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R E P O R T ON S U B G R A D E I N V E S T I G A T I O N S F O R T H E Y E A R 
1925 

IRA B M U L L I S 

U S Bureau of Public Roads, Washington, D C 

During this year investigations and studies have been made on several 
phases of the subgrade problem in the field and at the Arhngton Expen -
ment Station Considerable work has been done on the relations 
between subgrade soils and water 

S U B G R A D E S O I L S 

Ideal soils for subgrades are those which have a high content of rela­
tively coarse crystalline material with sufficient fine material to bind 
the larger particles together This fine material should not have high 
plasticity or high volume change, which would hinder perfect drainage 
of the soil structure Subgrade soils which are mottled, gray or blue in 
color may be regarded as having poor drainage, even though the topo­
graphy IS ideal for good dramage 

Certain soils in every State in the umon have structures which are 
open, crumbly, and have profiles which guarantee good drainage, while 
others are plastic, sticky or compact, and have poor internal dramage. 
One stratum of a soil may have a texture which would dram readily but 
is underlaid by another stratum so dense and impervious that it can­
not be penetrated by water except in the capillary form. 
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Figure 1—Profiles of Leonardtown, Cecil, and Iredell Soils 

Figure 1 dlustrates the profile of such a soil, and it has been given a 
specific name When this soil is defimtely described and its name given, 
its identity becomes as definitely fixed as that of a plant or animal. Soil 



44 HIGHWAY RESEARCH BOARD 

families or series have their langes of color, structure, etc , within cer­
tain limits just as animate or inanimate objects When once seen, the 
name Iredell soil carries with it a picture of difficult drainage and high 
volume change, the Cecil series is associated with fnabihty, easy drain­
age, etc , while the Leonaidtown has a compact layer which obstructs 
free structural drainage 

Some soils which have been weathered for long ages have very com­
pact subsoils which are abnost impervious to percolating water. Such 
subsoils originate from the infiltration of water laden with soil sus­
pensions from above and when such soils are located beneath pavements, 
drainage will be imperfect 

In certain soils which have been deposited in watei will be found 
lenses of extremely fine textured clay and silt, which must be con­
sidered in the design of roads Strictly speaking, uniform soils are 
rarely encountered and for this leason intimate knowledge must be ob­
tained of the changes in soil structure and an adequate drainage system 
fitted to the needs of each individual condition, or vast differences m 
moisture conditions m the subgrade soil will develop during seasons of 
high precipitation All highway engineers recognize the absolute neces­
sity of studying the topography and planmng foi adequate surface 
drainage, but almost no attention is given to subsurface drainage unless 
free water is encounteied at the time of construction 

T H E M O V E M E N T OF S U R F A C E W A T E R 

Water of this class which reaches the roadway comes from direct pre­
cipitation or flows from some contiguous slope from which the roadway 
has not been adequately protected While all road builders realize that 
surface drainage is of paramount importance, yet an inspection of our 
most modern roads will almost invaiiably disclose many instances of 
gross neglect in adequate surface drainage Water reaching the sub-
grade in this manner was identified last winter in the vicinity of Wil­
mington, North Carolina 

Following a ram which fell on February 8, the edges of concrete pave­
ments were observed to be covered with moisture which extended to 
the lower surface of the pavement to the extent that considerable 
moisture had overspread the subgrade as far toward the center as could 
conveniently be determined Although careful exanunations for mois­
ture in the subgrade had been made many times daily prior to the 8th, no 
such condition had been found to exist On road sections where a good 
grade of top soil had been used for forming the shoulders, this wet con­
dition on the edges of the pavements oi in the subgrade was not found 
The reason for this is attributed to the low shrinkage of this type of soil, 
which does not form a joint of any considerable opening at the plane 
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where the shoulder and pavement meet, thus preventmg the mgiess of 
moisture in harmful quantity 

When water begins to flow into this joint, it is soon filled with sand 
and clay particles to such an extent that the joint is sealed so as to 
prevent further ingress of watei It is believed that this condition m 
sand-clay soils has been noted a sufficient number of times during this 
and other investigations to state this as an established fact 

Too many cuts are left unprotected from hillside slopes and become 
soaked from water which should nevei be permitted to diain in that 
direction In flat and gently rolling sections too often the shallow side 
drains are clogged with hardened or slowly melting snow and the sub-
grade becomes unstable, especially under heavy loads Too much 
emphasis cannot be given to keeping side diains and outlets open under 
these conditions, because it is undei such conditions that loads suffer 
most 

T H E M O V E M E N T OF GROUND W A T E R 

For convenience in discussion, ground waters will be divided accord­
ing to form into three classes 

