l d against the number of passes given. 

In the r o l l i n g operations one pass was 
taken to represent two tr ips of the r o l l e r , 
each t r i p o f f se t from the other the width 
of the one t i r e to obtain complete area 
coverage. 

Figure 5 shows t y p i c a l curves of the 
average sett lement obtained across each 
control section, plotted against the number 
of r o l l e r passes and the corresponding 
weights of r o l l e r . In genera], the data 
show that the 12-ton r o l l e r gave an average 
settlement of 0.3 f t . after 12 passes. The 
major portion of this settlement developed 
during the f i r s t four to s ix passes. The 



Figure 4. T e s t S t r i p 2 Fo l lowing R o l l i n g with 50-Ton R o l l e r Showing Average 
Sett lement obta ined. Surface I r r e g u l a r i t i e s B a c k f i l l e d . 

twelve a d d i t i o n a l passes of the 31-ton 
r o l l e r gave from 0.6 to 0.7 f t . of addi­
tional settlement, for an average total of 
approximately 1 f t . The major portion o f 
the settlement developed with the 31-ton 
r o l l e r was obtained during the f i r s t eight 
passes. The 50-ton r o l l e r further increased 
the settlement to an average of 2 f t . Hie 
major portion of t h i s settlement was r e ­
a l i zed during the f i r s t twenty to twenty 
five passes of the r o l l e r . Further ro l l ing 
with the 50-ton r o l l e r resu l ted in addi­
t ional settlement, but the actual amount 
was re la t ive ly small. 

Because of the wide v a r i a b i l i t y of the 
material making up this refuse f i l l , there 
developed with the r o l l i n g cons iderable 
d i f ferent ia l settlement and displacement in 
r e l a t i v e l y short distances longitudinal ly 
and transversely. The maximum depressions 
or l oca l settlement obtained i n the weak 
spots ranged from 50 to 100 percent greater 
than the average values for each section. 
Figure 6 represents a cross-sect ional pro­
f i l e at> a t y p i c a l control s e c t i o n . The 
bulk of this variation in prof i l e developed 
as the r o l l i n g progressed and was due to 

the v a r i a b i l i t y of the material and the ex-
]stance of many loca l weak spots. There 
was, however, a d e f i n i t e tendency to de­
velop greater settlements along the center-
l i n e o f the t e s t s t r i p s than toward the 
outside edges. This accentuation may have 
been due to the overlapping e f fec t s of the 
r o l l i n g , since one coverage over the f u l l 
width of the test s t r ip was composed of two 
passes, one pass covering each side of the 
centerline. 

TOTAL NUMBER OF ROLLER PASSES 

WEIGHT OF ROLUR 

Figure 5. E f f e c t s of R o l l e r Weights and 
Passes on Average Sett lement - T e s t S t r i p 1 



This var iab i l i ty of material encountered 
and the abrupt variat ion in settlement ob­
tained during r o l l i n g i s also represented 
by Figure 7. This figure shows a center-
l ine prof i l e of settlements for one of the 
test s t r ips , which i s typical of the others. 

Two of the s t r i p s tested were r o l l e d 
d i r e c t l y using only the r o l l e r loaded to 
50 tons, without prior ro l l ing with a l ighter 
weight r o l l e r . In general, the amount of 
settlement obtained a f t e r r o l l i n g was of 
the same magnitude as for the s t r i p s i n ­
i t i a l l y prepared by l ighter r o l l i n g . How­
ever, the d i rec t use of the 50-ton r o l l e r 
on unrol led s t r i p s caused severe ru t t ing 
i n the weak spots which bogged down the 
r o l l e r . In these areas, ro l l ing could only 
be continued under extreme d i f f i c u l t y . 
Figures 8, 9 and 10 represent three views 
of an area which was ro l l ed only with the 
r o l l e r loaded to 50 tons. 

12 PUSC8 AT 12 T 

Figure 6. T r a n s v e r s e Sett lement P r o f i l e 
T e s t S t r i p 4 

R E L A T I V E MEASURE OF DENSITY 

Attempts were made to measure the ef fects 
of r o l l i n g on the densi ty of the re fuse 
f i l l material in place, and on the depth to 
which the ro l l ing was effect ive . "Hie taking 
of samples to measure natural densit ies in 
place was not prac t i cab le because of the 
nature of the material . Two other methods, 
however, were used to obtain a measure of 
the re la t ive change in density with depth. 
The f i r s t of these was the use of the e lec­
t r i c a l r e s i s t i v i t y apparatus. The second 
method was the use of probing rods driven 
into the ground under standard conditions, 
and recording the number of blows for each 
foot of penetration. 

Figure 7. L o n g i t u d i n a l Sett lement P r o f i l e 
T e s t S t r i p 4 

E l e c t r i c a l fiesistit/ity - The use of the 
e l e c t r i c a l r e s i s t i v i t y apparatus in i t s e l f 
was an experiment, i n s o f a r as i t i s not 
known i f th i s method had been used before 
for such work. The theoretical aspects in 
the use of th is apparatus have been covered 
in the ex i s t ing l i t e r a t u r e and w i l l not be 
mentioned here. However, the apparatus 
measures the re s i s tance of an e l e c t r i c a l 
current flowing through the so i l material . 
I t i s known that, a l l other factors remain­
ing constant, th i s res is tance i s lessened 
with an increase in the density of that ma­
t e r i a l . In this experiment, two types of 
tests were used: The f i r s t was the point 
test, in which the electrode spacing at one 
location, which controls the depth to which 
measurable e f fects are produced, was changed 
progressively from 1 to 20 f t . ; the second 
type o f r e s i s t i v i t y t e s t made was the 
traverse test , in which the electrode i n ­
terval was maintained constant and was pro­
gressed across the length of the test area. 
The point test gives a picture of changing 
res is tance with depth, while the traverse 
test indicates the horizontal changes at a 
uniform depth. 

