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Full-Scale Compaction Studies at the British 
Road Research Laboratory 

W. A. Lewis, Road Research Laboratory, Department of Scientific and Industrial Re­
search, Harmondsworth, England 

Since 1945 the Road Research Laboratory has been carrying 
out a program of research on soil compaction, in which 
studies have been made, under controlled conditions, of 
most types of compaction plant available to the engineer in 
the British Isles. The object of this work has been to pro­
vide data to enable the engineer to select the most suitable 
type of plant for soil compaction work. As all the tests have 
been made on the same range of soils using the same test 
techniques, i t has been possible to make a direct compari­
son between the performances of the various types of plant. 
The results of many of these tests have already been pub­
lished (1, 2). 

Apart from full-scale tests on existing plant, studies, 
more fundamental in their nature, have also been made of 
a number of aspects of soil compaction. This work has in­
cluded a detailed investigation of impact compaction by 
rammers (3) and of the effect of wheel load and tire-infla­
tion pressure on the performance of pneumatic-tired rollers 
(i)-

The object of this paper is to give a brief outline of the 
test installation and techniques employed at the Road Re-

^ search Laboratory in carrying out the full-scale com­
paction tests and to give a summary of the main results ob­
tained in the investigations. 

TEST INSTALLATION AND SOILS USED 
#THE EARLIER investigations of the performance of soil compaction plant were car­
ried out on a circular test track containing five test soils in bays 2 f t deep, 11 f t 6 in. 
wide and about 45 f t long (1) (Fig. 1). Plant that was not self-propelled was towed by 
an electric lorry operated by remote control and running on the concrete walls of the 
soil bays. In this way it was possible to study the performance of the roller under test 
without introducing any compacting effect of the towing machine. 

Although this circular test track was very satisfactory for relatively small types of 
plant, it was not suitable for testing the large types of compaction equipment, such as 
the 20- to 50-ton pneumatic-tired rollers, now being used in earthwork construction. 
These heavier rollers require a greater draw-bar pull than could be provided by the 
electrically operated towing lorry of the circular test track and, in addition, there was 
insufficient headroom below the roof for the large rollers. It was also considered that 
the 2-ft depth of test soil was insufficient for these large rollers in particular. 

In view of these and other limitations of the circular track, such as the difficulties 
introduced in operating machines on a circular path, a special building was constructed 
in 1954 for carrying out full-scale compaction tests on the largest types of compaction 
machines (Figs. 2 and 3). This building is approximately 100 f t long and 90 f t wide 
and provides 16 f t of headroom beneath the roof trusses. The building contains five 
soil bays, each 35 f t long, 15 f t wide and 3 f t deep. The floor of the bays was left as 
the natural foundation soil (sandy clay) as this was likely to have elastic properties 
similar to those of the compacted test soils; the conditions would therefore approximate 
more closely to those found in the field than if a concrete floor to the bays had been 
employed. 

1 
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Figure 1. Plan and cross-section of earlier circular track used for full-scale conipac-
tl(m tests. 



The five soils used in the bays are a 
heavy clay, a sandy clay, a well-graded 
sand, a uniformly graded fine sand, and a 
gravel-sand-clay. These soils are repre­
sentative of a wide range of the soils found 
in Great Britain. The four main soils 
(heavy clay, sandy clay, well-graded sand 
and gravel-sand-clay) are almost identical 
to the corresponding soils of the earlier 
circular test track but the uniformly graded 
fine sand is an entirely new soil that was 
introduced to provide some experience with 
a difficult material; so far only a few ma­
chines have been tested on it. The new 
building also has two bays containing gran­
ular road-b;ise materials (wet-mix graded 
limestone and wet-mix graded slag) to ob­
tain the performance of plant in the com­
paction of these types of materials. 

Details of the particle-size distributions 
and plasticity properties of the test soils used in the investigations are given in Figure 
4 . 

F i g u r e 2 . S p e c i a l b u i l d i n g a t the Road 
Research Laboratory f o r c a r r y i n g out f u l l -

s c a l e t e s t s w i t h the compaction p l a n t . 

FACTORS STUDIED 
The three main relations determined in the investigations were: 

1. Relation between the moisture content of the soil and the state of compaction (dry 
density) produced. 

2. Relation between the number of passes of the plant and the state of compaction 
produced. 

3. Variation in the state of compaction with depth below the surface of the com­
pacted layer. 

The relation between the moisture content of the soil and the state of compaction 
obtained is a function of the energy provided per unit volume of soil and is therefore 
dependent on the thickness of layer and the number of passes of the compacting ma­
chine employed. In determining this relation, the thickness of layer used was the max­
imum that still enabled satisfactory states of compaction to be obtained in the lower 
portions of the layer. A sufficient number of passes of the plant is provided such that 
the soil is compacted to a condition where no significant increase in the state of com­
paction can be produced by further passes of the compaction plant. Thus the relations 
between the moisture content of the soil and the state of compaction obtained in the in­
vestigations correspond to the best performance likely with the machine. 

In the determining relations between the number of passes of the plant and the 
state of compaction produced, the same thickness of layer is employed as in the study 
of the effect of moisture content. Although the moisture content of the soil has an effect 
on the relation between the number of passes and the state of compaction, it is imprac­
ticable to determine this relation for a range of moisture contents for each soil owing 
to the amount of work involved. In general, therefore, this study is only carried out 
at one moisture content—usually the optimum moisture content obtained in the previous 
investigation with the particular machine under test. 

The investigations of the variations in the state of compaction with depth below the 
surface of the layer are carried out with somewhat thicker layers than those employed 
in determining the previous two relations. This is done to give a clearer picture of the 
variations in the state of compaction with depth and an indication of the maximum thick­
ness of layer that can be employed in practice. The relation is determined for the con­
dition of the soils compacted to refusal at approximately the optimum moisture contents 
for compaction by the plant. 
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TEST PROCEDURE 

Preliminary Work 
Before the main investigations are carried out, a few preliminary tests are made 

to provide an indication of the thickness of loose layer to be employed in the studies of 
the relations between the dry density and the moisture content and between the dry den­
sity and the number of passes. In most of the tests, loose layers at 9 in. or 12 in. 
have been employed. 

Dry Density and Moisture Content 
To determine the effect of moisture content on the dry density of soil when fully com­

pacted by the plant, loose layers of the test soils of appropriate thickness for the par­
ticular machine are brought to a suitable low moisture content by aeration using a rotary 
cultivator. A small amount of water is then added to the soil followed by further mixing 
by the rotary cultivator to give a uniform loose tilth which represents a state of minimum 
compaction. This layer is then compacted by a sufficient number of passes of the plant 
to insure that little further compaction can be obtained (generally 32 passes with rollers 
and 16 passes with vibrating plate compactors). The dry density of the top 6 in. of 
compacted soil is then determined by the sand-replacement method (5), ten measure­
ments of dry density being made to obtain an accurate mean value. 

The compacted soil is then broken up and its moisture content increased by 1 to 2 
percent by spraying. After further mixing, the procedure outlined above is repeated. 
In this way the relation between the dry density and the moisture content is built up for 
the test soils for the plant under test. As in the standard laboratory compaction test 
(5, 6,), it is essential to start with the test soil at a low moisture content and to in­
crease the moisture content in stages as otherwise considerable scatter could be intro­
duced in the resalts owing to the small but significant difference in the moisture pro­
perties of the soil ;n the wetting and drying conditions. After making the dry density 
measurements with the sand-replacement apparatus, the sand used in the density holes 
is removed by a powerful vacuum cleaner. This not only saves considerable time but 
results in virtually the complete removal of the sand which otherwise would tend to 
produce over a period of time some contamination of the test soils. 
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Dry Density and Number of Passes of the Plant 
A loose layer of the test soil of appropriate thickness for the plant under test is pre­

pared at the desired moisture content (generally the optimum moisture content obtained 
in the previous test). The layer is then compacted by one or two passes of the plant 
and the state of compaction is determined as outlined previously. After breaking the 
soil up, a fresh loose layer is prepared, the moisture content is kept constant by the 
addition of a small amount of water i f required. The procedure is repeated with a 
progressively increasing number of passes of the plant and in this way the complete 
relations are obtained. 

Dry Density and Depth in the Compacted Soil 
Loose layers of the test soils about 20 in. thick are prepared at approximately the 

optimum moisture content for compaction by the machine under test and are then com­
pacted to refusal. The state of compaction of each 2 to 3 in. in depth in the compacted 
layer is then determined, ten measurements of dry density being made at each level. 
After the dry density measurements at each depth are completed, 2 to 3 in. of soil is 
carefully removed to expose a fresh surface. 

RESULTS OF FULL-SCALE COMPACTION TESTS 
The results of the full-scale tests on the plant listed in Table 1 represent a consider­

able amount of data and it is impracticable to give more than a brief summary of the 
results. 

T A B L E 1 

DETAILS OF T H E COMPACTION PLANT 

Pneumatic- tired roUers 12-ton 20-ton 45-ton 
Total laden weight (lb) 26, 880 44, 800 100, 800 
Total rolling width (in.) 82 84 93 
Number of wheels ) (4 front, 5 rear) 9 (4 front, 5 rear) 4 
Average weight per wheel (lb) 2,990 4,980 25, 200 
Tlre-inllatlon pressure (Ib/sq in.) 36 80 140 

Smooth-wheeled rollers 2V<-ton 8-ton 
Total laden weight (lb) 6,160 19, 010 
Total rolling width (in.) 51 70 
Diameter and width, front rolls (in.) 34 X 34 4 2 x 4 2 
Diameter and width, rear rolls (in.) 36x16 54x 18 
Weight/m. width, front rolls (lb/in.) 80 186 
Weight/in. width, rear rolls (lb/in.) 142 311 

Sheepstoot rollers Club-foot Taper-foot 
Total laden weight (lb) 11,010 10,080 
Size of feet (in.) 4 x 3 2.2 X 2.2 
Foot pressure (Ib/sq in.) 115 249 
Length of feet (in.) 7.0 7.7 

Rammers Frog Power 
Total weight (lb) 1,350 250 
Diameter of base (in.) 29 9.5 
Approximate height of Jump (in.) 12 12 