Gravitational water 
Capillary water 
Vaporized water 

Gravitational Water—As soon as water is precipitated upon the 
ground it begins to penetrate the soil through areas of least resistance 
The greater portion of the water entering the soil is dependent upon the 
force of gravity for its major movements. Water collecting in little 
pools or depressions on the surface creates low heads which assist in , 
forcmg the watei into soil poies, joints, and cracks I 

In residual soils the joints, bedding planes and fissures m the ongmal 
rock structure continue to carry free water long aftei the lock has 
weathered into clay These joints may be tiaced in almost any fresh 
cut and percolating water may be found in them after rains 

On drjang, soils having high coefficients of shrinkage produce shrink­
age cracks, in some cases to considerable depth Such cracks, while 
apparently closed by a subsequent increase in soil volume, are not 
destroyed but continue to function in propoition to the size of the open­
ing Cracks are also produced by frost action, earthquake tremors, 
unequal pressures, and perhaps many other causes, but the important 
consideration is their universal presence in all parts of the earth's 
surface 

During periods of considerable rainfall water may be seen spouting 
from the face of cuts in many localities, although frequently the flow 
is only sufficient to produce a wet spot which is spread by capillary 
tension Such a condition as this is possible, as shown on the left face 
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CONCRETE ROAD 

^4 

Figure 2—Gravitational Water in Cuts 

Figure 3—Wet Cut with Pavement Failures 

of the cut in Figure 2. In Figure 3 the dark area on the face of the cut 
at the extreme right indicates a saturated condition of the soil, and the 
cracked area in the left center of the pavement bears mute evidence of 
insufficient support to the pavement. Several borings into the sub-
grade furnished unmistakable evidence of seepage water in harmful 
quantity. 

Figure 4 shows a coastal plain soil profile which is conducive to pro­
ducing wet cuts. The dark sections on the face of the cut were super­
saturated with water, which was spouting out when the photograph 
was made. A similar condition existed at a level below the pavement, 
but a sand and gravel layer beneath the pavement and intercepting 
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Figure 4—Saturated Strata in a Costal Plain Cut. Subgrade treated and drained. 
No Pavement Failure 

lateral drains prevented this seasonal seepage water from producing a 
subgrade failure. 

In every section visited there have been found strata of material 
which was the source of water in cuts at some period during the year. 

The character and general appearance of aquifers described in the 
foregoing paragraphs indicate that they are seasonal and are active 
only after periods of considerable precipitation. No attempt has been 
made to record all observed harmful conditions of this kind, but to 
describe characteristic types and call attention to the effect on pave­
ment conditions. 

The activity Of a water-bearing stratum under a pavement for a 
period of one week may be sufficient to cause serious damage to an 
expensive pavement. 

Capillary Water.—The distinction between capillary and gravita­
tional water is not definitely defined. Particles of water of such size 
as will move between soil particles under the force of gravity may be 
held or moved against the force of gravity when the temperature of the 
soil is decreased so as to produce a surface tension in the soil particles 
greater than the force of gravity. These same water particles will 
again be transferred from the control of surface tension to gravity upon 
the soil becoming warm enough to decrease its capillary force to less 
than the force of gravity. 

The laws governing the movement of capillary moisture are not well 
understood, and there are various and conflicting opinions as to the 
effect of this form of water in soils. In our investigations this form of 
soil moisture has received considerable attention in the field as well as 
in the laboratory. The value of increasing the height of an earth fill 
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above the water table on lowering the percentage of capillary moisture 
held in the soil at the top should be determined This involves two 
problems—one in capillarity, the other in evaporation To differentiate 
between water moving under capiUarj' tension and water moving in the 
vaporized form has not been an easy problem 

Highway engineers have in many cases detei mined suitable heights 
above water tables which produce reasonably diy subgiades This 
distance varies with clay types and their euAaronments There are 
types of clay subgrades, however, which have such a high capillarj-
potential that the moisture held in the soil at a considerable height 
above the water table is sufficient to reduce the bearing value to a point 
where the subgrades will not give adequate support to pavements 

Numerous tests for discovering the causes which affect oi determine 
the capillary potential of soils have been made by various investigators 
in soil physics and the following laws are well established 

1 The height to which capillary moistui e will rise in soil is in inverse 
proportion to the size of the soil pores In glass tubes water will 
be lifted ten times higher m a 0 01-inch tube than m a 0 1-inch 
tube 

2 The percentage of capillary moisture held m a unifoimly graded 
and compacted soil column free from evaporation decreases as 
the height above the water table is increased 

3 The percentage of mositure held under capillary tension dimin­
ishes as the temperature increases 

4 The known factors goveining the capillary potential are size of 
pores, chemical and physical character of soil pai tides, then 
temperature, baroraeti ic pressure, and the degree of humidity of 
the outside air 

In North Carolina observations were made to determine what seemed 
to be the necessary depth of lateral drains which insure pioper drainage 
of the subgrade These observations were made on all the soil types 
crossed between the mountains and the sea Many boiings and exca­
vations were made undei pavenemts for exarmmng the wetness of the 
soil at points where failuies weie found as well as points where no 
failure existed. 