Figure i l i s typical of the resu l t s ob­
tained from the point tes t s . The various 
curves represent the r e s i s t a n c e va lues 
obtained a t the same l o c a t i o n p r i o r to 
r o l l i n g , and during the various phases of 
r o l l i n g . Typical r e s u l t s of the traverse 
tests , which indicate the horizontal changes 
in resistance at a uniform depth, are given 
in Figure 12 for an e f f e c t i v e depth of 5 
f t . and in Figure 13 for an effect ive depth 
of 10 f t . I t should be pointed out that 



i i . * • . . .. 
-if 

• ? 

Figure 8. Tes t S t r i p 7 Before R o l l i n g 

F igure 9. T e s t S t r i p 7 Showing 50-Ton R o l l e r Bogging Down During F i r s t P a s s . 
No P r i o r R o l l i n g given. 



Figure 10. T e s t S t r i p 7 a f t e r 5 Passes wi th 50-Ton R o l l e r . No other R o l l i n g given. 
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Figure 11. R e s i s t i v i t y Po int T e s t - Tes t 
S t r i p 3 - S t a . 73+50 

the results of this portion of the invest i ­
gation are only qual i tat ive, insofar as the 
r e l a t i o n s h i p between the values of the 
res is tance of the material to the passage 

of an e l e c t r i c a l current and the corres ­
ponding density i s not known. I n general, 
the r e s i s t i v i t y work was performed at the 
same locations within the test s t r i p s be­
fore and following each sequence of ro l l ing . 
However, due to the lapse of time between 
these groups of tests , other variables may 
have come i n t o being, such as r a i n f a l l 
which occurred during that period and which 
affected the re s i s tance of the material . 

Due to local variations, and the methods 
of analysis used, the data showed that the 
e f f e c t s of the decreased res i s tance were 
f e l t to depths up to 14 to 18 f t . However, 
from a f i n a l review of the data, and the 
conditions under which they were obtained, 
i t was concluded that r o l l i n g with the 
12-ton r o l l e r was e f f ec t ive to an average 
depth of approximately 4 f t . Rol l ing with 
the 31-ton ro l l e r was effective to an aver­
age depth of approximately 6 f t . , and r o l l ­
ing with a 50-ton r o l l e r was e f f ec t ive to 
an average depth of approximately 9 to 10 f t . 

Probing Rods - The r e l a t i v e increase in 
density due to ro l l ing , measured by the use 
of probing rods, was done by dr iv ing into 
the ground 1 -5 /8 - in . rods with a 250-lb. 
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Figure 12. R e s i s t i v i t y T r a v e r s e T e s t 
At 5 F t . Depth - T e s t S t r i p 4 

hammer, dropped through a height of 6 i n . 
The number of blows required to drive the 
rods for each foot of depth was recorded. 
Tbe v a r i a t i o n in the number of blows was 
considered a re lat ive measure of the change 
i n density of the m a t e r i a l . Hie probing 
rods were driven at various locat ions to 
include the portions of the f i l l which had 
not been ro l led , and also.others which had 
been given complete r o l l i n g coverage. By 
comparing the r e s u l t s of these two areas, 
the increase in res i s tance to penetration 
was a t tr ibuted to an increase in density 
due to the surface r o l l i n g operations. The 
values of res i s tance to penetration as a 
function of the depth below the sur face 
were averaged for the points within each 
test s t r ip , to obtain a more representative 
r e l a t i o n s h i p . A group of such average 
v a l u e s I S shown p l o t t e d i n F i g u r e 14. 

A l l the work done with probing rods was 
undertaken a f t e r the r o l l i n g operations 
were completed. Consequently, in order to 
c o r r e l a t e the e f f e c t s of r o l l i n g on the 
density as measured by the increased r e ­
s i s tance to penetration of the rods, two 

Figure 13 R e s i s t i v i t y T r a v e r s e T e s t 
At 10 F t . Depth - T e s t S t r i p 1 

groups of holes were driven in the area 
tested. The f i r s t group of holes was lo ­
cated adjacent to the t e s t s t r i p s on ma­
ter ia l that had not been rol led, and repre­
sents the area before r o l l i n g . "Die second 
group was located along the same stat ions, 
but w i t h i n the r o l l e d t e s t s t r i p s , and 
represents the area a f t e r i t was r o l l e d . 
T h i s d i f f e r e n c e in loca t ions introduced 
additional variables due to the heterogene­
ous nature of the m a t e r i a l , which were 
evident in the test r e s u l t s . However, an 
analys i s of the test data showed that the 
number of blows required to drive the prob­
ing rods into the ground in the rol led test 
s t r i p s was genera l ly greater than those 
driven outside of the ro l l ed test s t r i p s . 
The var ia t ion in the number of blows r e ­
quired to dr ive the probing rods for the 
f i r s t 10 f t . has been averaged and i s shown 
sunmarized in the table. 