Vibrating smooth-wheeled rollers 4-cwt e'A-cwt 2'/,-ton 3V<-ton 
Total weight (lb) 480 760 5,400 8,620 
Diameter and width of vibrating roll (in.) 21 X 24 22'/. X 28 30 X 32 48 X 72 
Static weight/in. width (lb/in.) 20 27 68 119 
Approximate frequency of vibration (cycles/sec) 4,500 4, 500 5, 000 2, 300 

vibrating plate compactors 4-cwt 13-cwt 14-cwt iVl-ton 2-ton 
Total weight (Lb) 53 1,480 1,570 3,350 4,480 
Approximate area of plate (sq in.) 280 660 570 970 1,700 
Width of plate (in.) 15 24 24 30 34 
Approximate frequency of vibration (cycles/sec) 1,800 1,200 1,500 1,100 1,050 

Trade-laying tractors 40-hp 80-hp 
Total weight (U>) 12,840 24,160 
Width of track (in.) IS 20 
Distance between tracks, center to center (in.) 52 72 
Average pressure of tracKb (Ib/sq in.) 7.3 7.2 



T A B L E 2 

M A X I M U M D R Y D E N S I T I E S A N D O P T I M U M M O I S T U R E C O N T E N T S I N L A B O R A T O R Y A N D F U L L - S C A L E T E S T S 

Soil Type Heavy Clay Sandy Clay Well- Graded Sand Gravel- Sand-Clay 

Casagrande ClaBslfication CH C L SW GW 

Avg. Moisture Range for Soils, % 22 - 27 16 - 21 7 - 1 1 5 - 9 

Maximum Optimum Maximum Optimum Maximum Optimum Maximum Optimum 
Dry Moisture Dry Moistare Dry Moisture Dry Moisture 

Density Content Density Content Density Content Density Content 
(Ib/cu ft) (%) (Ib/cu ft) (%) (Ib/cu ft) (W (Ib/cu ft) {%) 

British Std. compaction test 99 24 109 16 121 11 129 9 
Mod. AASHO compaction test 116 16 126 12 130 9 

11 
138 7 

Dietrert compaction test 102 23 111 15 109 
9 

11 " ~ 

12-ton pneumatic-tired roller 101 23 111 18 127 10 132 8 
20-ton pneumatic-tired roller 106 21 117 15 128 9 139 6 
45-ton pneumatic-tired roller 111 19 120 14 131 9 139 6 
2'/«-ton smooth-wheeled roller 96 21 112 17 131 9 137 7 
8-tan smooth-wheeled roller 104 20 116 15 132 9 138 7 
5-ton club-foot sheepsfoot roller 107 16 118 12 - - 130 6 
4*/i-ton taper-foot sheepsfoot roller 107 15 118 13 - - 128 5 
2-cwt power rammer 110 18 119 11 129 8 137 6 

12-cwt frog rammer 106 17 113 14 128 10 136 7 
4-cwt vibrating roller - - - - 124 11 123 8 
6y«-cwt vibrating roller 92 28 100 16 127 9 132 8 
27i-ton vibratmg roller 96 21 - - 133 7 139 6 
3 /<-ton vibrating roller 106 21 119 14 137 7 145 6 
4-cwt vibratmg plate compactor - - - - 128 10 127 9 
13-cwt vibratmg plate compactor 103 21 116 15 135 8 141 6 
14-cwt vibrating plate compactor 87 20 114 16 130 9 137 7 
I'/r-ton vibrating plate compactor - - - - 129 9 135 8 
2-ton vibrating plate compactor 98 17 - - 128 9 

10 
137 7 

40-hp track-laymg tractor 96 22 - - 128 
9 

10 128 8 
80-hp track-laymg tractor 99 24 - 126 8 

Table 2 gives a comparison of the maximum dry densities and corresponding optimum 
moisture contents for the four main test soils obtained with the various types of com­
paction equipment. The results of standard laboratory compaction test (5, 7, 8) have 
also been included together with an estimate of the average 'equilibrium' or natural 
moisture content range for the soils in the field for Great Britain. 

Although in a few cases there was reasonable agreement between the results obtain­
ed with a laboratory compaction test and those obtained with the plant, in general the 
laboratory compaction tests gave only a poor indication of the maximum dry densities 
and corresponding optimum moisture contents likely to be obtained with the plant. In 
any case, the view heid at the Road Research Laboratory is that the soil should be com­
pacted in the field close to its equilibrium or natural moisture content rather than at 
an optimum moisture content obtained in some arbitrary laboratory compaction test. 
For mass earthworks it is considered that the state of compaction to be achieved in the 
field with well-graded granular and cohesive soils should be not less than that corres­
ponding to an air void content of 10 percent; that is, to a dry density of at least 90 per­
cent of the saturation dry density. 

Table 3 was prepared using the results obtained from the investigations of the rela­
tions between the number of passes of the plant and the state of compaction and from 
the measurements of the variations in the state of compaction with depth. Table 3 shows 
the possible outputs of the various items of plant tested in compacting soil to a state of 
compaction corresponding to 10 percent of air voids at the average natural moisture 
contents. The results obtained on the test soils have been averaged. It must be re -
membered, however, as indicated in Table 2, that not all the machines operated satis­
factorily on all the soils. It has been assumed in the calculations of output that the 
machines are in operation for 50 min in each hour; no allowance has been made for the 
time spent in turning machines around, nor for delays due to bad weather. The figures 
for the cost of operation of the plant are based on average 1958 hire rates for the ma­
chines and include an estimate of the operators' wages and the cost of fuel. No allowance 
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has been made for the cost of transporting plant to and from the site. The operating 
costs for the pneumatic-tired rollers include the cost of a track-laying tractor of ap­
propriate size for the roller. Because of the limited use of sheepsfoot rollers in 
Britain, they have been omitted from Table 3. 

Table 3 shows that for mass earthworks the most economical items of plant are 
likely to be heavy smooth-wheeled rollers or pneumatic-tired rollers. Although the 
output of pneumatic-tired rollers increases with size and loading, the cost of operation 
also increases because the higher cost of the roller and the necessity of having to em­
ploy a more powerful tractor for towing the roller. The resulting cost per cubic yard 
of compacted soil is not very different for the various sizes of pneumatic-tired roller, 
with only a slight tendency for the heavier rollers to be more economic. It seems ap­
parent, therefore, that the use of very large sizes of pneumatic-tired roller is un­
likely to result in spectacular savings in the cost of compaction of soil in the British 
Isles as compared with those obtainable with the lighter rollers. Thus the selection of 
the size and weight of pneumatic-tired rollers is likely to be based more on site con­
ditions, the availability of plant and the compaction requirements, than on the question 
of the economics of operating the rollers. 

The relative outputs and costs of compacting soil (Table 3) can only be considered 
as a guide since they are based on ideal conditions of working and may be affected by 
many factors. It is desirable, therefore, that on large earthworks a small compaction 
tr ial should be carried out before the construction work to determine the type of plant, 
the optimum thickness of layer, and the number of passes that wi l l give the desired 
state of compaction with the lowest cost per cubic yard of f i l l material. 

FUNDAMENTAL INVESTIGATIONS 
Apart from the investigations of the performance of compaction plant outlined above, 

a number of more fundamental studies have been carried out at the Road Research Lab­
oratory. The object of these studies was to provide data for use by manufacturers in 
the design of Improved compacting machines. The principal investigations carried out 
have been: 

1. A study of some of the factors likely to affect the performance of impact com­
pactors on soil (3). 

2. An Investigation of the effect on the compaction of soil of varying the diameter 

TABLE 3 
ESTIMATED PLANT OUTPUTS IN COMPACTING SOIL' 

Approxunate Hourly Average Output at Plant ^^^^ 
Cost of (derating Number of Area Depth of Output of Cu Yd 

. . ^^^^r5» Compacted of Passes Compacted Compacted Compacted of 
^ J ^ i , ! 3 f l , . W plant, HDUing, He<r-ired per Hour, I^yer, SoU Compacted 

" • " " ^ f . ^ m. f t per mm sq yd m. per Hour, Sou, 
cu yd cents' dollars 

12-tai pneumatic-tired roller 
20-ton pneumatlc-tlred roller 
45-ton ineumatlc-tired roller 
2*A-ton emooth-wheeled roller 
8-tan smooth-wheeled roller 
3- cwt power rammer 
12- cwt frog rammer 
4- cwt Tlbratmg roller 
6%-cwt vibrating roller 
3%-ton vibrating roller 
4-cwt vibrating plate compactor 
13- cwt vibrating plate compactor 
14- cvt vibrating plate compactor 
1%-ton vibrating plate compactor 
2-ton vibrating p^te compactor 
40-hp tnck-laying tractor 
M-ti tracfc-laymg tractor 

6.1 82 200 4 1,900 5 260 2.3 
8.2 84 200 4 1,940 6 320 2.6 

14.3 93 200 3 2,900 10 800 1.8 
2.0 51 180 8 530 5 74 2.7 
2.5 70 180 4 1,500 6 250 1.0 
1.2 0.49* 60* 6» 27 6 4.5 27 
1.8 4.6" 50* 12" 110 12 36 5.0 
0.9 24 SO* 8 42 3 3.5 26 
1.2 28 60 16 49 6 8.2 15 
4.9 72 120 6 670 6 110 4.5 
1.4 15 28 3 65 5 9.0 16 
1.7 24 60 4 170 8 37 4.6 
1.7 24 42 2 230 6 39 4.4 
2.3 30 25 2 170 12 57 4.0 
2.3 34 27 2 210 12 70 3.3 
4.6 30 350 6 810 6 130 3.5 
7.3 40 440 6 1,400 6 230 3.2 

•Compacting soU to 10 percent air voids, the average natural moisture content in the British Isles. 
^The costs (1958 prices) are those for Great Brltam converted into dollars and cents. 
'Area of soU compacted by each blow (sq It). 
'Average number of blows per minute. 
"Number of blows. 
'Band-propelled. 



of a smooth-wheeled roller (9). 
3. An investigation of the effect of wheel 

load and tire-inflation pressure on the 
performance of pneumatic-tired rollers 
in the compaction of soil (4). 

Impact Compaction 
The equipment used in the tests (Fig. 5) 

comprised a special rammer working in 
conjunction with a pile-driving frame sus­
pended from the jib of an excavator. The 
rammer consisted of a frabicated light-alloy 
cage, the weight of which could be adjusted 
from about 1 cwt to about cwt by bolting 
steel plates inside the cage. The area and 
shape of the rammer base could also be 
altered from a minimum size of 1 sq ft to 
a maximum size of 2^/<^ sq ft by bolting on 
to the base of the rammer special steel 
plates. The rammer could be lifted to any 
height up to about 9 ft above the ground and, 
using a quick-release mechanism, it could 
be allowed to drop freely on the surface of 
the soil. 