No failure was found where the subgrade was as much as 12 inches 
above the water surface in lateral drains, even in the heavier clays en­
countered In passing from the heavier clays to the loams, this dis­
tance between the subgrade and watei surface in the side drains could 
be safely decreased, as was shown by the reduced moisture content in 
the sandy subgrades as compared with the clay subgrades This state­
ment applies to conditions of diainage where no aquifers of any type 
were evidenced. 



PROCEEDINGS OF FIFTH ANNUAL MEETING 49 
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It should be stated that it is not intended to convey the impression 
that 12 inches is suggested as being a suflBcient height for the subgrade 
to be placed above the water-table under any condition other than 

those observed There are soil and cli-
- SO/L matic conditions where a distance of sev­

eral feet between the watei-table and 
COTTON CLOTH HLTER subgrade will not guarantee good sup­

port without special design of subgrade 
or pavement 

At the time the field work was being 
done for this study, it was believed possi­
ble to get a relation between the capiUaiy 
moisture as found in the field and the 
capillary moisture as detei mined in the 
laboratory, but from the field data ob­
tained the determination of this relation 
has not been possible It is a well-known 
fact that, in a general way, the percent­
age of capillary moisture decreases with 
the increase of height above the water-
table, but the laws which govern this are 
not well known 

The laboratory method used for study­
ing the capillary potential of soils is one 
described by C J Lynde and H A, 
Dupre, Macdonald College, P Q , Cana­
da, in the Journal of Ameucan Agronomy, 
Vols 5 and 6, 1913-14 A view of this 
apparatus is shown in Figuie 5 Briefly, 
all air particles aie first driven out of the 
soil by boilmg in water The water and 
soil are then placed in a 40 mm filtei-
plugged funnel and centrifuged foi com­
pacting the soil and draining out a part 
of the soil water It is essential that 
some free water be held on the surface of 
the soil and that the stem of the funnel 
remain filled with water. At the conclu­
sion of the filling and centrifuging pro­
cess the funnel is connected with a ^ 
mm capillary tube previously filled with 
boiled water, the connecting joint be­
tween the funnel and capillary tube made 

CAPILLARY TUBE 

-MERCURY 

-MERCURYZ\i? 

Figure 5—Apparatus for de­
termining capillary potential 

of soils 
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air tight by means of a water seal, and the lower end of the water 
column set barely below the surface of a cup of mercury. 

Upon evaporation of moisture from the surface of the soil, water is 
pulled from the capillary tube into the soil, tending to produce a vacuum 
at the lower end of the water column As the water in the capillary tube 
IS lifted, the mercury, due to atmospheric pressure, follows until a pomt 
is reached where the combined weight of water and mercury are in 
equibbrium with the capillary power of the soil Further evaporation 
from the soil allows air to penetrate the soil pores, and the column of 
mercury drops 

Since it is obvious that variations m atmospheric pressure must be 
considered, all determinations are corrected to a pressure of 30 inches of 
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P E R C E N T M O I S T U R E 

Figure 6 
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mercury B y determining the percentage of moisture held m the soil 
under dififerent columns of mercury, the rate of change in the capillary 
moisture may be obtained With the percentage of capillary moisture 
held at a certain height and the rate of change in this moisture both 
known, it is possible to compute the total capillary rise 

Figure 6 shows the percentage of moisture held in Susquehanna clay 
at several heights above the water table, as deternuned by this labora­
tory test This is a stiff, tenacious, red clay and occupies hills and roll­
ing areas on the inner border of the Atlantic Coastal Plain region 

