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TRANSVERSE DISTRIBUTION OF MOTOR VEHICLE 
TRAFFIC ON PAVED HIGHWAYS 

By J. T. PAULS, Associate Highways Engineer, United States Bureau of Public Roads 

LIMITED investigation conducted recently by 
the Bureau of Public Roads for the purpose of 
determining the transverse distribution of traffic 

on paved highways, has developed a number of very sig- 
nificant facts with respect to the effect of road width, 
curves, shoulder conditions, grades, crown of surface 
and other physical factors on the distribution of the 
traffic laterally. Although the investigation has not 
been sufficiently extensive to develop relations definite 
enough to describe as the laws of lateral distribution, 
the observations made are highly interesting and of 
immediate practical value, with respect to highway 
design and traffic regulation. Previous traffic surveys ! 
have given the net and segregated tonnages and the 
number of applications of the load per unit of time, 
but so far as 1s known, this is the first attempt to estab- 
lish the transverse distribution of traffic on pavements. 

LOCATION AND CHARACTER OF INVESTIGATION 

The observations were made in the vicinity of Wash- 
ington, D. C., and locations were selected which were 
considered to be representative of the several conditions 
it was desired to study. At each point selected, the 
paved width was marked with paint into 1-foot sec- 
tions. The right rear wheel passages in each direction 
were noted by different recorders with tally registers. 
The known distance between the wheels was utilized 
to add to the register the left wheel passages. The 
observations represent the total rear wheel passages 
considered as the sum of the traffic in both directions. 

The truck and passenger traffic were registered sepa- 
rately and each considered as 100 per cent in plotting 
the graphs. Trucks of less than 2 tons capacity were 
not counted with the heavier types; because it was 
believed that such trucks would be equivalent to pas- 
senger Cars. 

The quantitative results obtained from the investiga- 
tion are shown on the accompanying charts. The per- 
centage of traffic passing over any 1 foot of width is 
given in terms of the total rear-wheel traffic in both 
directions, considered as 100 per cent. The average 
osition of the outer wheels, as indicated on the charts, 
as been determined by locating the center of gravity 

of the area representing the outer wheel passages only. 
The corresponding average position of the imner wheels 
was then located at the known gauge distance from the 
outer wheels. The distribution of the traffic moving 
in the two directions is represented by the ordinates of 
the shaded and unshaded areas. The sum of the total 
ordinates at the 1-foot divisions represents the total 
traffic moving in both directions considered as 100 per 
cent. The average net clearance between vehicles mov- 
ing in opposite directions has been calculated from the 
computed average location of the outer wheels on the 
basis of what appears to be the average overall width 
of vehicles. For passenger cars this overall width is 

Connecticut Highway Trans- 1See Public Roads, Vol. 5, No. 1. March, 1924. t 
Highway ‘Traffic in portation Survey, p. 14, and Vol. 5, No. 10, December, 1924. 

California, p. 12. 

355738—25,——1 

taken at 5.7 feet, which is practically a constant for all 
makes of cars. For trucks a width of 7.3 feet has been 
used. If the maximum legal width of 8 feet obtaining 
in a number of States were used, the average truck 
clearances shown on the charts would be reduced 
accordingly. Figure 1 shows the dimensions used. 
The highway conditions at each of the points of observa- 
tion are shown by the photographs accompanying the 
charts; and are tabulated ra the results further 
deseribed in Table 1. 

CLEARANCES ON 18 FOOT PAVEMENT 
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Fic. 1.—Dimensions of passenger vehicles and motor trucks assumed for the purpose 
of computing average clearance, and clearances on an 18-foot pavement under three 
conditions of traffic (based on data from test 4, Fig. 5) 

SUMMARY OF FINDINGS 

The principal results of the observations with respect 
to the distribution of traffic and the effect of various 
physical conditions are as follows: 

Pavement width.—It seems to be definitely established 
that 18 feet is the minimum pavement width which 
will permit passenger vehicles and trucks driven in 
the preferential position to pass in safety and with 
a reasonable amount of bleeeton Trucks have 
almost as much clearance as passenger cars, because 
the former are habitually driven about 1 foot closer 
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TABLE 1.—Data showing conditions on various pavements and distribution of motor-vehicle traffic 
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1 Taken at night. 2 214-foot concrete edges. 

to the edge of the pavement than the latter. It is 
interesting to note that drivers of vehicles apparently 
will sacrifice clearance rather than drive closer to 
the edge than they instinctively feel to be safe. 