Hie curves general ly show that an i n ­
crease in r e s i s t a n c e to penetrat ion has 
been rea l i zed to a depth of approximately 
8 f t . The number of blows r e q u i r e d to 
dr ive the rods through the top 5 f t . in 

VARIATION IN NUMBER OF DRIVING BLOWS REOUIRED 

Cumulated number of blows to d r i v e probing 
rods from 0 to 5 f t . 

Average number of blows per f t to d r i v e rods 
from 0 to 5 f t 

Cumulated number of blows to d r i v e probing 
rods from 5 to 10 f t . 

Average number of blows per foot to d r i v e rods 
from 5 to 10 f t . 

In areas 
not r o l l e d 

65 

13 

45 

9 

In areas 
completely r o l l e d 

130 

26 

73 

15 
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Figure 14. Probing Rod Average P e n e t r a t i o n 
R e s i s t a n c e T e s t S t r i p 2 

the areas completely r o l l e d was approxi­
mately double the corresponding number of 
blows in the areas not r o l l e d . Beyond a 
depth of 10 f t . , the var ia t ions obtained 
were only within the l imi t s of error assumed. 

SUMMARY AND RECOMMENDATIONS 

From the r e s u l t s of the invest igat ion, 
the following summary and basic recomnenda-
tions were made to aid in the detailed de­
s ign, quantity estimates, and preparation 
of s p e c i f i c a t i o n s for the port ion ofthe 
a r t e r i a l project within the l imi t s of the 
refuse f i l l : 

1. The refuse f i l l wi th in the l i m i t s 
of the a r t e r i a l p r o j e c t can be pre-con-
solidated by r o l l i n g with a heavy pneumatic 
t ired r o l l e r . This r o l l i n g should develop 
a compacted c r u s t s u f f i c i e n t l y th ick to 
offer re la t ive ly unifonn support to a l ight 
f i l l and permit the c o n s t r u c t i o n o f a 
servicable pavement. 

2. The settlement obtained in the foun­
dation due to ro l l ing with the empty r o l l e r 
weighing 12 tons was r e l a t i v e l y s m a l l . 

TTiis value averaged approximately 0.3 f t . 
over the ent ire area. I t i s f e l t that the 
12-ton r o l l e r i s too l i g h t for e f f e c t i v e 
r o l l i n g , and should not be used during 
construction. 

3. Roll ing the foundation d irect ly with 
the r o l l e r f u l l y loaded to 50 tons without 
p r i o r r o l l i n g with a l i g h t e r r o l l e r de­
veloped many deep ruts and holes with the 
f i r s t few r o l l e r passes. In addition to 
tearing and loosening the mater ia l , t h i s 
method slowed down operations considerably, 
insofar as too much time was spent in pu l l ­
ing the r o l l e r out of these depressions. 
The 30-ton r o l l e r , however, did not cause 
too much d i f f i c u l t y in this respect. 

4. The major portion of the settlement 
due to the 31-ton r o l l e r was r e a l i z e d 
within the f i r s t s i x to eight passes. The 
few additional passes increased the amount 
of settlement very l i t t l e . 

5. Using the 50-ton r o l l e r , the major 
portion of the settlement was obtained in 
approximately twenty to twenty-five passes. 
Additional minor settlement was obtained 
with further ro l l ing . 

6. Consequently, for the actual con­
s t r u c t i o n , the foundation r o l l i n g opera­
tions should be carr i ed on in two stages. 
The f i r s t stage should include complete 
coverage with an average of e ight passes 
of the r o l l e r weighing approximately 30 
tons . The second stage r o l l i n g should 
then follow using an estimated t h i r t y ad­
d i t i o n a l passes of the r o l l e r weighing 
approximately 50 tons. The r o l l i n g should 
cover the area from toe to toe of slope. 

7. The r o l l i n g operations proceeded 
most smoothly when a l l ruts and local de­
pressions which developed during r o l l i n g 
were b a c k f i l l e d with granular m a t e r i a l . 
I t was observed during the invest igat ion, 
however, that i f too thick a layer of sand 
and gravel were spread, i t reduced the 

• e f f e c t i v e n e s s of r o l l i n g and prevented 
additional settlement. 

8. Consequently, for the actual con­
s t r u c t i o n , the depressions developed in 
the foundation during r o l l i n g operations 
should be backfi l led with selected granular 
borrow. Tlie quantity should be the minimum 
required to level o f f the area and permit 
continued easy r o l l i n g . I t i s estimated 
that there may be needed approximately 
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12 i n . of granular borrow over the ent ire 
area, with the actual quantity at any lo­
cation varying with local conditions. 

9. The e l ec t r i ca l r e s i s t i v i t y apparatus 
showed that r o l l i n g with the 30-ton r o l l e r 
was f e l t to a depth of approximately 6 f t . 
and that r o l l i n g with the 50-ton r o l l e r 
was f e l t to a depth of 9 to 10 f t . The 
re su l t s of the rod probings showed an i n ­
c r e a s e i n r e s i s t a n c e to d r i v i n g to an 
average depth of 8 f t . There were some 
areas which showed no change in resistance, 
while others showed change to a greater 
depth. Although i t i s not known what the 
d irec t re lat ionship i s between the change 
m res i s tance to the flow of an e l e c t r i c 
current and the change in density, nor the 
re la t ionsh ip between the number of blows 
on the rods and the density , i t has been 
concluded that a crust has been formed on 
the surface of the refuse f i l l which has 
a greater density and bearing value than 
before r o l l i n g , and which i s affected to a 
depth of at least 5 f t . 