I 

JO 

20 

CURVE 5H0l^/^6 CAP/LL^fiV 
poTE/ir//QL or SOIL.m 20 

Adoyf mrce TABLE m/^sruPE 
/2 7e 3565 
/6.59 35 so 
26 2 / 34 35 
26 02 33 60 

0 00 S 7 2 0 
0 SO S3 SO 
1 0 0 S 2 3 0 
1 50 S 2 1 0 

s e e 3 7 0 0 

/2 7e 3565 
/6.59 35 so 
26 2 / 34 35 
26 02 33 60 

0 00 S 7 2 0 
0 SO S3 SO 
1 0 0 S 2 3 0 
1 50 S 2 1 0 

s e e 3 7 0 0 

/2 7e 3565 
/6.59 35 so 
26 2 / 34 35 
26 02 33 60 

0 00 S 7 2 0 
0 SO S3 SO 
1 0 0 S 2 3 0 
1 50 S 2 1 0 

s e e 3 7 0 0 \ \ \ 
-

•1 

/a 2 0 so -40 
P E R C E N T M O I S T U R E 

Figure 7 

SO ^0 

Figure 7 was obtained from tests on soil No 20, a Willows clay adobe soil 
from near Willows, Glenn County, Calrforma This is a dense, com­
pact, dark chocolate-brown clay of adobe structure It becomes very 
sticky when wet, puddles readily, and bakes upon exposure during 
droughts It will be observed that the upper part of this curve is almost 
vertical indicating an extremely low decrease in capillary moisture per 
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foot above the water table The rate of decrease in capiUary moisture 
IS 0 165 per cent per foot above the water table, which is the second 
lowest rate of any soil tested 

Figure 8 shows a capillaiy moisture curve obtained from soil No 1236, 
which IS a loose soil from Iowa This soil has a decrease m capillary 
moisture of 0 711 per cent per foot of rise above the water table, which 
represents almost the uppei limit of moisture change of any soil tested 

It will be observed that all of the capillary moisture cuives presented 
show a decided change in diiection at a mean height of approximately 
3 K feet above the water table The reason for this is not fully undei-
stood, but the following explanation seems leasonable and is offeied as 
the major cause for this maiked change 
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P E R C E N T M O I S T U R E 

Figure 8 

Figure 8 shows soil No 1236 tested for percentage of capillary mois­
ture held at 1 00, 1 50, 5 05, 9 92 12 65 and 27 15 feet above the watei 
table, and for water capacity when the surface of the soil is submeiged 
one milhmeter below the water table In the submerged condition the 
void spaces in the soil must be moie than filled with water and the mois­
ture film surrounding the individual particles is sufficiently thick to 
separate these particles At an elevation of one foot the weight of the 
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Figure 9—Moisture detennmations in soil covered withfgrass Arlington Expen-
ment Farm. Bonngs made July 27, 1925, at Pomt 2, Ten feet east of Pomt 1 

water is apparently suflftcient to force the soil pai tides somewhat closer 
together, thereby reducmg the thickness of the moisture film surround­
ing the soil particles, and at an elevation of 1 ^ feet the arrangement of 
soil particles apparently remains unchanged even under a weight of 27 
feet of water 

It is believed that at or near the edges of fills where the foot is con­
tiguous to the water table, a capillary moisture curve would be similar 
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Figtare 10—Moisture detenninabons m soil covered with grass. Arlington Experi­
ment Farm. Bormgs made July 16, 1925, at Pomt 1 

in form to those here presented, but that nearer the center of the fill 
the curve would be a straight line, intersecting the hne of zero elevation 
somewhat to the left of the 45 per cent moisture hne Since all of these 
deternunations were made under a condition in which the soil is free to 
evaporate only at the top surface, the above statement applies only to a 
fill the sides of which weie sealed against evaporation but whose sub-
grade could lose moisture by evaporation 

Table I shows the capillary rise, rate of change in moisture content 
above the water table, percentage of capillary moisture held at certain 
heights, and the computed total capillary moisture m the several soils 
The computations are based on the assumption that the sod out m the 
field is identical in structure and temperature with the sample tested 
For the purpose of determining the relation between the capillary 
moisture change due to gravity only in the soil as it exists in place and as 
determined by the mercury method in the laboratory, the following 
tests have been made 
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Two points were selected on the Arlington Farm where soil conditions 
to a depth of several feet were beheved to be as uniform as could be 
found m this vicinity, borings were made, samples for moisture taken, 
and the results plotted as shown in Figures 9, 10 and 11 
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Figure 11—Moisture determinations in soil covered with grass. Arlington Experi­
ment Farm Bormgs made July 30, 1925, at Pomt 3 

As would be expected, the points do not lie on a straight line There 
are changes in the soil and each change has its own capillary potential 
which produces a more or less zigzag line All three of the curves indi­
cate centers of increased moisture with some evidence of capillary move­
ment from these points Figures 10 and 11, on the whole, indicate the 
effect of gravity and show a decreasing percentage of capillary moisture 
above free water The decrease as shown in Figure 11 seems to be some­
what low for soils of this type, while that m Figure 10 compares more 
favorably with the laboratory tests on soils of similar type 