In suggesting a minimum width of 18 feet the obser- 
vations bear out current practice based upon gross 
observation. A width of 20 feet would apparently 
permit the passing of vehicles with greater ease and 
safety and without excessive cost. It is apparent, 
however, that a width in excess of 20 feet is un- 
necessary for a two-way pavement on tangents either 
for trucks or passenger vehicles, since the clearance 
between the vehicles at their preferred driving position 
is sufficient on a pavement of this width to permit 
passing with safety. 

That the used width of a pavement may frequently 
be considerably less than its apparent width is strik- 
ingly brought out by several of the observations. In 
several instances it is shown that the outer foot of 
the surfaced section is totally ineffective because of a 
bad shoulder condition, a closely set guardrail, a 
steep crown, a bad gutter or the ragged edge of a 
bituminous macadam surface; and in one case a 24- 
foot pavement has been found to be effectively not 
more than 20 feet wide because of the abutments of 
an overhead railroad bridge which are crowded close 
to the edge of the pavement. 

Ourves.—The observations provide specific support 
for the prevailing belief that traffic in general shifts 

3 Bridge abutment. 4 View obstructed by bank at right. 

toward the inside edge of the pavement in rounding 
horizontal curves. At variance with the usual as- 
sumption, however, the trucks are found to shift 
their course toward the inside of the curve less than 
the passenger vehicles; and under all circumstances 
the truck drivers are found to adhere more closely to 
the edges of the pavement than the operators of 
passenger vehicles. 

It is found that traffic moving on the outside of 
the curve shifts its course farther in the direction of 
the inside than the traffic moving in the opposite 
direction, which is limited in its choice of a course by 
the proximity of the pavement edge. It follows, 
therefore, that unless the pavement is widened on the 
curves the normal tangent clearance between the two 
lines of vehicles will be reduced. The behavior of 
the traffic on the curves is influenced, however, by 
the presence or absence of traffic center lines; the 
amount of superelevation and whether the super- 
elevated section has a plane or crowned surface; the 
condition of the shoulders and roadsides; the presence 
or absence of roadside structures such as guardrails, 
culvert head walls, etc., either on the inside or outside 
of the curve, and the degree of curvature and tangent 
width of the pavement. The observations shows that 
traffic center lines do accomplish the separation of 
the traffic; and they snpacnntls show that a crowned 
section, even though superelevated, has the effect of 
causing the traffic to seek the favorable slope on the 
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inside of the curve. But because of the presence of 
complicating factors the relation between the degree 
of curvature and the tangent width of the pavement 
and the amount of widening required on the curve is 
not revealed. 

Grades.—The distribution of traffic on grades seems 
to differ only slightly from the distribution on level 
roads. -There is, however, a noticeable departure from 
the normally preferred course by the traffic moving down 
hill on light grades. In practically every case observed 
the traffic under this condition moves slightly toward the 
center of the road. The explanation advanced is that 
light down grades do not suggest reduction of speed, but 
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Fic. 2.—Test 10, made on a 20-foot bituminous macadam road with a bad cobble 
gutter at each side, shows the effect of the concentration of traffic at the center of 
the surfaced way caused by the condition of the gutter. Increasing concentration 
at the center may be expected to follow the development of the ruts, leading to still 
more rapid deterioration of the surface 

that the drivers do take the precaution of moving slightly 
away from the edge of the pavement. No such ten- 
dency is observed on heavy grades and the presump- 
tion is that operators reduce speed on such grades and, 
at the reduced speed, the instinctive fear of the pave- 
ment’s edge is lessened. 

Other factors affecting lateral distribution.—The obser- 
vations indicate that other factors, such as the crown 

of the road, the condition of the shoulders, the presence 

of concrete shoulders at the sides of a bituminous 

pavement, center traffic lines, and the presence of 

roadside structures such as guardrails, culvert head- 

walls, etc., have a noticeable effect upon the lateral 
distribution of the traffic. Excessive crown is shown 

to cause a concentration of traffic at the center of the 
roadway. A bad shoulder has a similar effect, and 
guardrails and other similar structures suggesting 
roadside danger also cause the traffic to move away 
from the apparent danger and toward the center of 
the road. Smooth, white concrete shoulders at the 
edge of a black surface seem to lure the traffic toward 
the side, and center lines, on tangents as well as on 
curves, exert a marked separatory influence. 