10. The r e s u l t s of the inves t igat ion 
show that an average area sett lement of 
2 to 2-1/2 f t . may be expected due to the 
foundation r o l l i n g . Consequently, s u f f i ­

c i ent addit ional common borrow should be 
provided i n the quant i t i e s to compensate 
for this settlement. 

11. The age of the refuse f i l l was not 
a factor in influencing the resu l t s of the 
r o l l i n g . The type and q u a l i t y of refuse 
in the f i l l , on the other hand, controlled 
the amount of settlement, and the rut t ing 
and depressions developed. 

12. Wherever local conditions permit, 
grade e l e v a t i o n should be e s t a b l i s h e d a 
minimtim of 4 f t . above present ground l ine . 

13. In cut sections, i t was recormiended 
that the area be excavated to 1 f t . below 
subgrade level before the foundation r o l l i n g 
was started. 

14. The r o l l i n g operations wi l l be more 
e f f i c i e n t and economical i f the individual 
areas for ro l l ing are planned of su f f i c i ent 
length to reduce to a minunuin the re la t ive 
time required for turning. The stretches 
l a i d out should be approved before r o l l i n g 
to obtain as long a sect ion as f i e l d con­
dit ions permit. Tum-around areas at the 
ends of the r o l l i n g section should be wide 
and s a t i s f a c t o r i l y prepared to reduce the 
time for turning around, and eliminate the 
attending side shearing and rutting. 

RECOMMENDED TENTATIVE SPECIFICATIONS 
SPECIAL EMBANKMENT FOUNDATION ROLLING 

Work - Under t h i s item the c o n t r a c t o r s h a l l r o l l the embankment founda­
t ion wi th an approved pneumatic t i r e d r o l l e r as d i r e c t e d by the engineer . 
Approved pneumatic t i r e d equipment for r o l l i n g s h a l l be of such c a p a c i t y 
t h a t the l o a d may be v a r i e d from 30 to 50 t o n s . T h i s l o a d must be 
t r a n s m i t t e d through two a x l e s a c t i n g i n a l i n e p e r p e n d i c u l a r to the 
c e n t e r l i n e of the r o l l e r to permi t o s c i l l a t i n g a c t i o n . The t o t a l a x l e 
load s h a l l be t r a n s m i t t e d to the ground on four pneumatic t i r e s . The 
pneumatic t i r e s s h a l l be e v e n l y spaced a c r o s s the e n t i r e width of the 
r o l l e r , and s h a l l be a t t a c h e d two to each a x l e . The a x l e s s h a l l be so 
a t t a c h e d to the body o f the r o l l e r t h a t o s c i l l a t i o n w i l l be o b t a i n e d 
i n each s e t of two t i r e s . R o l l e r s which p e r m i t the i n d i v i d u a l o s c i l ­
l a t i o n o f each t i r e under a p r o p o r t i o n a l l y m a i n t a i n e d l o a d w i l l a l s o 
be acceptab le . 

The r o l l i n g s h a l l cover the e n t i r e foundat ion a r e a between the toes 
of s lope between the s t a t i o n s shown on the p l a n s . These s t a t i o n s are 
approximate and may be v a r i e d i n the f i e l d depending on l o c a l c o n d i t i o n s . 
P r e l i m i n a r y r o l l i n g s h a l l be done wi th a 30-ton a x l e l o a d . I t i s ex­
pected that the amount of p r e l i m i n a r y r o l l i n g r e q u i r e d w i l l be approx­
imate ly 8 passes over the e n t i r e a r e a . The ax l e load s h a l l then be i n ­
c r e a s e d to a t o t a l load of 50 tons . F i n a l r o l l i n g s h a l l be done w i t h 
the 50-ton ax le l o a d . T h i s r o l l i n g s h a l l be cont inued u n t i l the degree 
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of s t a b i l i t y of the foundation as required by the engineer has been 
obtained. I t i s expected that the amount of ro l l ing required with the 
ro l l e r loaded to a total weight of SO tons w i l l be approximately 25 to 
30 passes over the entire area to be covered. 

In r o l l i n g , one pass shal l be taken to represent two t r ips of the 
r o l l e r , each tr ip o f f se t from the other the width of one t i r e to ob­
tain complete area coverage. 

As the r o l l i n g progresses, the i r r e g u l a r i t i e s between t i r e marks 
sha l l be leveled of f to f a c i l i t a t e compaction and to permit complete 
area coverage by the t i r e s . Al l local depressions which interfere with 
the r o l l i n g operations shal l be backfi l led with selected granular bor­
row. The amount of b a c k f i l l to be used for these operations shal l be 
kept to the minimum required to permit easier ro l l ing operations. When 
the condition of the foundation i s satisfactory for normal ro l l ing , the 
speed of the ro l ler shall be not less than 2-1/2 mi. per hr. 

Payment - The quantity to be paid for under this item shal l be the num­
ber of hours of r o l l i n g performed by the spec ia l ro l l ing equipment. 
No payment wi l l be made for idle equipment due to repairs, bad weather, 
wet subgrade, or for any other reason. 