The results obtained in the investigation 
showed that, for a given size of rammer, 
the state of compaction produced was a 
function of the kinetic energy per unit area 
of the rammer. When the rammer size 
was increased, to obtain the same state of 
compaction the compactive energy per 
unit area of the rammer had also to be in­
creased in proportion to the square root of 
the area of the rammer. The compactive 
energy per blow, within the limits of 4. 5 

ft-lb per sq in. to 8 ft-lb per sq in., had no significant effect on the state of compac­
tion obtained at any moisture content provided the total compactive energy per unit area 
was kept constant. Thus, within the range of maximum compactive energies per blow 
that are likely to be adopted from consideration of practical design, it is only necessary 
to consider the total compactive energy per unit area of rammer. Nevertheless, to 
avoid overstressing during compaction of soils with a low bearing capacity, it would be 
necessary to employ a lower compactive energy per blow than would be possible with 
soils with a high bearing capacity. 

F i g u r e 5. General view of the eqiiipnent 
used i n the i n v e s t i g a t i o n of Impact com­
pac t i o n . The rammer has heen r a i s e d to 
a height of about 5 f t and the operater 
i s about t o t r i p the q u i c k - r e l e a s e me­

chanism. 

Diameter of Smooth-Wheeled Rollers 
One of the factors that might be expected to affect the state of compaction produced 

in soil by smooth-wheeled rollers is the diameter of the rolls. To give an indication of 
the importance of this factor, an investigation was carried out using a special apparatus 
in which rolls of various diameters but constant width could be fitted. The rolls used 
had diameters of 1, 2 and 3 ft, a width of 2 ft, and were loaded to 142 psi width. 

The results obtained showed that there was no significant difference between the 
states of compaction obtained for any given number of passes with the 2- and 3-ft dia­
meter rolls. It was not found possible to operate with the 1-ft diameter roll since the 
soil built up in front of the roll and prevented rotation. The results suggest, therefore, 
that it is unlikely that any significant improvement in the compacting performance of 
smooth-wheeled rollers can be achieved by small alterations in the diameter of the 
rolls. 
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Wheel Load and Tire-Inflation Pressure 
Three sizes of pneumatic-tired roller were employed in the investigations with wheel 

loads ranging from 1.3 tons at a tire-inflation pressure of 36 psi to wheel loads of 10 
tons at a pressure of 140 psi. The investigation included a study of the effect of speed 
of rolling on the state of compaction produced. The following main conclusions were 
drawn: 

1. The contact area and contact pressure under the tires, both of which affect the 
state of compaction, are functions of the wheel load and the inflation pressure. 

2. An increase in the wheel load or in the tire-inflation pressure produces an in­
crease in the maximum dry density with a correspondingly lower optimum moisture 
content. 

3. For the compaction of soils similar to the two clay test soils (Fig. 4), there 
appears to be little point in employing tire-inflation pressures much in excess of 40 
to 50 psi with wheel loads of about 5 tons. 

4. For the compaction of granular soils in the British Isles there appears to be 
some advantage in employing the highest tire-inflation pressures and the heaviest wheel 
load practicable, consistent with avoiding overstressing of the soils. 

5. The magnitudes of the wheel load and tire-inflation pressure had very little in­
fluence on the general shape of the curves relating the number of passes of the roller 
with dry density, very little increase in the state of compaction being obtained after 16 
passes. 

6. In general, about 4 passes of the rollers were necessary to produce states of 
compaction equivalent to an air-void content of 10 percent. 

7. To achieve the greatest output of compacted soil, the highest practicable rolling 
speed should be employed with, if necessary, a slight increase in the number of passes 
to compensate for the slight drop in the state of compaction that might result from em­
ploying the higher speed. 

8. In general, the higher the wheel load and tire-inflation pressure, the higher was 
the state of compaction at any given depth. 

9. The maximum thickness of loose layer that can be employed to achieve a minimum 
acceptable state of compaction equivalent to an air-void content of 10 percent ranges 
between 6 to 9 in. for the lightest combination of wheel load and tire-inflation pressure 
to 14 to 18 in. for the heaviest combination used. 

10. Although the output of the rollers increased with size and loading, the cost of 
operation is also likely to increase at a similar rate and the resulting cost per unit 
volume of compacted soil is not likely to be very different for the various sizes of roller. 

SUMMARY 
The Road Research Laboratory has been carrying out a program of research on soil 

compaction, in which studies have been made under controlled conditions of the per­
formance of most types of compaction plant available in Great Britain. Special instal­
lations have been employed for carrying out the tests; the building contains five soil 
bays, each 15 f t wide and 35 f t long, filled with a 3 f t depth of test soil. The soils, 
which are representative of a wide range of the soils found in Great Britain, are a heavy 
clay, a sandy clay, a well-graded sand, a uniformly graded fine sand, and a gravel-
sand-clay. 

The results of the full-scale tests are summarized and suggest that, for the com­
paction of mass earthworks, pneumatic-tired rollers and heavy smooth-wheeled rollers 
are likely to be the most economical plant. In addition to the tests on compaction ma­
chines, a number of studies of a more fundamental nature have been made; these in­
clude investigations of impact compaction by rammers and of the effect of wheel load 
and tire-inflation pressure on the performance of pneumatic-tired rollers. 

ACKNOWLEDGMENTS 
The work described in this paper was carried out as part of the program of the Road 



11 

Research Board of the Department of Scientific and Industrial Research, United King­
dom. The paper is published by permission of the Director of Road Research. 

REFERENCES 
1. Williams, F.H. P. and MacLean, D . J . , "The Compaction of Soil: A Study of the 

Performance of Plant." Dept. of Scientific and Industrial Research, Road 
Research Technical Paper, No. 17, H. M. Stationery Office, London (1950). 

2. Lewis, W. A . , "Further Studies in the Compaction of Soil and the Performance of 
Compaction Plant." Dept. of Scientific and Industrial Research, Road Re­
search Technical Paper, No. 33, H. M. Stationery Office, London (1954). 

3. Lewis, W. A. , "A Study of Some Factors Likely to Affect the Performance of Im­
pact Compactors on Soil." Proc. 4th Internat. Conf. Soil Mech., No. 2, 
145-50 (1957). 

4. Lewis, W. A . , "Investigation of the Performance of Pneumatic-Tyred Rollers in 
the Compaction of Soil." Dept. of Scientific and Industrial Research, Road 
Research Technical Paper, No. 45, H. M. Stationery Office, London (1959). 

5. "Methods of Test for Soil Classification and Compaction." British Standards Insti­
tution, British Standard 1377:1948, London (1948). 

6. AASHO, Highway Materials: 7th edition, Part n . Standard Method of Test for the 
Compaction and Density of Soils (AASHO designation: T99 - 49), p. 284-6, 
Washington (1955). 

7. Road Research Laboratory, "Soil Mechanics for Road Engineers." H.M. Stationery 
Office, London (1952). 

8. U.S. War Department, Office of the Chief Engineers, Flexible Pavements, Engineer­
ing Manual Part XII . Airfield Pavement Design, Chapter 2, Washington, 
D.C. (1951). 

9. Parsons, A.W. and Smith, P., "An Investigation of the Effect on the Compaction 
of Soil of Varying the Diameter of a Smooth-Wheeled Roller." Department 
of Scientific and Industrial Research, Road Research Note No. RN/2469/A 
WP.PS (Unpublished). 



Proof-Rolling of Subgrades 

W.J, TURNBULL, U.S. Army Engineers, Waterways Experiment Station, Vicksburg, 
Miss.; and CHARLES R. FOSTER, National Bituminous Concrete Association, Vicks­
burg, Miss. 

Proof-rolling of subgrades is being used by state highway 
departments to check the adequacy of normal compaction 
and to correct any deficiencies that may exist. Proof-
rolling is an excellent tool, but there is a growing tendency 
to look on proof-rolling as a panacea that wi l l end all com­
paction problems. This is a false approach, as proof-
rolling wi l l find and correct deficiencies only under certain 
conditions of moisture. This paper shows the cases where 
proof-rolling wil l be effective and those cases where it 
wi l l not. The paper also contains information that can be 
used to establish desirable roller characteristics and the 
amount of rolling that should be used for various conditions. 

• T H E T E R M "PRCX)F-ROLLING" as used in this paper refers to the application of a 
few coverages of a heavy rubber-tired roller on a subgrade or other layer of a subbase 
or base course after the completion of normal compaction. The procedure is used to 
check the adequacy of the normal compaction and to correct any deficiencies that may 
exist. In recent months several states have incorporated proof-rolling requirements 
into their specifications for heavy-duty pavements. Proof-rolling is an excellent tool 
that wil l assist materially in the construction of adequate pavements, but there is a 
growing tendency to look on proof-rolling as a panacea for all compaction problems, 
even to the extent of relaxing on inspection and construction control testing where proof-
rolling is being used. This is an entirely false approach as proof-rolling is not a 
positive cure-all. The primary purpose of this paper is to show where proof-rolling 
wi l l correct compaction deficiencies and where i t wi l l not. Also, the paper contains 
information that can be used to establish desirable roller characteristics and the amount 
of rolling that should be used for various conditions. 

BACKGROUND 
Heavy rubber-tired rollers have been used to compact buried layers since their de­

velopment by Porter (1,) in the period 1943-1944, and he and others have used the very 
heavy rollers to proof-test construction on many airfields. The term proof-rolling 
was introduced into the Corps of Engineers' guide specifications (2) for graded crushed-
aggregate base courses in 1957. The specifications required the application of 30 
coverages with a 50-ton roller after the layer in question had been compacted to 100 
percent of modified AASHO density. The primary purpose of the 30 coverages was to 
boost the density to the range of 103 to 104 percent of modified AASHO that was con­
sidered to be necessary. The application of 30 coverages was not proof-rolling in the 
sense defined in this paper, but the term seemed apt and has been adopted and used 
widely. 

The application of 30 coverages of proof-rolling which was required on the Colum­
bus Air Force Base, Columbus, Miss., as part of the Corps of Engineers' job speci­
fications was thought to be a definite requirement to preclude any occurrence of defic­
iencies from lack of compaction. However, the time between completion of normal 
rolling and the start of proof-rolling was sufficient to permit the base course to dry 
out to such a degree that the 30 coverages did not produce the anticipated density. 
Settlement under the accelerated traffic test (3) produced approximately %- in . densi-
fication within the 10-in. layer of base course. In retrospect, this case is a classic 
example where proof-rolling did not get the intended job done because of probable 
strengthening of the base due to cementation as a result of drying and the inability to 
reintroduce the proper moisture content for compaction. 