Recent tests made by the Bureau of Public Roads at the Arhngton 
Experiment Station on the permeabihty of soils show that the rate of 
percolation of water through fine sand whose temperature is 32° F is only 
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do 90 

65 pel cent of its late at 70° F Tests made by the Buieau of Standaids 
on the viscosity of watei in capillary tubes agree quite closely with these 
figures Figuie 12 is a curve which shows the relation between tempei-
ature and fiow of water This illustiation is a very striking one and 
shows the enormous increase in the viscosity of water with its decrease 
in temperature 
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T A B L E I 
C A P I L L A R I T Y OF SOILS 

Soil No 
Capillary 

rise 
m feet 

Percentage 
capillary 

moisture at 
height shown 

Percentage 
moisture 
change 
per foot 

Computed 
possible 

capillarity 
rise in feet 

1434 22 12 9 18 0 324 50 4 
1435 24 12 36 94 0 387 124 7 
1439 29 20 23 20 0 458 79 9 

20 28 02 33 60 0 165 231 0 
730 28 18 34 00 0 530 92 3 

1236 27 15 24 35 0 711 61 3 
A 5 50 32 48 0 455 71 3 
B 1 73 31 20 
C 0 99 29 90 
D 0 25 18 80 
E 0 16 18 60 

N O T E Soils A to E are pure quartz of the following sieve sizes 
A passing 200 mesh 
B " 100-200 mesh 
C " 60-100 mesh 
D " 20- 60 mesh 
E " 20- 30 mesh (standard Ottawa sand) 

Hilgard and Loughbridge' found that the change in percentage of 
capillary moisture in three soils was as follows 

Sandy soil, 11 28 per cent per foot above the water table 
Sandy alluvial soil, 8 76 per cent per foot above the water table 
Adobe soil, 10 44 per cent per foot above the water table 

Curves showing the distribution of moisture m the above soils aie 
given in Figure 13 

It IS quite apparent that theie is consideiable evaporation near the 
top of the adobe soil. No 1679 This is evidenced by the curve swinging 
to the left toward the top, otherwise the line would be straight, provided 
the soil was uniform m quality, compaction, etc The high moisture 
change per foot above the watei table is probably due to evaporation 
loss throughout the column These tests were made in copper tubes 
1 inch in diameter, divided into segments 6 inches long, and flattened 
on one side In the flattened side a slot half an inch wide was left and 
glass plates, held in position by rubbei bands, were cemented on the 
slotted side by means of paraffine to prevent the sifting of the soil 

If these tubes were not an tight at the joints and at the slotted sides, 

'California Agricultural Experiment Station Report 1892-4, p 99 
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evaporation would undoubtedly occur through the soil column and 
would account for the high moisture change 

It IS believed that the mercury method outlined will give an accurate 
measure of the capillary potential of soils under maximum conditions 
In level or rolling soils no evaporation can occur except at the surface, 
but on fills and steep slopes evaporation losses from the sides reduce the 
percentage of capillary moisture very largely, and under these condi-
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tions large corrections must be made It is a well-known fact that in 
sections of the semi-and west where no rain falls from early spring 
until late fall, crops are produced The depth to fiee water in this 
section, as evidenced by wells, ranges from 75 to 200 feet, and it is 
believed that moisture is carried by capillary action from the water 
table at these great depths to the plants at the surface 

EX/sr/r/G / f i A J5 FOOT niL n/fOE or s o / / , / / o rso 

a. Hrsmscopic w/ST(/ff£ 
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The method of measuring the capiUaiy potential of soils in soil-fiUed 
tubes is inadequate, slow, and gives little information The mercury 
method, on the othei hand, is rapid, gives apparently a truer indication 
of the effect of gravity on the thickness of the capillary film, and at 
least gives a truer conception of the height of capillary travel in dif­
ferent soils 

E F F E C T OF T E M P E R A T U R E , E L E V A T I O N AND P R E S S U R E ON C A P I L ­
L A R Y MOISTURE 

The value of inci easing the height of a fill for the purpose of loweimg 
the percentage of capillary moisture at the top is a moot question 
The factors involved are the capillary potential of the soil, evaporation 
and height above the water table Usually the more unportant of 
these three factors are capillary potential and evaporation 

Suppose a fill is to be constructed across a low plain whose water table 
is contiguous to the surface of the ground If the fill were built of soil 
No 730, a Susquehanna clay, uniform in texture and compaction, and 
havmg the surface of its side slopes sealed against the penetration of air 
and the evaporation of moisture and with the subgrade 15 feet above 
the water table, the percentgae held in the soil would be as shown in 
Curve f e b m Figuie 14 Under hot and and conditions the curve 
would be similai tofeda, that is, it would change from water capacity 
under fill pressure at the water table and decresae to hygroscopic 
moisture at the top of the fill Under certain conditions of moistuie 
and freezing the curve would be similar to f e d g, i e , changing from 
water capacity under fill pressure at the water table to the capillary 
moistuie of d, still further decreasing in moisture until the lower depth 
of freezing is reached and then lapidly increasing in moisture until the 
water capacity is again reached at the sufrace 