The time of r o l l i n g shal l be recorded to the nearest minute by the 
contractor. This time shall be checked daily by the engineer. 

The unit price bid for this item shall include the cost of furnishing 
a l l labor, materials, fuel , equipment, and repairs necessary to complete 
the work, except the selected granular borrow used during these ro l l ing 
operations wi l l be paid for under i t s respective item. 
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SOME COMMENTS ON E A R T H COMPACTION 

D. P. Krynine, { d i v e r s i t y of California 

SYNOPSIS 

Compaction terminology i s examined and revisions proposed. Examples 
of how to make a choice between the dry and the wet side of the optimum 
moisture content are given. The commonly used concept of the moisture 
content "by dry weight" i s discussed with the conclusion that the use 
of this concept does not always indicate the moisture d i s tr ibut ion in 
a subgrade. A B r i t i s h paper on experimental compaction i s analyzed 
and the results of the analysis are i l lus trated graphically. 

This paper sunmarizes views o f the v / r i t e r 
on var ious aspects o f compaction and does 
not represent the r e s u l t s o f a systematic 
study o f t h i s subject . 

There i s a tendency to c a l l a l l r o l l e r s 
c o n s i s t i n g o f a drum w i t h p r o t r u d i n g f e e t 
"sheepsfoot r o l l e r s . " The term "tamping 
r o l l e r " i s a l s o used and i s p r e f e r a b l e . 
There are v a r i o u s types o f f e e t used on 
tamping r o l l e r s ; the sheepsfoot being on ly 
one t y p e . F i g u r e 1 shows f o u r types o f 
r o l l e r f ee t . The cross sect ion o f a tapered 
f o o t ( F i g . l a ) may be o f three d i f f e r e n t 
shapes (round, rec tangular , square). I n a 
v a r i a t i o n o f the tapered f o o t one face may 
coincide w i t h the r a d i a l plane o f the drum. 
I . e . , be v e r t i c a l i n the utmost lower po­
s i t i o n . The area o f the cross sec t ion o f 
a tapered f o o t i s v a r i a b l e , whereas a peg-
f o o t has a constant rectangular cross sec­
t i o n ( F i g . l b ) . Poth the c l u b f o o t and 
sheepsfoot (F igs . Ic and Id ) have the tam­
i n g face l a rge r than the cross sec t ion o f 
the shank. The term "shank" i s used t o 
designate t h a t p o r t i o n o f the f o o t o the r 
than the tamping face. 

OPTIMUM MOISTURE CONTENT 

Any h o r i z o n t a l l i n e below the p o i n t o f 
the optimum moisture content o f a moisture-
dens i ty curve i n t e r s e c t s the l a t t e r a t two 

p o i n t s ; one i s l o c a t e d "on the d ry s i d e " 
and the o t h e r "on the wet s i d e " o f the 
optimum ( F i g . 2 ) . Though i n a general case 
I t i s d i f f i c u l t t o choose which mois tu re 
content to use i n the f i e l d , i n p a r t i c u l a r 
cases the answer i s c lear enough. The f o l ­
l o w i n g three examples are taken f rom the 
p r a c t i c e o f the C a l i f o r n i a D i v i s i o n o f 
Highways ( 1 ) . I n t h i s p a r t i c u l a r case the 
impact method o f compaction was used, which 
u s u a l l y r e s u l t s i n h i g h e r d e n s i t i e s and 
hence lower optimum moisture contents than 
the AASHO method,T-99-38 ( 2 ) . 

I n the c o n s t r u c t i o n o f a freeway near 
Sacramento, C a l i f o r n i a , very wet sand ex­
cavated i i . the borrow p i t was compacted i n 
hot weather i n a s i n g l e l i f t 16 i n . t h i c k 
us ing small pneumatic t i r e d r o l l e r s . Plac­
i n g and compacting the m a t e r i a l i n 4 - i n . 
l i f t s as r e q u i r e d by the s p e c i f i c a t i o n s , 
proved t o be i m p o s s i b l e because the ma­
t e r i a l was d r y i n g o u t v e r y r a p i d l y and 
was g r a d u a l l y transformed i n t o a mass o f 
loose sand. The w r i t e r bel ieves tha t t h i s 
example ind ica t e s t ha t i t i s convenient to 
work on the wet s ide o f the optimum when 
compacting clean, cohesionless sand i n hot 
weather. 

On a p r o j e c t i n Santa Barbara County 
brown, sandy c lay was compacted by a heavy 
tamping r o l l e r and pneumat ic- t i red wobble-
wheel r o l l e r a t a rate o f 230 cu.yd.per hr . 
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Figure 1. Sketches of Tamping-Roller Feet. (not to scale) 

The m o i s t u r e c o n t e n t was 16 p e r c e n t , as 
compared w i t h the labora tory optimum o f 13 
pe rcen t . The r e l a t i v e d e n s i t y o b t a i n e d 
was 90 percent . Previous attempts to use 
l i g h t e r tamping r o l l e r s f a i l e d but removal 
o f the m a t e r i a l and i t s recompaction w i t h 
heavier r o l l e r s gave s a t i s f a c t o r y r e s u l t s . 
The w r i t e r be l ieves t h a t t h i s example may 
be considered as evidence , perhaps to be 
checked and completed, i n f avo r o f u s ing 
heavy tamping equipment and working on the 
wet side o f the l abora to ry optimum, i n the 
case o f sandy clays or sandy loams. 