12 
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To understand what happened at Columbus and what can happen in other cases, it is 
necessary to have a working knowledge of the interrelationships of moisture, density, 
and strength that exist during and immediately after construction and during subsequent 
periods when the pavement is being subjected to traffic. These relationships are illus­
trated in this paper by schematic diagrams rather than by actual presentations of test 
data. The trends indicated by the schematic diagrams are adequately supported in the 
literature. References are used to indicate the source of the test data in support of the 
illustrated trends. 

In the discussion, primary emphasis is placed on cohesive materials, and all dia­
grams are for cohesive materials. The principles, however, apply to both cohesive 
and cohesionless materials, with the one exception that cohesionless materials can 
usually lose moisture quickly by drainage as well as by evaporation; therefore, the 
time element between normal compaction and proof-rolling is more critical for cohe­
sionless materials than for cohesive materials. 

RELATIONSHIP OF MOISTURE, DENSITY, AND COMPACTION EFFORT 
Figure 1 illustrates the typical relationship between moisture content and density 

that is obtained in the laboratory compaction test on cohesive soils (4). If samples 
are compacted at a range of moisture con­
tents with a given compaction effort, for 
example 12 blows per layer with the spec­
ified hammer, densities similar to those 

BLOWS PER LAYER VARIED 

indicated by the small circles (Fig. 1) 
are obtained. A smooth curve drawn 
through these points represents the mois­
ture-density relationship for the given 
compaction effort. The moisture content 
at the peak of the curve is termed the op­
timum because the maximum density for 
the specified compaction effort is obtained 
at the optimum moisture content. If the 
test is made at higher compaction efforts, 
for example 25 and 55 blows per layer, 
relationships similar to those shown in Figure 1 are obtained (5, 6). The peaks of the 
compaction curves can be joined by a straight line, designated the "line of optimums." 
This diagram shows that higher densities are produced with higher compaction efforts 
if the moisture content is right. No material increase in density can be expected from 
the higher compaction efforts if the moisture content is appreciably above or below 
optimum. 

MOISTURE CONTENT ^ 
Figure 1. Laboratory compaction. 

TIRE PRESSURE VARIED 

VARIABLES AFFECTING FIELD COMPACTION 
The purpose of requiring adequate compaction during construction is to prevent 

settlement under future traffic and to ob­
tain higher strength. The next figures 
illustrate the variables that affect the den­
sity that can be obtained during construc­
tion with rubber-tired rollers. Inciden­
tally, these same variables, inclusive of 
the depth to the layer being considered, 
affect the density produced by traffic dur­
ing the life of the pavement. Figure 2 
shows the effect of tire pressure in pro­
ducing higher densities (6, 7) and illus­
trates the effect of tire pressure when all 
other variables are held constant. In­
creasing the tire pressure increases the 
compaction effort and produces a pattern 

MOISTURE CONTENT ^ 
Figure 2. F i e l d compaction. 
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of moisture-density relationships similar to that produced by increasing the number of 
blows in the laboratory test. Figure 3 shows the effect of increasing the number of 
repetitions (6, 7) when other variables are held constant. Increasing the number of 
repetitions increases the compaction effort and produces higher densities in the same 
manner as increasing the number of blows in the laboratory test. 

Figure 4 shows the effect of total load (8) when tire pressure and repetitions are 
held constant for the case where the tire is operating directly on the layer being com­
pacted and for the condition where the tire is substantially wider than the thickness of 
the layer being compated. Under these conditions the density obtained is not related 
to the load on the tire, but is related to the tire pressure, which in this case is assumed 
constant for all three loads. Gross load is a factor when layers at a substantial depth 
are being considered, which is the case under actual traffic or in proof-rolling. Figure 
5 shows the effect of gross load. 

The two solid-line curves (Fig. 5) are plots of the maximum theoretical vertical 
stress with depth (9) for a 50-ton and a 16-ton rubber-tired roller. The tires on the 

COVERAGES VARIED TIRE LOAD VARIED 

w,ooou 
20,000 U 
40,000 U 

MOISTURE CONTENT 
Figure 3» F i e l d compaction. 

MOISTURE CONTENT 
Figure k. F i e l d conipactlan. 
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50-ton roller have a tread width of 16 in. and those on the 16-ton roller have a tread 
width of only 8 in. Inflation pressure in both cases is 90 psi. The vertical stress pro­
duced in the top few inches is approximately the same for each roller, but at the deep­
er depths the roller with the wider tire produces higher stresses to a greater depth. 
Vertical stress is related in a general way to compaction effort. The dashed-line curve 
(Fig. 5) represents the densities produced at various depths in a lean clay soil at a 
moisture content of 15 percent with 8 coverages of a 50-ton rubber-tired roller with 
tires inflated to 90 psi (10). The density produced with a rubber-tired roller would 
vary with the soil type, moisture content, and firmness of the foundation; therefore, 
the relationship of density to depth should 
be considered as qualitative rather than 
quantitative. 

Figure 6 illustrates hypothetically the 
intent of construction specifications and 
proof-rolling requirements in a given 
layer in a flexible pavement structure. 
The solid-line curve indicates the com­
paction effort that wi l l be produced by 
traffic. This compaction effort is a func­
tion of the wheel load, tire pressure, 
assembly configuration, repetitions, and 
depth to the layer. These parameters are 
too complex to consider individually, but 
studies made at the Waterways E:q>eri-
ment Station indicate that the CBR rela­
tions can be used to interrelate these sev­
eral parameters. Table 1 gives the rela­
tionships existing between the percentage 
of modified AASHO maximum density spec- Figure 5. 
ified by the Corps of Engineers and the 

95 100 105 
O E N S I T Y - L O / C U FT 

Theoretical v e r t i c a l stress vs 
depth. 
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design CBR at the depth to which the spec­
ified percentage of compaction is required. 
Separate values are necessary for cohe­
sive and cohesionless soil. These values 
were developed for airfield conditions but 
are probably applicable to highway condi­
tions. 

Table 1 shows that cohesive soils should 
be compacted to 100 percent modified 
AASHO density down to a depth where the 
design CBR is 19, to 95 percent density 
down to a depth where the design CBR is 
9, etc. (The value of 100 percent of mod­
ified AASHO for cohesive soil is shown 
primarily to indicate the position of the 
curve because cohesive soils can seldom 
be compacted to 100 percent of modified 
AASHO maximum density.) Table 1 can 
be used with a CBR design curve for the 
given loading to establish the compaction 
that should be obtained to a given layer 

during construction. In highway work compaction requirements generally are not varied 
with depth, and usually one value is specified for the base (for example, 100 percent 
standard AASHO) and one for the subgrade (for example, 95 percent standard AASHO). 

TABLE 1 

MOISTURE CONTENT -

Figure 6. Intent of compaction require­
ments. 

Compaction Effort 
Percent of Mod. AASHO Density 

Design CBR 
Cohesive Soils Cohesionless Soils 

100 19 9 
95 9 4 
90 5 2 

With the heavier loads and higher repetitions that are being experienced, it is believed 
that compaction requirements should be raised, in which case it may prove economical 
to vary the compaction requirements with depth as is done in airfield work. In any 
case, it should be the intent of the compaction requirements to produce compaction in 
each layer during construction equivalent to or slightly higher than wil l be produced 
by the actual traffic. The short-dashed curve (Fig. 6) shows the intent of the con­
struction requirements. 

For proof-rolling to be effective, it is desirable that it produce a compaction effort 
which approximates that specified during construction. The dash-dot curve (Fig. 6) 
illustrates the intent of proof-rolling requirements. Proof-rolling is done with a very 
few repetitions as compared to highway or airfield traffic. Therefore, the loads and 
tire pressures must be higher than those which wil l be imposed on the finished pave­
ment. The compaction effect of the proof-rolling can be compared directly with the 
compaction effect of traffic by comparing CBR design curves for the roller and the 
traffic loading. Figure 7 shows CBR curves prepared by the Waterways Experiment 
Station for a 50-ton roller, 100 psi inflation pressure, for 5 and 30 coverages. The 
coverage numbers assigned to the curves should not be taken too literally; the lower 
value should be considered as covering a range of 3 to 8 coverages, the upper value 
about 20 to 40 coverages. Comparisons of compaction effort can be made directly by 
plotting the CBR design curve for a specific traffic loading on the diagram. For illus­
tration purposes the Virginia Highway Department CBR design curve (11) for a 20,000-
Ib wheel load is shown. Even the curve for 100,000-lb 30 coverages lies well above 
the traffic curve for the 20,000-lb wheel load, indicating that proof-rolling from the 
surface wil l not produce the same compaction effect as the traffic. By operating the 
proof-roller at levels below the finished surface, the same compaction effect in the 
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underlying layers can be produced as wi l l be produced by traffic operating on the sur­
face. For example, i f the design CBR is 5, 30 coverages of proof-rolling at 100,000 
lb wil l produce the same effect as traffic if the proof-roller is operated on a level 4 
in. below the finished surface. Similar comparisons can be made for other conditions 
to select proof-rolling that wil l approach the compaction effect of full-scale traffic. 