The effect of the force of gravity and low temperature on the thick­
ness of a capillary film surrounding soil particles may be illustrated by 
Figure 15 This figure shows that there is a uniform reduction in the 
thickness of the capillary film from the surface of a recent water table 
at C tow aid B This is due to the tendency of the capillary fihn to 
flow under its weight toward the hanging diops at the lower end of the 
column at C and explains the uniform rate of decrease in the peicentage 
of capillary moisture held as the height above the watei table increases 
If there is an increase in the temperature of the soil from B to A, there 
will be a still further decrease m the thickness of capillary film due to 
inci eased vapor pressure of this water film 

Should theie be a decrease in the temperature of the upper part of 
the soil columns, there would be a thickening of the capillary film and 
at the freezing point the soil would be completely saturated in the upper 
surface of the soil column, piovided the rate of freezing had not been 
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too lapid and the entue soil column is 
fully charged with capillaiy moistuie 

Thus it will be seen that the soil under dis­
cussion having a capillary moistuie change 
of only 0 53 per cent per foot above the 
water table, little will be gained in the re­
duction of capillary moisture by increasing 
the height of the fill veiy much above the 
water table It is therefore believed that 
any deciease in moisture below 0 53 pei cent 
per foot will be due to increasing the area 
of exposed fill so that gieatei oppoitunity 
foi evaporation may be given 

Evaporation is a powerful factoi in dry­
ing all soils, but it IS one about which little 
IS known in definite terms Even from a 
casual observation on roads having widely 
difTeient degrees of exposure to sun and 
wind, which are the most poweiful evapora­
ting agencies, some general measuie of this 
one factor may be obtained The most im­
portant factor in evaporation of water from 
soils IS soil temperature There are other 
factors of importance, but theie is little 
available information which enables one to 
evaluate any of these factors 

Increasmg the height of fills above the 
water table or above the adjacent ground 
exposes a much greater soil surface to the 
evaporating forces In narrow fills it is be­
lieved that much would be gained, but in 
wide fills, such as are made for modern roads, 
the writer doubts the wisdom of raising the 
height of the fill much in excess of the re­
quirements for proper drainage 

Vaportzalion and Condensation —There is 
a very close association between the capil­
lary and vaporized forms of moisture As 
the capillary film rises above the water 
table, the water film which covers the 

soil particles becomes thinner. At the same t me this capillary film is 
covered by a film of vapor, provided the temperature of the soil air is 
above the dew point under the existing humidity in the soil voids If 
the temperature of the soil air drops to or below the dew pomt, there 

Figure IS—Effect of gravity 
and temperature on capillary 

film 
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will be condensation Therefore, water may be moving upward at one 
depth in the soil under surface tension and at another depth under 
vapor pressure, while at some other depth the water vapor is being con­
densed on the soil particles 

It is known that under freezing conditions excessive moisture collects 
in clay soils in the upper stratum adjacent to the pavement and fre­
quently produces failure of the pavement Sections where alternate 
freezing and thawing occurs to a depth somewhat greater than the 
thickness of the pavement appaiently suffer most Unquestionably 
much of this comes from the condensation of water vapors from below. 
When freezing has advanced deep enough to arrest capillary or vapor 
movements, the deposition of moisture ceases and may be actually 
evaporated to dryness during periods of low precipitation (The 
writer has observed this condition in northern Minnesota) 

Where climatologieal conditions are such that freezmg never reaches 
the bottom of pavements, it is not believed that condensation will ever 
occur to such an extent as will be noticeable Where freezing pene­
trates to or below the surface of the subgrade, condensation will cer­
tainly occur on the heavier clay soils Such freezing, when accompanied 
by sufficient precipitation and heavy truck or motor bus traffic will 
certainly produce subgrade failures on the heavier and more intractable 
clays unless the subgrade is specially drained and aerated or the pave­
ment IS strengthened 

Treatment for Wet Cuts —^While it is generally presupposed that all 
wet cuts, are drained when constructed, yet experience has taught that 
this is far from true Cuts in which perennial springs are encountered 
are almost invariably drained, but cuts m which seepage or free water 
flows for a short period near the close of periods of high precipitation 
are common almost everywhere The general appearance and charac­
teristics of wet cuts have been described under "Gravitational Water " 