Ejnbankments i n southern C a l i f o r n i a up to 
75 f t . high cons i s t ing mostly o f decomposed 
g r an i t e , were compacted at a moisture con­
ten t o f 8 percent, as compared t o the l ab ­
o ra to ry optimum o f 11 percent. A r e l a t i v e 
dens i ty o f 93 percent was obtained us ing a 
s i n g l e - a x l e two-wheeled p n e u m a t i c - t i r e d 
compactor w i t h the t i r e i n f l a t i o n o f 90 
p s i . Tile mater ia l was not extremely c r i t i ­

cal to water content i n the same way as the 
o l d - f a s h i o n e d w a t e r macadam. A l l such 
mater ia ls apparently can be compacted using 
the moisture content on the dry side o f the 
optimum. 

When a very h i g h embankment i s b u i l t , 
gradual a d d i t i o n o'f f i l l mater ia l may pro­
duce a compactive e f f o r t greater than the 
equipment. I n such a case, the a i r from 
the lower l aye r s o f the embankment cannot 
r e a d i l y escape. I t w i l l t h e r e f o r e , stand 
under h i g h pressure and be g r a d u a l l y ab­
sorbed by the mois ture . I n f a c t , Henry 's 
law states tha t f o r a given temperature the 
amount o f gas which a l i q u i d w i l l absorb 
i s d i r e c t l y p r o p o r t i o n a l to the pressure 
o f the gas. To avoid sa tura ted c o n d i t i o n 
as caused by t h a t abso rp t ion , lower l i f t s 
o f a h igh embankment should be b u i l t w i t h 
enough a i r i n them to s tand the pressure 
( 3 ) . T h i s may i n v o l v e work "on the d ry 
s i d e " o f the optimum m o i s t u r e c o n t e n t . 
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WATER BECUIRED FOR COMPACTED S O I L 

The common method o f e x p r e s s i n g the 
mois ture content i n percent o f dry weight 
does n o t a lways g i v e a t r u e p i c t u r e o f 
m o i s t u r e d i s t r i b u t i o n i n an e a r t h mass, 
p a r t i c u l a r l y i n a subgrade. Figures 3 and 
4 show mois ture d i s t r i b u t i o n i n the sub-
grades o f two a c t u a l C a l i f o r n i a highways 
( 4 ) . I n each o f these cases, moisture con­
t e n t has been measured a t the bot tom o f 
the f o u r 6 - i n . l a y e r s , the mo i s tu re con­
t e n t by dry weight i n c r e a s i n g downward i n 
the case o f Figure 3 and be ing e r r a t i c i n 
the case o f F i g u r e 4. Judg ing f rom the 
m o i s t u r e c o n t e n t by d r y w e i g h t i n both 
cases , the second 6 - i n . l a y e r c o u n t i n g 
from the top i s we t t e r than the uppermost 
l a y e r . I n r e a l i t y , t h i s i s no t the case 
since the amount o f water per cu . f t . o f 
e a r t h m a t e r i a l i s p r a c t i c a l l y the same i n 
both the f i r s t and second l a y e r , coun t ing 
f r o m the t o p . I n f a c t , t h i s amount as 
expressed i n l b . per cu . f t . i s : i n the 
case o f Figure 3 

f i r s t l ayer 105.0x0.185=19.6 l b . p e r c u . f t . 
second layer 91.0x0.218=19.8 Ih .pe r cu. f t . 

i n the case o f Figure 4 

f i r s t layer 104.0x0.101=10.5 l b . p e r c u . f t . 
second layer 97.2x0.114=10.1 Ib .pe r c u . f t . 

125, 
o 

\I05 

lOO 

\ \ 
optimumXr nc 

dry^ ~,ide/D W\ \ wet side dry^ 
\Modified AASHO 

AASHO 

ID \-T99- 38 38 

Moisture Content Percent by Dry Weight 

Figure 2. Moisture-Density Curves 

Again, the optimum moisture content has 
d i f f e r e n t va lues f o r d i f f e r e n t k i n d s o f 
compactive e f f o r t . "Die expression used by 
the w r i t e r h e r e a f t e r " r e q u i r e d we igh t o f 
water i n Ib .per c u . f t . " i s a convenient ab­

b r e v i a t i o n o f the e x p r e s s i o n ' V e i g h t o f 
water i n l b . requi red t o produce one c u . f t . 
o f ear th mater ia l compacted to maximum den­
s i t y a t t a i n a b l e w i t h a s p e c i f i e d com­
p a c t i v e e f f o r t . " H i i s we igh t i s the sum 
o f the weights o f water t h a t the m a t e r i a l 
c o n t a i n e d b e f o r e compac t ion p l u s w a t e r 
added d u r i n g compaction l e s s , o f course, 
possible losses d u r i n g the process o f com­
pact ion. 