EFFECT OF MOISTURE DURING COMPACTION 
In actual construction the moisture content cannot be maintained at a precise value, 

and a range in moisture content wi l l occur. It is desirable that the range be restricted 
to a zone fairly close to optimum, tending toward the dry side rather than the wet side, 
(12) because deviations on the wet side may produce a spongy layer which wil l make 
compaction of the succeeding layers difficult. Figure 8 shows the desired compaction 
curve and the desired range of moisture content for compaction for a hypothetical soil. 
The values of moisture content and density shown on this and succeeding figures are in 

the general range of those found for lean 
clay soils. Figure 9 shows the variation 
of strength with variation in density (6) 
for materials compacted on the dry side 
of optimum, at about optimum, and on the 
wet side of optimum. Specific figures are 
used in this case to add meaning to the i l ­
lustration, but the diagrams are schematic. 
They represent known trends that would 
be eiqperienced with a lean clay soil. At 
13 percent moisture, the CBR immediately 
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Figure 7. CBR curves nibber-tired r o l l e r 
(50-ton 100-psl t i r e pressure). 

after compaction would be fairly high even 
at low densities and would be quite high 
at a density of 105 lb per cu f t (pcf), 
which is the maximum density that can be 
obtained from the compaction effort at the 
percentage of moisture. However, there 
is a drastic loss in strength when the ma­
terial takes up moisture. Under condi­
tions similar to those achieved in the 
soaking tests, the CBR would drop from values of 10 to 20 to values of 1 to 3. At 16 
percent moisture, which is approximately optimum, the values immediately after con­
struction would not be quite as high as at 13 percent moisture, but they would be high 
enough to indicate a f i r m material. A drop in CBR would also occur in soaking, but 
the drop would not be as drastic as at 13 percent moisture, and the CBR values after 
soaking would be in a reasonable range (7 to 10 for a reasonable degree of compaction) 
after soaking. At 19 percent moisture, the CBR values at less than 104-pcf density 
would be lower than at the lower moisture contents and there would be little effect of 
soaking. However, attention is called to the sharp and drastic loss in CBR that would 
occur with an increase in density (1^) beyond a value of about 104 pcf. The decrease 
would start at about the point where the density crosses the line of optimum. 
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EFFECT OF PROOF-ROLLING 
The f i rs t case to be considered is where 

the moisture content is in the desired range 
but for some reason the density obtained 
is well below that specified. This condition 
(Fig. 10) is illustrated by the circle shown 
at 16 percent moisture and 102-pcf density. 
It is assumed that this condition exists just 
prior to proof-rolling. As proof-rolling 
is applied, the density increases; and as 
proof-rolling continues, the density reaches 
the maximum that can be obtained with the 
compaction effort. Since the moisture was 
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about at optimum for the compaction 
effort, the strength wil l be adequate even 
after field saturation. In this case, 
proof-rolling accomplished the intended 
purpose. 

The effect of proof-rolling on a mater­
ial that is well below optimum (13 per­
cent) moisture during the time that proof-
rolling is being accomplished is shown 
by the circle in Figure 11 at 13 percent 
moisture and 102-pcf density. The den­
sity is low because of faulty rolling or for 
some other reason. The lower moisture 
content could be the result of the mate­
r ia l being placed at a low moisture content 
or it could be the result of drying between 
the time of normal compaction and proof-
rolling. In cohesionless materials, the time between normal compaction and proof-
rolling is very critical because not only does drying occur but a loss of moisture from 
drainage can also occur. The effect of the proof-rolling in this case is shown by the 
solid line designated 1 (Fig. 11). Proof-rolling brings the density up to 105 pcf, which 
is the maximum that can be obtained with that compaction effort. Strength is very high 
(see plot for 13 percent moisture, Fig. 9) immediately after construction, and the job 
is apparently one that wi l l stand forever. However, this particular phase of construc-

Flgure 10. Effect of proof-rolling 
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tion may be completed in the late fa l l , and the road cannot be opened to traffic until the 
following summer because shoulder work or some other element is not complete. In 
the meantime, the moisture content increases during the wet winter weather and ap­
proaches the compaction curve on the wet side. This change in moisture content is 
shown by the dashed line labeled 2 (Fig. 11). The line is slanted downward because 
almost always some swelling wil l occur upon saturation. A large decrease in strength 
wil l occur (see plot for 13 percent moisture. Fig. 9) and the CBR values wi l l be very 
low, in the order of 1 to 3. With continuous traffic on the pavement, distress in the 
form of cracking or displacement wi l l develop quickly. In this case, the proof-rolling 
was wasted and, furthermore it produced a false sense of security. 

The case illustrated by the dashed line labeled 3 (Fig. 11) results when the moisture 
content increases moderately to about optimum while traffic is being applied, with re­
sulting densification. There is a gain in strength as moisture content increases, and 
the only effect on the structure is settlement in the wheel paths. The density increase 
is approximately 6 lb, or 5.7 percent. This percentage of densification in a 12-in. 
layer would produce 0,7-in, settlement, enough to hold water during rains. Again, the 
proof-rolling did not accomplish the desired results. The deficiencies are not as se­
vere as in the previous case, but the deficiency wil l require correction. 

The circle at 102-pcf density and 19 percent moisture (Fig. 12) shows the effect of 
proof-rolling on a material when the moisture content is above the desired value for 
compaction at the time proof-rolling is started. The high moisture content could be 
caused by the material being placed too wet or by an increase in moisture from rain 
between the time of normal compaction and proof-rolling or by a ground-water con­
dition. As proof-rolling is applied, the density increases with coverages. By refer­
ence to the plot for 19 percent moisture (Fig. 9), it can be seen that at a density 102-
pcf density, the strength is fairly low (CBR about 4) but as density increases the strength 
builds up. However, as the density crosses the line of optimums, there is a drastic 
loss of strength and the CBR drops to values of 1 to 2. Weaving develops under the 
roller and cracking occurs in the surface of the layer being rolled. The situation can 
be corrected by removing the material, drying i t out to the proper moisture contents, 
replacing it , and compacting it properly. Where the moisture increase was due to a 
ground-water condition, the ground-water condition must be corrected or another de­
sign must be employed. In this case, the proof-rolling accomplished something. It 
located wet material that would subsequently have caused trouble on the road, and in 
this sense it was not wasted. 

Some engineers advocate limiting the proof-rolling so that it wil l not increase the 
density of materials on the wet side of the optimum to a point where the decrease in 
strength occurs (Fig. 13, solid line labeled 1). Proof-rolling increased the density 
from 102 to 104 pcf, and it was stopped before loss in CBR occurred and weaving de­
veloped. Future performance would depend on the rate at which drying occurred and 
the rate at which traffic was applied. The dashed line labeled 2 (Fig. 13) illustrates 
the case where no drying occurred before traffic was applied. Traffic would produce 
densification; and when the density reached the line of optimums, the drastic loss in 

strength described above would occur and 
orOPTmUMS distress from cracking and displacement 
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CONTfNr DUIHNG COMPJIcnON rate such that the combination of moisture 
and density did not plot above the line of 
optimums (dashed line labeled 3, Fig. 13), 
there would be a gain in strength but settle­
ment would occur which would result in 
grooving in the wheel paths. 

OVERROLLING 
12 14 16 18 20 

MOISTURE CONTENT-% Figure 14 shows that moderate over-
rolling during the proof-rolling proce-

Figure 13. Effect of pa r t i a l proof-rolling (ju^es is not serious. OverroUing refers 
when moisture content i s too high. ^.^ application of a greater com-
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paction effort, through lead and/or repetitions, than is needed. The "normal" 
curve indicates the compaction effort produced by normal construction rolling, and it 
is assumed that this duplicates closely the compaction effort that wi l l be produced by 
traffic on the finished surface. In addition, three other curves represent 5, 30, and 
100 coverE^es with a specified roller. It is recognized that the 100-coverage level is 
entirely impractical, but it is shown merely as an example of excessive overrolling. 
Three levels of compaction effort could also be achieved by using three tire pressures 
or, if substantial depths are being considered, by using 50-, 100-, and 200-ton rollers. 
As previously demonstrated, the effect produced by the rollers wil l vary with moisture 
content. On the dry side, for example 13 percent moisture, the use of 30 or 100 cover­
ages of overrolling would improve the situation and would produce no detrimental effects, 
whereas the underrolling with 5 coverages would leave much to be desired. At about 
optimum, 16 percent moisture, the 5-coverage level would leave much to be desired, 
the 30-cover^e level would not be detrimental, but the 100-coverage level would prob­
ably push the density far enough above the line of optimum to cause serious loss of 
strength. Serious overrolling may weaken materials that would not be weakened under 
traffic. At the high moisture contents, about 19 percent, all three levels of proof-
rolling would have about the same effect in that they would cause serious loss of strength. 

It appears that excessive overrolling should be avoided both from the standpoint of 
economics and because excessive overrolling may weaken materials that would not be 
weakened by traffic. A moderate amount of overrolling would not be detrimental, and 
it appears desirable to adopt a conservative approach and specify proof-rolling that 
produces a moderately higher compaction effort than normal rolling. 

An exception to the situation described above can occur in a base course or other 
material which is cohesionless or practically so. Proof-rolling may produce displace­
ment and rutting of the surface of such a material which would not occur under traffic. 
If the proof-rolling is to be effective, the surface of materials of this type must be 
stabilized to the extent that it wi l l not displace when rolled. 
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Figure ih. Effect of over-rolling during 
proof-rolling. 

The true measure of the effect of com­
paction with a rubber-tired roller is the 
contact pressure between the tire and the 
layer on which i t operates. Measurement 
of the contact pressure is fairly difficult. 
Without electronic pressure gages, the 
average contact pressure is the only value 
that can be obtained feasibly. This average 
value is obtained by jacking up the roller 
wheel, coating a portion of the tread of the 
roller tire with mimeograph ink or some 
similar material, and lowering the tire on 
a sheet of paper resting on a f i r m surface. 
The print on the paper gives the area of 

tire contact under a static condition. This area is divided into the load to obtain an 
average contact pressure. Studies made at the Waterways Experiment Station with 
small electronic pressure gages and those made by others with other types of gages 
show that the contact pressure between a tire and the layer i t is operating on is not 
uniform, and there are areas where the pressure is considerably higher than the aver­
age and also areas where the pressure is lower than the average. The pattern varies 
considerably with the firmness of the surface and is different for the rolling and for the 
static condition. The difficulty of measuring the average contact pressure and the var­
iation that occurs in actual contact pressure within the tire print area are such that 
measurement of the tire print does not appear warranted. Inflation pressure can be 
measured readily, and this measurement is adequate for construction control purposes. 
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CONCLUSIONS 
The following conclusions covering proof-rolling when properly specified are war­

ranted: 

1. If the moisture content is in the proper range for compaction, proof-rolling wi l l 
correct compaction deficiencies. 

2. If the moisture content is well on the wet side of optimum, proof-rolling wi l l 
locate this condition and thus permit correction of the condition during construction. 

3. If the moisture content is on the dry side of the proper range for compaction, 
proof-rolling gives a false sense of security, because the layer looks f i r m and hard; 
but as moisture increases, the layer wil l either lose strength drastically or wi l l com­
pact further under traffic. 

4. Moderate overroUing during proof-rolling wi l l not be detrimental, but excessive 
overroUing should not be applied since it may weaken materials that would not be weak­
ened by traffic. 

Based on these considerations, it should be apparent that proof-rolling is not a pan­
acea to end all compaction problems and replace inspection. Proof-rolling is an ex­
cellent tool that wil l assist in overcoming compaction deficiencies and wil l locate wet 
materials, but i t cannot replace good inspection and proper construction-control test­
ing. 