Borings should be made for the purpose of determining the unifoimity 
of the subgrade soil, where there are considerable variations in the soil 
structure, such as strata of sand, gravel or unpervious clay Figure 2 
shows such a condition m a cut and fill section In this case the seasonal 
flow of water is at right angles to the roadway, but such conditions are 
very frequently seen where the flow is parallel to the center line of the 
road Failures are frequent and occur at points where such strata are 
intersected by the plane of the subgrade Such failures may be ob­
served on many grades The method of cure is sunple, but effective 

Figure 16 shows a form of the only known effective method to pursue. 
Where the line of flow is parallel to the center line of the road, transverse 
drainage should be so placed that the water will be intercepted before 
reachmg the base of the pavement 

It is suggested that surveys of subgrade soil moisture conditions be 
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made near the close of periods of high precipitation, such as usually occur 
m the winter or early spring This will locate the wet spots and make 
possible the proper drainage or treatment This survey should also 
record the depth of all side drams with reference to the subgrade and 
should show needed drainage improvements 

Treatment of Soils Having a High Capillary Potential—Heavy clay 
soils such as encountered in many sections should be treated, especially 
when found at considerable elevations, or where the winter temperatures 
are severe and where snowfall is heavier than it is in some of the more 
sheltered valleys The higher elevations, when located on the northern 
or shaded sides of the mountain, will suffer most from moisture and 
freezing, and it is in such locations that extreme caution must be exer­
cised when heavy clays are encountered 

If there are any evidences of seepage from the sides of cuts—and such 
evidences usually do exist at tunes—it should be intercepted by tile and 
crushed stone drainage laid below the frost hne and a blanket layer of 
granular materials placed on the subgrade as shown in Figure 16 Such 

G R A V E L O R 
C O N C R E T E R O A O T \ CRIISWFn S i n 

'^^''^ • / / / / / / / / , / / / / , / ^ , / / / / , / / / / / / / / / / / / / / W / / / / / / / / , , / / / / / / / / / / / / / / / / / / / ^ ^ • ^ ̂  ^ 

Figure 16—Method of mterceptmg seepage from sides of cuts 

mateiials as sand, gravel, cinders, granulated slag and stone screenings 
meet the requirements splendidly Crushed stone is also good, but a 
blanket layer of any of the above mentioned materials, having filtering 
qualities, must be interposed between the crushed stone and the clay to 
prevent the passage of clay into the voids of the stone The thickness of 
this layer of fine material must be somewhat greater than the effective 
size of the voids in the stone 

When using such treatments, they must be extended out through the 
shoulders for the purpose of drainage and ventilation or water will be 
retained under the pavement and the purpose of the treatment thwarted. 
In all cases the subgrade should be crowned so as to aid rapid drainage 

Influence of Climate on Subgrade Conditions —The influence of climate 
on the moisture content of soils must be considered in connection with 
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soil characteristics. The moisture-holding capacity increases as its 
temperature is lowered Soil drainage under winter conditions is far 
less active than under summer temperatures with equal precipitation 
Since the viscosity of water changes inversely with its temperature, this 
explains in part why cold soils drain more slowly than warm 

Figure 12 shows curves made from data taken from Smithsonian 
Physical Tables showing the viscosity of water in capillary tubes at 
temperatures of from 32° F to 90° F , and from experiments made m 
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Figure 17—Vanations in climate m different sections 
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the subgrade soil laboratory of the U S Bureau of Public Roads on the 
rate of percolation of distilled watei thiough clean, fine silica sand 
through the same tempeiature range 

To illustrate the vaiiation and types of climate in ceitain paits of our 
country Figure 17 is presented 

Due to the low winter temperature and high winter rainfall in Provi­
dence, Rhode Island, similar subgrade soils would react veiy diffeiently 
from those of Chehalis, Washington, wheie the winter temperature is 
milder Subgrade soils near Chehalis, Washington, subjected to such 
great extiemes of moistuie are much more likely to fail fiom volume 
change than a similar soil near Providence 

Duluth, Minnesota, with extremely low winter tempeiatuies, has a 
low winter piecipitation and the water has seen subgiades in Apiil 
almost bone dry High winds, low piecipitation, and with capillary ac­
tion arrested by solidly fiozen subgiades, had made it possible for 
evaporation to lemove excess water fiom the subgiade Such a climate 
as that of Duluth is not conducive to excessive volume change in sub-
grade soils The low wintei temperatuies coupled with the movement 
of water through glacial deposits pioduces heaves and pavement rup-
tuies which are appaUing Diainage under such fiost conditions pie-
sents a problem difficult of solution 