ANALYSIS OF PAPER ON COMPACTION 

I n t h i s paper ( 5 ) , among other t h i n g s , 
a table i s given showing the r e su l t s o f the 
experiments on compaction us ing three l ab ­
o r a t o r y methods, s i x f i e l d compactive e f ­
f o r t s and f i v e d i f f e r e n t s o i l s . "Die w r i t e r 
analysed these r e s u l t s and represented the 
r e s u l t s o f t h i s a n a l y s i s i n the f o r m o f 
d i ag rams ( F i g s . 6 , 7 , 8 , and 9 ) . The 
labora tory methods and the f i e l d compaction 
e f f o r t s are numbered 1 t o 9. 

The labora tory methods o f compaction are: 
1. The B r i t i s h standard compaction t e s t , 

which i s p r a c t i c a l l y i d e n t i c a l to the AASD 
method, T-99-38; 

2. Modi f ied AASHO tes t ; 
3. D i e t e r t t e s t (6) used i n England and 

p r a c t i c a l l y i d e n t i c a l to a t e s t used i n the 
American ceramic indus t ry . 

The f i e l d compactive e f f o r t s were f u r ­
nished by: 

4. 2 3/4- ton smooth-wheel r o l l e r 
5. 8-ton smooth-wheel r o l l e r 
6. R i e u m a t i c - t i r e d r o l l e r ( t i r e pressure 

36 l b . per sq. i n . ) 
7. C lub foo t tamping r o l l e r ( f o o t pres­

sure 115 l b . per sq. i n . ) 
8. Tapered f o o t tamping r o l l e r ( f o o t 

pressure 250 l b . per sq. i n . ) 
9. 1/2-ton " f r o g rammer." I n the ab­

sence o f more d e t a i l e d i n f o r m a t i o n on t h i s 
type o f compactive e f f o r t the w r i t e r be­
l i e v e s t h a t i t i s s i m i l a r to the dev ice 
l o c a l l y known i n America as Leaping Lena. 

Ihe s o i l s used i n the i nves t i ga t i ons are 
arranged he rea f t e r i n the order o f the i n ­
creasing average gra in size that may r e a d i l y 
be found from the g r a i n - s i z e d i s t r i b u t i o n 
diagrams. Figure 5. For the sake o f b r e v i t y 
t h i s o rder i s termed h e r e a f t e r "order o f 
increas ing grain s ize . " The opposite would 
be "order o f decreasing g r a i n s i z e . " T^ie 
s o i l s are designated by the symbols o f the 
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Figure 3. Amount of Water in 1 cu ft of Compacted Soil, (adobe), on a California Highway 
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Figure 4. Amount of Water in 1 cu ft. of Compc icted Sandy S i l t on a Gal 1 forma Highway 

A-C c l a s s i f i c a t i o n (now replaced by another. MATERIAL LL PL PI 
a l so temporary s o i l c l a s s i f i c a t i o n ) , as 
f o l l o w s : heavy c l a y CH; s i l t y c l a y ( X ; CH 75 28 47 
sandy c l a y ML; sand SW; g rave l - sand -c l ay CL 43 24 19 
m i x t u r e GW. Thus the average g r a i n s ize ML 27 19 8 
increases gradual ly from the CH s o i l to the 
GW ma te r i a l . 

The f o l l o w i n g t ab le gives the values o f 
the A t t e r b e r g l i m i t s o f these s o i l s , the 
SW and GW m a t e r i a l s be ing n o n - p l a s t i c or 
p r a c t i c a l l y non-p las t i c . 

Figure 6 i l l u s t r a t e s the maximum dens i t i e s 
tha t could he a t ta ined using d i f f e r e n t com­
pac t ive e f f o r t s on the experimental s o i l s 
can be subd iv ided i n t o two groups: ( a ) 
g rave l GW and sand SW; and (b ) c l a y s ML, 
CL, CH. The s o i l s o f group (a ) a t t a i n e d 
100 or more percent o f the maximum dens i ty 
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Figure 6. Maximum Densities for Different 
Compactive Efforts . 

as i n d i c a t e d by the m o d i f i e d AASHO t e s t 
whereas the c lays o f group (b ) cou ld no t 
a t t a i n t h i s dens i ty though a t t a ined values 
were h i g h ( f r o m 94 t o 97 p e r c e n t ) . I t 
should be borne i n mind, however, t h a t i n 
t h i s case experimental compaction w i t h a l l 
possible precautions i s dea l t w i t h , and i n 
a general case such high dens i t i es possibly 

Figure 7. Total Unit Weight of Compacted 
Material at Maximum Density 

cannot be a t t a i n e d i n c o n s t r u c t i o n oper­
a t i o n s . For group ( a ) , i . e . , f o r g rave l 
and sand, the maximum dens i t y values were 
f u r n i s h e d by heavy smooth-wheel r o l l e r 
( compac t i ve e f f o r t 5) whereas the c o r ­
responding values f o r c l a y were a t t a i n e d 
us ing tamping r o l l e r s (compactive e f f o r t s 
7 and 8 ) . Apparent ly heavy, smooth-wheel 
r o l l e r s produce v i b r a t i o n s and wavy ac t ion 
to which sands and gravel are s e n s i t i v e . 
T h i s i s n o t the case o f cohesive s o i l s , 
however, t ha t r equ i re c o n s o l i d a t i n g ac t ion 



o f the r o l l e r and r e a d j u s t m e n t o f f l a t 
p a r t i c l e s f o r which purpose tamping r o l l e r s 
are more convenient than other types. Tlie 
w r i t e r b e l i e v e s t h a t a d e t a i l e d research 
t end ing t o e x p l a i n the mechanism o f e a r t h 
compaction by var ious types o f compactive 
e f f o r t s i s h i g h l y d e s i r a b l e . A g a i n , i t 
s h o u l d be n o t i c e d t h a t i f heavy modern 
models o f pneumatic r o l l e r s were used i n 
the B r i t i s h research under c o n s i d e r a t i o n 
(5) the r e s u l t s might have been d i f f e r e n t . 