ACKNOWLEDGMENTS 
This paper is based primarily on data collected by the U.S. Army Engineer Water­

ways Experiment Station, Vicksburg, Mississippi, as a part of the studies on develop­
ment of flexible pavement design criteria for Air Force and Army airfields. Acknowl­
edgment is also made to Edward C. Cothran, Executive Director, Carolina Asphalt 
Association, for suggesting this paper. 

REFERENCES 
1. Porter, O.J., "The Use of Heavy Equipment for Obtaining Maximum Compaction 

of Soils." American Road Builders Tech. Bui. 109 (1946). 
2. "Guide Specifications for Military Construction, Graded-Crushed-Aggregate Base 

Course." Corps of Engineers, Office, Chief of Engineers, CE 807.012 
(Int) (May 21, 1957). 

3. "Proof-Test Section, Columbus Air Force Base." Tech. Rpt. 3-490, Waterways 
Experiment Station, Corps of Engineers (December 1958). 

4. Proctor, R.R., "Description of Field and Laboratory Methods." Engineering News-
Record, Vol. m . No. 10, (September 1933). 

5. "The California Bearing Ratio Test as Applied to the Design of Flexible Pavements 
for Airports." Tech. Memo. 213-1, Waterways Experiment Station, Corps 
of Engineers (July 1945). 

6. TurnbuU, W.J. and Foster, C.R., "Stabilization of Materials by Compaction." 
ASCE Transactions 123:1 (1958). 

7. "Soil Compaction Investigation." Tech. Memo. 3-271, Rpt. No. 7, "Effect on Soil 
Compaction of Tire Pressure and Number of Coverages of Rubber-Tired 
Rollers and Foot-Contact Pressure of Sheepsfoot Rollers." Waterways 
Experiment Station, Corps of Engineers (June 1956). 

8. "Soil Compaction Investigation." Tech. Memo. 3-271, Rpt. No. 2, "Compaction 
Studies on Silty Clay." Waterways Experiment Station, Corps of Engineers 
(July 1949). 

9. "Investigations of Pressures and Deflections for Flexible Pavements." Tech. 
Memo. 3-323, Rpt. No. 1, "Homogeneous Clayey-Silt Test Section." 
Waterways Experiment Station, Corps of Engineers (May 1951). 

10. "Soil Compaction Investigation." Tech. Memo. 3-271, I ^ t . No. 8, "Effect of 
Lif t Thickness and Tire Pressure." Waterways Experiment Station, Corps 
of Engineers (October 1957). 



21 

11. Woodson, D .D. , "Designing Flexible Pavements (Virginia)." HRB Research Re­
port 16-B (1954). 

12. "Engineering and Design Manual, Flexible Airfield Pavements." Corps of 
Engineers, Office, Chief of Engineers, EM 1110-45-302 (August 15, 1958). 

13. Foster, C.R., "Reduction in Soil Strength with Increase in Density." ASCE 
Transactions 120:803 (1955). 

Discussion 

W. H. CAMPEN AND L. G, ERICKSON, Omaha Testing Laboratories - I n the f i rs t part 
of the paper the authors have shown the relationships of density and moisture with 
strength in a very clear manner. In particular they have shown that the ultimate 
strength or CBR value is controlled principally by the amount of water which can be 
taken up by the soil; the amount of water that can be taken up depends on the voids, 
which in turn are controlled by density. Therefore, in order to evaluate dependable 
strength, the soil should be compacted to specified density at its corresponding mois­
ture content on the wet side of the curve. For instance, if it is desired to place a 
given soil at 95 percent maximum density and the moisture-density curve shows a 
water content of 19 percent at this point, on the wet side, the CBR should be determined 
under these conditions. 

The second part of the paper deals with proof-rolling. Foster and Turnbull say in 
effect that proof-rolling can be used to accomplish either of two things: additional 
densification or the detection of weak or soft areas. The writers are in agreement on 
these points, but wish to point out that the actual application is very difficult. 

To begin with, the tire pressure and total load should be varied not only in accord­
ance with the load carrying capacity of the total layered system under construction, 
but also for each layer of the system. No doubt this can be done, but i t wi l l require 
a great deal of correlation. The authors indicate that these factors should be con­
sidered but no details are included in the paper. 

As far as additional densification is concerned, it seems that the pneumatic-tired 
rollers might be used in conjunction with sheepsfoot or vibrating steel rollers as the 
layered system is constructed from the bottom up. However, i t is believed that for 
highway construction the sheepsfoot roller (for plastic soils) and the vibrating steel 
rollers (for cohesionless soils) should suffice. There is an airfield constructed under 
the direction of the Corps of Engineers where 105 percent of maximum density, by the 
modified method, was obtained by the use of vibrating rollers. 

Concerning the use of heavy pneumatic-tired rollers for the detection of weak or 
soft areas; it is believed that its possibilities are good provided that the sizes of rollers 
are commensurate with the strength of the layers on which they are applied. To re­
peat, the size of the roller should be such as not to overload the layer being tested. 
Incidentally, experience has shown that heavy sheepsfoot and steel rollers, patrols, 
and loaded trucks wil l detect weak subgrades if the layers being constructed are at 
optimum moisture. In making such tests the criterion should be the amount of de­
flection. Heavily loaded trucks have been used since 1936 to test natural subgrade 
and superimposed layers. 

CLOSURE, W.J. Turnbull and Charles R. Foster-The discussion is appreciated, and the 
authors find no significant difference of opinion but would like to call attention to the 
following items: 

The writers' f i rs t paragraph states "they have shown that the ultimate strength or 
CBR value is controlled principally by the amount of water which can be taken up by 
the soi l ." This is an over-simplification of the problem. The future strength wil l 
be influenced as much by the molding moisture content as by the amount of moisture 
taken up by the soil. The authors feel that the effect of moisture content at the time 
of compaction on future strength has not been given the attention it deserves in soil 
compaction. 

The authors object mildly to rewording statements to infer "that proof-rolling can 
be used to accomplish either of two things: additional densification or the detection of 
weak or soft areas." The first conclusion states that proof-rolling wi l l correct com-
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paction deficiencies; that is, produce additional densification only if the moisture con­
tent is in the proper range during the period of time the proof-rolling is being applied. 
The detection of layers deficient in strength should, of course, be accomplished with 
a roller which wi l l not overload the soil. 

It is agreed that the tire pressure and total load should be varied in accordance with 
each layer, and the authors proposed a method of determining the necessary tire pres­
sure, load, and number of repetitions (the latter a variable that the writers failed to 
mention) in the paper. Figure 7 of the paper illustrates the proposed method. 

There is complete agreement that density should be obtained during construction 
rather than waiting and attempting to obtain i t with proof-rolling. In fact the very pur­
pose of the paper is an attempt to show "that proof-rolling is not a panacea to end all 
compaction problems and replace inspection." 



Hydraulic Fill Compaction 

OLAF STOKSTAD and KENT ALLEMEIER, Michigan State Highway Department 

The subject of f i l l compaction has rightly received special em­
phasis in connection with the improvement of pavement smooth­
ness. The problem of building f i l l s over deep peat marshes 
presents conditions which defeat conventional compaction ef­
forts. 

This paper deals with the use of flowing water as a com­
pacting and stabilizing agent. The technique described in­
volves introducing water into the "end dump" f i l l by means 
of jets to develop a temporary condition of flotation (quick­
sand) progressively along the length of the marsh f i l l . 

The procedure described obtains embankment movement 
and settlement during jetting operations, which would other­
wise take place over a period of years. 

# THE LAST 25 years have seen great progress in the development of techniques for 
embankment compaction. This development includes both equipment for compacting 
work and the yardstick necessary for measuring the degree of compaction. As a re­
sult of the evolution in compaction testing, i t has become possible to specify results 
to be obtained rather than methods to be used in embankment construction. 

Nevertheless, some problems remain. One of these stems from conditions which 
surround the building of embankments across deep deposits of peat and other marsh 
materials. Deep peats (more than 10 or 15 ft) never compact within reasonable time 
limits to the point where overlying embankments wi l l stop settling. If such movement 
cannot be tolerated, it becomes necessary to improve the situation by sinking the f i l l 
to the marsh bottom. This operation is greatly facilitated by loading the peat to the 
point of failure, which is generally accomplished by end-dumping the embankment ma­
terial to some surcharge grade as the fil l ing progresses across the marsh (Fig. 1). 

This technique of f i l l construction does not permit the proper mechanical compac­
tion of the f i l l as i t is being placed. Thus, road settlement may be experienced in the 
deep marsh crossings even though complete peat displacement has been obtained. The 
slow and continuing f i l l compaction with associated volume change, which takes place 
over the years following construction becomes a threat to traffic safety and the source 
of an expensive maintenance nuisance. 

In geographic areas characterized by numerous marsh deposits, the problem of 
marsh f i l l compaction has received much thought. Acceleration of the compaction 
process has been accomplished by procedures involving vibration or the use of water. 
Michigan's experience with vibration has been limited to a technique employing ex­
plosives as a source of energy. Generally, the use of water in a f i l l jetting operation 
has proved to be faster, more flexible, and more effective. This discussion, there­
fore, is limited to a description of jetting procedures (hydraulic f i l l compaction) which 
are serving greatly to reduce a serious design, construction, and maintenance prob­
lem in Michigan—a problem which has become especially acute with greater earth mov­
ing capacity and the exploitation of this capacity in connection with an accelerated 
building program. 

Historically, the jetting of marsh f i l l s is an outgrowth of an attempt to soften peat 
trapped below an embankment and thus facilitate peat displacement. In this procedure, 
an unreasonable time lag was experienced between the beginning of pumping operations 
and the beginning of accelerated f i l l settlement. A study of this phenomenon revealed 
that settlement action did not begin until the condition of saturation had extended into 
the f i l l above the peat. With jets placed in the peat, the water tended to cut channels 
through the peat and escape before saturating either the peat or f i l l . Lifting the jets 
out of the underlying peat so as to pump water directly into the embankment brought 
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Figure 1. Peat displacement and embankment construction to surcharge grade ty end dump 
method before treatment by hydraulic f i l l compaction (marsh h^-tt deep). 
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Figure 2. Extensive settlement cracking. 