S U M M A R Y O F C O N C L U S I O N S 

Subgi ode Soils 

1 Ideal subgrade soils 
a Good internal diainage 
b Low volume change 
c Unifoim structure and color 
d High peicentage of ciystalline material 
e Low moistuie retaining capacity 
f High beaiing value 

2 Undesirable subgiade soils 
a Dense, close-textuied and difficult to dram 
b High volume change 
c Variable in stiuctuie and often times mottled in coloi 
d High peicentage of amorphous materials 
e High moistuie-ietaimng capacity 
f Low 01 vaiiable beaiing value 

The Movement of Surface Water 

1 Roadway should be protected from slopes 
2 Snow, litter and debus should be removed from gutters, and 

outlets should be fiequent 



66 HIGHWAY RESEARCH BOARD 

Movement of Ground Water 
Gravitational Water 

1 Enters subgiade through 
a Clacks in pavement and at edges 
b Joints and cracks in subgiade soil 
c Poious aieas and watei-beaiing stiata 

2 Held in subgrade soil by 
a Character of soil 
b Compact layers 

c Visco^ty of watei due to low tempeiatuie 

Capillaiy Water 
1 Height of capillary rise in invei se proportion to size of soil 

poies 
2 Peicentage of moisture held in a unifoim soil column de­

creases unifoimlj' as the height above the water table is 
inci eased 

3 Known factois governing the capillaij' potential are 
a Size of poies 
b Chemical and physical chaiactei of soil particles 
c Temperature of soil 
d Moistuie of soil 
e Baiometric pressuie 
f Humidity of outside an 

Vaporization and Condensation 

1 Watei in the capiUaiy foim may be converted directly into either 
the vapoiized oi giavitational foim by change of tempeiatuie 
or piessuie 

2 Soils may become completely satuiated by the combined forces 
of capillarity, vaponzation, and condensation 

3 Cold and diy climates tend to pioduce dij- subgiades, provided 
the subgiade soil is unifoim m stiuctuic and remains frozen to 
consideiable depth 

Treatment for Wet Cuts 

1 Intel cept perennial or seasonal seepage 
2 Locate and tap compacted layei s of soil and clay pan 
3. Promote aeration and drainage of the subgrade soil by the use of 

suitable layers of such granulai materials as coarse sand, 
gravel, crushed stone, slag, cinders, etc , having filtering quali­
ties, with frequent drainage outlets 
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Tieatment of Soils Having a High Capillary Potential 

1 Keep watei table as low as pei missible 
2 Promote aeiation and diainage bj-the use of layers of gianulai 

mateiials having filteiing qualities 
3 Cut back tiees so as to give the fullest exposuie of the roadway 

to the sun and wind 

' Influence of Climate on Subgi ade Conditions 

1 Undei the most favoiable climate few subgiade soils fail 
2 Favoiable chmates foi stable subgiades aie 

a Those having low piecipitation during wintei and copious 
summei precipitation 

b Those having scanty piecipitation-ihioughout the yeai 
, < 3 The most unfavoiable climates foi stable'subgiades are 

* a Those having wide seasonal vaiiations in precipitation 
b Those having high piecipitation during freezing peiiods 
c Fiequent alternate fieezing and thawing • 

S T R E S S M E A S U R E M E N T S I N C O N C R E T E P A V E M E N T S 

L W T e l l e r 

U S Bureau of Public Roadi, Washington, D C 

The fiist lequuement m the design of a conciete pavement is that it 
shall safely cany such tiaffic as may legally' be placed upon it I t is 
therefoie necessary that the designing engineei know what stiesses 
the various wheel loads will produce in a given design of pavement, 
and it IS equally necessaiy that the legislator know what loads may be 
safely allowed on conciete pavements aheady built This is one of the 
big problems i n highwaj' leseaich todaj' 

The U S Bureau of Public Roads has attacked this problem bj' the 
development of a method foi accuratelj' measuiing the deformation 
pioduced by traffic in the fibeis of a concrete load slab for detei mining 
fiom these defoimations the magnitude of the lesultant stiess This 
method has been used with considerable success in a number of investi­
gations and it is the purpose of this paper to desciibe the method and 
to show its practical application to the determination of stresses in con­
crete pavements due to traffic loads 

In ordei to measure the small deformations occuiiing in conciete at 
01 near a wheel load, it is necessaiy to have a compact recording strain 
gage of high magnification Such a gage, designed and developed for 
this purpose, was described in the Proceedings of the Fourth Annual 
Meeting of the Highway Reseaich Boaid Essentially, the gage con­
sists of a bell ciank lever whose latio is approximately 70 to 1 This 
multiplied movement is lecorded by a stylus on a smoked glass plate 