As t o the performance o f va r ious types 
o f r o l l e r f e e t very l i t t l e d i f f e r e n c e be­
tween c lubfee t (compact ive e f f o r t 7) and 
t a p e r e d f e e t ( compac t ive e f f o r t 8) was 
observed. 

An examinat ion o f F igure 6 shows t h a t 
the maximum d e n s i t i e s t h a t cou ld be a t ­
tained decrease sys temat ical ly i n the order 
o f decreasing g ra in s ize . The maximum den­
s i t y a t ta ined i n the case o f the GW-material 
was 138 l b . per cu. f t . whereas the maximum 
dens i t y f o r heavy c l a y (CH) was 95 l b . per 
cu. f t . on ly , a range o f 43 l b . per cu. f t . 

25-

Modified AASHO 

Figure 8. Amount of Water Required to Pro­
duce I c u . f t . of Compacted Soil by Different 
Laboratory Methods: (1) B. S. Compaction, 

(2) Modified AASHO, (3) Dietert. 

The bearing value o f a subgrade or an 
embankment i s p r o p o r t i o n a l or p r a c t i c a l l y 
p r o p o r t i o n a l t o the u n i t w e i g h t o f the 
ea r th m a t e r i a l , i . e . , to the dens i t y plus 
the water content i n l b . per cu . f t . For 
the given se r ies o f experiments the t o t a l 
u n i t weights a t maximum d e n s i t y f o r d i f ­
f e r e n t s o i l s and d i f f e r e n t compactive e f ­
f o r t s are p l o t t e d i n Figure 7. The curves 
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i n Figures ( and 7 are i n general o f s i m i ­
l a r shape; :he s u b d i v i s i o n o f a l l e x p e r i ­
mental s o i l s i n t o two groups h o l d i n g i n 
bo th cases A g a i n , s o i l s o f group ( a ) 
c o u l d a t t a i n 100 o r more p e r c e n t o f the 
t o t a l u n i t » s i g h t indica ted by the modif ied 
AA910 me tho j , whereas c l ays o f group (b) 
could no t do i t , though a h igh percentage 
(95 to 96 p « r c e n t ) o f the l abora to ry t o t a l 
u n i t we igh t was a t hand. The compactive 
e f f o r t s p roduc ing the maximum d e n s i t i e s 
( F i g . 6) we 'e a lso ope ra t ive i n a t t a i n i n g 
maximum u n i ; weights o f the compacted ma­
t e r i a l s ( F i f. 7 ) . The t o t a l u n i t weights 
o f compactec mater ia ls decreased systemati­
c a l l y from CA'-material (148 l b . per cu. f t . ) 
t o heavy Q - c l a y (115 l b . per cu . f t . ) . 
The smal le r range (33 l b . per cu . f t . as 
compared w i ( h 43 l b . per cu. f t . i n Figure 

6) i s expla ined by a l a r g e r water content 

duce 1 cu . f t 
Figure 9. Aolount of Water Required to Pro­

of Compacted Soil by Different 
GW Field Compadtive Ef for t s : (4) 2 3/4-ton 

Smooth-wheel r o l l e r , {5) 8-ton smooth-wheel 
r o l l e r , (6) pneumatic-tired r o l l e r , (7) 
club-foot timping r o l l e r , (8) tapered-foot 

tamping r o l l e r , (9) frog rammer 

a t sma l l e r d e n s i t i e s as may be seen from 
Figure 2 . 

The requi red weight o f water i n l b . per 
cu . f t . i s shown i n Figure 8 f o r the l a b ­
ora tory tes ts and i n Figure 9 f o r f i e l d com­
pact ion work. I t should be again r eca l l ed , 
t h a t the B.S. compaction method i s prac­
t i c a l l y i d e n t i c a l t o the AASHO T-99-38 t es t 
method. The r equ i r ed weight o f water was 
t he l a r g e s t f o r heavy CH-c lays and the 
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smallest f o r the GW-material and decreased 
s y s t e m a t i c a l l y i n the order o f i n c r e a s i n g 
g r a m s i z e . I t may be seen from Figure 9 
t h a t the pneumat i c - t i r ed r o l l e r s (compac­
t i v e e f f o r t 6) r e q u i r e d more wate r than 
other compactive e f f o r t s f o r a l l s o i l s w i t h 
exception o f the GV-mater ia l . Ihe tamping 
r o l l e r s (compactive e f f o r t s 7 and 8) r e ­
quired less water than any other compaction 
methods f o r a l l experimental s o i l s the d i f ­
ference between the compactive e f f o r t s 7 
and 8 being smal l . 

I n t h i s i n v e s t i g a t i o n ( 5 ) the l i f t 
thickness (before compaction) was o f 9 i n . 
Dry densi ty was the average dry dens i ty o f 
the upper 6 m . g e n e r a l l y and o n l y 4 i n . 
f o r the tamping r o l l e r s . 
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