7* 

Figure 3- Settlement cracking and je t spacing. 

almost immediate action. Thus, hydraulic fill compaction may be described as a pro­
cedure to compact and stabilize deep marsh fills through the action of flowing water 
introduced into the fill under pressure by means of a system of jets. The objective is 
accomplished mainly by developing a temporary condition of flotation (quicksand) in 
the granular fill progressively along the length of the entire marsh embankment. The 
procedure appears to produce improved embankment stability through a twofold in­
fluence: first, the flowing water seems to rearrange soil grains into a somewhat more 
compact arrangement, and second, the temporary "quick" condition greatly reduces 
the tendency of a granular fill to bridge or arch over areas of deficient embankment 
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Figure k. Crack pattern showing readjiistment of embankment. 

Figure 5. Jet pattern and distribution setup. 
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Figure 6. Typical tee with pressure gage. 

Figure 7. Truck-mounted 1,000-gim pump. 
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support. The f i r s t action results in added compaction; the second results in additional 
peat displacement and a more stable f i l l cross-section. 

The jetting procedure has three serious l imitations: 

1. I t demands that a substantial supply of water be conveniently available. A wel l 
which might be completely ample fo r a farmstead w i l l not provide the rate of f low need­
ed f o r a marsh f i l l stabilizing project. Likewise, a small pond is quickly pumped dry. 
A small stream capable of supplying at least 1,000 gal per minute w i l l serve. This 
dependence on an adequate source of water would be a serious handicap except fo r a 
recent development in pipelines designed fo r i r r igat ion purposes. A lightweight alu­
minum pipe with a very effective snap-on coupling arrangement used in this f i e ld per­
mits tapping of water sources as much as two miles distant. 

2. Hydraulic f i l l compaction requires the use of soil materials which permits a f a i r ­
ly f ree movement of water through the embankment. Free draining sands are the most 
suitable. Clay soils are definitely not suitable. F i l l compaction by water, therefore, 
cannot be used except in locations where sand or sand and gravel are available fo r em­
bankment construction. 

3. Hydraulic compaction of f i l l s cannot be considered equivalent to methods where 
layer construction permits proper compaction as f i l l i n g progresses. Working with 
marsh f i l l s often involves sand bodies more than 100 f t wide and 75 f t deep, as com­
pared to the units of 6- or 8-in. layers tested in conventional compaction control oper­
ations. As yet, no attempt has been made to check the amount of compaction actually 
obtained by pumping water into a large embankment of sand. The evidence of f i l l com­
paction is visual and consists of simple subsidence or of shear fai lures as i l lustrated 
in Figures 2, 3, and 4. Thus, embankment stability and compaction can be roughly 
determined by observing f i l l behavior and can be controlled by varying the position of 
jet points, by t iming of jet operations, and by varying the volume of water pumped. 

Experience has shown that no two embankments react exactly the same. For that 
reason, the operation requires the good judgment of an experienced supervisor to ob­
tain satisfactory results without costly and sometimes dangerous slides. 

A properly planned hydraulic compaction project infers proper prel iminary studies 
of the marsh, beginning with a classification of marsh materials. Af te r f i l l materials 
have been placed and before hydraulic compaction operations begin, i t is essential to 
obtain cross-sections of the embankment to determine i ts position with respect to the 
marsh bottom. Such sections are needed at 100-ft intervals and sometimes at 50-ft 
intervals i f the marsh is short or has an i r regular bottom. These sections are deter­
mined by wash borings. 

NORMAL OPERATING PROCEDURES 

Jets are spaced at 10-ft intervals, both parallel and perpendicular to the centerline 
(Figs. 2, 3, and 5). The embankment is jetted f r o m shoulder line to shoulder line 
with occasional jets placed in the slope if original borings indicate that this is desir­
able. The jets consist of % - i n . extra-strength pipe cut into 10-ft lengths, and con­
nected to the water line by 1-in. high-pressure rubber hose. A gage valve is incor­
porated in each hose connection to permit absolute control of each individual jet . 

The jets, operating at a pressure of f r o m 50 to 75 lb per sq i n . , are forced to wi th­
in 5 f t of the bottom of the f i l l mater ial . They are lef t at this elevation only fo r the 
period of time required to inject a volume of water previously calculated to be s u f f i ­
cient to saturate the f i l l mater ial . The volume may be controlled by a water meter. 
At the end of this t ime, they are l i f t ed 5 f t and le f t at this elevation as before. The 
operation is repeated unti l the jets are at the surface and the f i l l is completely satur­
ated. The normal pumping time per 5 f t of f i l l depth averages approximately 30 min­
utes. This time varies depending on the texture of the f i l l material and the num­
ber of jets operating. Medium to fine sands require more pumping time than more 
coarse textured materials. Where a stony f i l l material has been used, penetra­
tion of the jets is often facilitated by preboring with a truck-mounted power auger. 



29 

Marsh areas having inclined clay bottoms may be subject to serious embankment 
slides i f the jetting process is used. Consequently, this type of marsh requires that 
jetting operations be given special study and be conducted so as to keep the f i l l under 
control at a l l t imes. 

An average jetting crew consists of approximately 15 laborers, hired locally by the 
road contractor, in addition to the pump operator and the supervisor. A crew of this 
size w i l l operate f r o m 35 to 40 jets simultaneously. 

Cost records show that jett ing costs f o r a modern dual-lane embankment (94 f t f r o m 
center to center) ranges between $500 to $1,000 per station (100 f t ) , depending upon 
the depth of marsh, height of f i l l , and texture of the back f i l l material . F rom 35 to 
100 f t of dual embankment can be jetted in a 9-hr day. 

CONCLUSIONS 

Experience with hydraulic f i l l compaction demonstrates that pumping water into a 
peat marsh f i l l under controlled conditions has an immediate stabilizing effect on the 
embankment. The adjustments and movements obtained would otherwise take place 
slowly over a period of years and result in detrimental pavement settlement. Because 
of the success of the operation and because of an expanded road program, the Michigan 
State Highway Department has added a second set of jetting equipment. The additional 
equipment w i l l permit the treatment of a l l end-dump marsh f i l l s of 10 f t or more in 
depth. 



Rapid Determination of Liquid Limit of Soils 
by Flow Index Method 

H . Y . FANG, Soils Engineer, AASHO Road Test, Highway Research Board 

This paper presents a new approach to liquid l i m i t determ­
inations by a one-point procedure. Necessary equations, 
charts and tables, developed on the AASHO Road Test and 
easily usable by technicians, are presented. 

# T H E ROUTINE testing of large numbers of soil samples in highway construction and 
maintenance requires the use of rapid methods fo r determining standard characteris­
t ics . The liquid l i m i t determination fo r soils is one of the most important of these 
tests. 

The standard method fo r determining the liquid l i m i t of soils (1.) requires that at 
least three random t r ia l s be made, each at a different moisture content. The moisture 
contents are plotted as the ordinates on an arithmetical scale and the number of blows 
as abscissae on a logarithmic scale. A f low curve is then drawn and the liquid l i m i t 
is taken as the moisture content corresponding to the point where the 25 blow line i n ­
tersects the flow curve. 

The more rapid one-point procedure f o r determining the liquid l i m i t has been given 
considerable attention in recent years, and the American Association of State Highway 
Officials has adopted i t as an alternate test procedure. It was initiated by the Corps 
of Engineers (2) and later extended by the Washington State Highway Department (3) 
and the Bureau of Public Roads (4). 

According to the Corps of Engineers method, i t was assumed that the f low curve 
plotted on the logarithmic paper was a straight line and could be expressed by 

L L = w f N V a n B 
n\2i 257 

i n which L L = l iquid l i m i t ; 
N = number of blows; 

= moisture content at N blows; and 

tan B = slope of the flow curve when plotted on logarithmic paper. 

The Washington State Highway Department method was based upon relationships be­
tween the different slopes of f low curves obtained fo r soils with different l iquid l i m i t 
test values. This was called the "Washington Chart Method." 

The Bureau of Public Roads method was derived f r o m a family of typical f low curves 
( f rom the Washington State Highway Department), and made use of the assumption that 
the convergence of the f low curves with the zero moisture content axis was a constant. 
This assumption made i t possible to derive the following equation fo r such a family of 
curves: 

L L log N - log 25 

W log N - log N n ° a ° 

N„ is the point of convergence of a family of flow curves intersecting on the zero 
a 

moisture content axis. The problem was fur ther simplif ied by a rb i t ra r i ly moving the 
point of convergence to the zero moisture content axis. This point was so f a r f r o m 
the 25 blow line that the consequent changes in the slopes of the f low curves were neg­
ligible within the 17 to 36 blow range used. 
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This paper presents another approach based on work done on the AASHO Road Test, 
and making use of pubUshed data f r o m the Washington State Highway Department. 

In Figure 1, the f low index is defined as the slope of the f low curve. It can be ex­
pressed by the formula: 

LL-W„ 
Flow Index (ip=^^g-^_^^ggS 

From this relationship the liquid l i m i t may be determined by the following equation: 

N L L = W ^ . l f log 

f\m Cunt 

25 30 N 40 

No o f B I O K I ( N ) 

Figure 1. Plow curve on 
plots 

seml-logarltlmlc 

pressed in differential f o r m as: 

A L L N 

in which A L L is the percent of moisture 
change in the value of l iquid l i m i t fo r 
changes in A l ^ . Calculations of A L L fo r 

various N andAl^ are shown in Figure 3. 

Indications f r o m Figure 3 are that the 
maximum e r ro r in liquid l i m i t associated 
with an e r ro r 2.5 in flow index would be 
0.4 percentage points, i f the number of 
blows in the one-point test was between 
17 and 36. 

Figure 4 shows the f low index—liquid 
l i m i t relationship plotted f r o m data ob­
tained f r o m the Washington State Highway 

N 
The te rm 1̂  log is called the mois­

ture correction factor. If N is less than 
25, the value of this te rm w i l l give a neg­
ative sign. Table 1 shows the moisture 
correction factor computed f o r various 
f low indexes, and Figure 2 shows the 
moisture correction factor versus 
number of blows f o r various f low 
indexes. 

Effect of variations in the f low index on 
the value of the l iquid l i m i t can be meas­
ured by the method of differentials . The 
equation immediately above can be ex-

l t . 3 2 5 

Figure 2. Moisture correction factors vs. 
No. of blows for various flow indexes. 
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TABLE 1 

MOISTURE CORRECTION FACTOR FOR VARIOUS FLOW INDEXES 

* Moisture Correction Factor = ' fLogJL 

5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 2 7 5 30.0 32.5 

17 O . S4 1.25 1.67 2 0 9 2 .50 2 . 9 2 3 .34 3 .76 4.18 4 . 5 9 5.01 5.43 

18 0.72 1.07 1.43 1.79 2.14 2 .50 2 .86 3 .22 3 . 5 8 3 .93 4 . 2 9 4 . 6 5 

19 aeo 0.89 1.19 1.49 1.78 2 .08 2 .38 2 . 6 8 2 .98 3 .27 3 . 5 7 3 .87 

20 0 .48 0.73 0 .97 1.21 1 4 6 1.70 1.94 2.18 2 .42 2 .67 2.91 3.15 

21 0.38 0 .57 0 .76 0.95 1.14 1.33 1.52 1.71 1.90 2 .09 2 . 2 8 2 .47 

22 0 .28 0.41 0 . 5 5 0.69 0 .82 0-96 I . I O 1.24 1.38 1.51 1.65 1.79 

23 0.18 0 .27 0 .36 0 .45 0 .54 0.63 0 .72 0-81 0 .90 0 .99 1.08 1.17 

24 0 . 0 9 0 .14 0.18 0 . 2 2 0 .27 0.32 0 . 9 6 0 . 4 0 0 .45 0 .50 0 . 5 4 0 .58 

26 0 . 0 8 0.13 0 .17 0.21 0 .26 0.30 0 . 3 4 0 .38 0.42 0 . 4 7 0.51 0 . 5 5 

27 0 . 1 6 0 . 2 5 0 .33 0.41 0 .50 0.58 0 .66 0.74 0 . 8 2 0.91 0 .99 1.07 

28 0 . 2 4 0 . 3 7 0 .49 0-61 0.74 0 .86 0 . 9 8 I . I O 1.22 1.3 5 1.47 1.59 

29 0 . 3 2 0 . 4 8 0 .64 0 .80 0 .96 1.12 1.28 1.44 1-60 1.76 1.92 2.08 

30 0 . 4 0 0 .59 0 .79 a 9 9 1.18 1.38 1.58 1.78 1.98 2.17 2 .37 2 . 5 7 

3 1 0 . 4 7 0 . 7 0 0 .93 1.16 1.40 1.63 1.86 2 .09 2 .33 2 . 5 6 2 .79 3 . 0 2 

32 0 . S 4 0 . 8 0 1.07 1.34 1.61 1.87 2.14 2.41 2 .68 2 .94 3.21 3 . 4 8 

33 0 . 6 1 0.91 1.21 1.51 1.82 2 .12 2 . 4 2 2 72 3 .03 3 . 3 3 3 .63 3 .93 

34 0 . 6 7 I . O I 1.34 1.68 2.01 2 . 3 5 2 . 6 8 3 .02 3 . 3 5 3 .69 4 .02 4 .36 

35 0 . 7 2 1.08 1.44 1.80 2.16 2 .52 2 . 8 8 3 .24 3 . 6 0 3 . 9 6 4 .32 4 . 6 8 

36 0 . 7 9 1.19 1.58 1.98 2 .37 2 .77 3 .16 3 .56 3 . 9 5 4 . 3 5 4 . 7 4 5.14 

The moisture correction factors for number of blows (N) less than 2 5 
should be preceded by a minus (- ) sign. 
If the number of blows is above 2 5 , the moisture correction factors 
should be plus (+J . 

Department (3) and the AASHO Road Test. From this relationship, i t is indicated that 
the flow index increases uniformly with the l iquid l i m i t . (Organic soils are not i n ­
cluded. ) 

Table 2 has been prepared f r o m the data shown in Figure 4 f o r f low index intervals 
of 2. 5, and may be used with Table 1 to compute liquid l i m i t values. 

Using the procedures outlined in this paper, laboratory personnel may easily and 
accurately estimate l iquid l i m i t values f r o m one-point test data. Proper flow index 
values corresponding to the moisture content (W^) comcident to the number of blows 

used in the one-point test are selected f r o m Table 2, provided the number of blows is 
not less than 17 nor greater than 36. The liquid l im i t value is determined by applying 
the proper correction factor f r o m Table 1 to the moisture content obtained in the one-
point test. 
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It is believed that this procedure is an improvement over previously used methods 
i n that i t i s derived directly f r o m the f low curve and the observed relationship between 
the slope of the f low curve and the l iquid l i m i t f o r various soils. These relationships 
are simple and allow use of the procedure 
by the laboratory technician through the 

TABLE 2 

SELECTION OF FLOW INDEX 

One pt moisture cont. 
(range of no. of blow 
between 17 tose) 

Flow Index 

( I f ) 
(Wn) 

Flow Index 

( I f ) 

20.0 — 25.0 5.0 
25.0 — 30.0 7.5 
30:0—37.5 10.0 
37.5 — 45.0 12.5 
45.0— 52.5 1 5.0 
52.5— 60.0 1 7.5 
60.0 — 67.5 20 .0 
67.5— 75.0 22.5 
75.0— 82.5 2 5.0 
82.5—90.0 2 7.5 
9 0 - 0 - 9 7 . 5 30 .0 
97.5 — 105.0 3 2.5 

Equation . L.L.= Wn + If Log 

Example : 

Given: a soil with a moisture content 
(Wn) = 50 % and number of blows 
(N) = 20 . 

From table z, the selection of tlow 
index ( I f ) = 15 

From table 1 , the moisture correction 
factor = -1.46 

Therefore, the liquid limit (L.L.) 
= 5 0 - 1.46 =48.54 . 

No of BIO»> (Nl 

Figure 3. Percent of moisture change i n 
the value of liquid l i m i t vs. No. of hlows 

for change In flow Index. 

application of simple correction factors 
presented in tabular f o r m . 
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Discussion 
C M . JOHNSTON, Soils Research Engineer, Bureau of Public Roads (Retired)— 
M r . Fang's paper is wel l wri t ten. His procedure i s well thought out and technically 
correct. He has added to the knowledge of the soil testing profession by giving us a 
tabular method f o r calculating the liquid l i m i t , to add to the three methods listed in the 
American Association of State Highway Officials Alternate Standard Method fo r Liquid 
L i m i t of Soils, that i s , the nomographic chart, the multicurve chart and the slide rule 
with special "blows" scale. His method appears to qualify fo r the AASHO Alternate 
Method, since the last clause in the section regarding calculations reads, "or by any 
other method which produces equally accurate liquid l i m i t values." The author includes 
proof that the maximum variation to be expected by his procedure is 0.4 percentage 
unit, which is as accurate as any of the three accepted methods. 

It may be that his method was an "improvement over previously used methods" for 
the soils and personnel on the AASHO Test Road, bu t for general use the wr i te r prefers 
the slide-rule method and would use the tabular one only f o r personnel who found the 
slide rule d i f f i cu l t . 

For the record, the Washington State Highway Department engineers did not know of 
the existence of the Corps of Engineers' method when they were developing their method. 
Neither did the Soils Research Laboratory of the Bureau of Public Roads, as the wr i t e r 
was in charge of the investigation of the Washington State method and the report of the 
slide-rule method. The Arlington Research Station of the Bureau of Public Roads f i r s t 
learned of the Corps of Engineers' method in August 1956, when the Denver Division 
office forwarded a copy of the nomograph with a reference to its source. At that t ime 
the Research Laboratory had been using the slide-rule method fo r f ive years. 

CLOSURE, H . Y . Fang-The comments and review of the literatures contributed by 
M r . Johnston are much appreciated. 

The selection of the flow index using Table 2 gives a maximum possible deviation 
of 2. 5 in the f low index and a deviation of about 0.4 points in the value of l iquid l i m i t . 
This may be somewhat too large an e r ro r in the liquid l i m i t determination. To reduce 
the e r ro r , an expansion of Table 2 fo r selection of the f low index is needed. Since 
Table 2 has been prepared f r o m the data shown in Figure 4, i t is possible to use the 
following relations f o r determining the proper f low index with more precision: 

I j = 0.36 Wn-3 

When the above relationship is used, the deviation of f low index w i l l be reduced f r o m 
2.5 to 1. 
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Bureou of Public Roadc Method 

N g i 53860 (Mtan Coilfleiml) 

Liquid Limit, ( L L ) 

Figure 5. Coefficient (N^) vs. liquid l i m i t . 

Using the published data f r o m the Washington State Highway Department (3) f o r the 
evaluation of the Bureau of Public Roads Method, a relationship between coefficient 
(Na) and liquid l i m i t was found (shown in Figure 5). It is indicated that the coefficient 
(Na) is very sensitive when the liquid l i m i t is small (say lower than 35 or 40). On the 
other hand, when the liquid l i m i t is larger than 40, the coefficient (Na) has l i t t le effect. 
Therefore, the use of coefficient (Na) as a measurement f o r the l iquid l i m i t is l imi ted . 

Since the mean coefficient (shown in Figure 5 Na = 53860) is used in the Bureau of 
Public Roads method, the deviation f r o m mean to the true coefficient w i l l be markedly 
increased when the liquid l i m i t i s below 40. Many of the embankment soils used in 
highway construction and maintenance are classified as A-4 and A-6 , with a maximum 
liquid l i m i t of 40. For these reasons, f r o m a practical point of view, the wr i te r be­
lieved that the AASHO Road Test method is an improvement over previously used 
methods. 

HRB:OR-3lt5 



r p H E NATIONAL ACADEMY OF S C I E N C E S — N A T I O N A L R E S E A R C H COUN-
1̂  c iL is a private, nonprofit organization of scientists, dedicated to the 

furtherance of science and to its use for the general welfare. The 
A C A D E M Y itself was established in 1863 under a congressional charter 
signed by President Lincoln. Empowered to provide for all activities ap­
propriate to academies of science, it was also required by its charter to 
act as an adviser to the federal government in scientific matters. This 
provision accounts for the close ties that have always existed between the 
ACADEMY and the government, although the A C A D E M Y is not a govern­
mental agency. 

The NATIONAL R E S E A R C H COUNCIL was established by the A C A D E M Y 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
A C A D E M Y in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL R E S E A R C H COUNCIL receive their 
appointments from the president of the ACADEMY. They include representa­
tives nominated by the major scientific and technical societies, repre­
sentatives of the federal government, and a number of members at large. 
In addition, several thousand scientists and engineers take part in the 
activities of the research council through membership on its various boards 
and committees. 

Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its R E S E A R C H COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The HIGHWAY R E S E A R C H BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL R E S E A R C H COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the A C A D E M Y - C O U N C I L and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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