In one case roughness of the surface at a distance 
from the edge approximately equal to the wheel gauge 
of passenger vehicles appears to have reduced the 
used width of the pavement by 1 foot, because of the 
reluctance of operators to drive with their inner wheels 
on the rough surface. 
Maximum traffic concentrations.—Considering all 

widths of pavement and all conditions, the maximum 
percentage of the total traffic concentrating upon a 
single foot of width is found at the center of a 14-foot 
pavement for passenger vehicles and at the center of 
a 15-foot roadway for trucks. The heaviest concen- 
tration on a pavement 18 feet wide or wider is shown 
to be approximately half of these maxima for both 
classes of vehicles. 

On curves and on light grades the point of greatest 
concentration shifts from the center toward the inside 
of the curve and the uphill side of the road, respectively. 
On concrete roads the lines of maximum concentration 
are clearly marked by the dark stains caused by oil 
which drops from the center of the drip pans of the 
vehicles. (See illustration on cover.) he darkest 
part of these stains which, because of the favorable 
slope of the drip pans, are always more intense on the 
uphill side of the road, corresponds to the center of the 
track of greatest concentration. The heaviest wheel 
concentration may generally be expected at a distance 
from the center of the stain equal to one-half the wheel 
gauge of the vehicles toward the center of the road; and 
when the distances thus measured reach or slightly pass 
the center of the road a maximum concentration for the 
traffic may be expected at the center. Markings, in 
appearance similar to those caused by drip-pan drop- 
pings, may sometimes be observed on concrete roads 
near points where they abut bituminous surfaces. In 
such cases, however, the marks are caused by the wheels 
themselves, and indicate directly the lines of greatest 
wheel concentration. Similar lines develop on bitu- 
minous pavements shortly after the application of a 
seal coat, caused, in this case, by the earlier ironing 
down of the surface application at the lines of greatest 
traffic. 

Bearing upon the design of pavements.—One of the 
most useful results of the observations is the evidence 
they present with regard to the ee of application 
of the critical motor truck wheel loads. By demon- 
strating that motor trucks are habitually driven closer 
to the edge than passenger vehicles, and by showing 
that the average distance of the rear wheels of the 
trucks from the edge is little more than 114 feet on 
most pavements, the study emphasizes the wisdom of 
the thickened-edge design, and indicates that the as- 
sumption of a point of application of the load at a dis- 
tance of 6 inches from the edge is conservative. 

The study shows convincingly that a census of total 
traffic may not always describe the full service rendered 
by a particular highway. In one of the observed cases, 
for example, 18 per cent of the total number of wheel 
applications came within a foot of the edge of the pave- 
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Fic. 3.—Average distribution of traffic on road surfaces of various widths from 15 to 24 feet. 

PASSENGER VEHICLES ~— 

PAVEMENT ania aa a 3.3 
WIDTH RQ A 
FEET i 

| 6 III JC CLLLLALALAAAAMA ph bbb he hihihichidhe huh hank) 

ee ' 
‘ : -0.7 CLEARANCE 

= 3.0 4.8 

16.0 

cot ion ie 4.8' = oe 4.8' cold 2.5' 

Vay! (} Vay) 

| 8 Le] | a aes UA Peers | Jemma 

2.2' 
CLEARANCE 

18.0' 

3.6 4.8' a re 4.8' =e § 2 

ak aN aN nm 

33° 

CLEARANCE 

20.0 

3.7' = — 4.8' oh ie 4.8) +f 3.7' 

aN) 
1 

2 2 Pests eietiitttitvébttiitktitvit’éi Lee |) eee 

4.2' 

CLEARANCE 

fare say 

celine ah eral eg 4 ei 42° 

| 
Vay Vay vay 

24 VITIIL LLL L A RAAA A 

6.1' 

CLEARANCE 

Se ee ee Oe 

Eighteen feet is the minimum width which gives positive clearance for al! 
vehicles in passing at the preferred position. The clearance increases with the width of the pavement, but becomes unnecessarily large when the width exceeds 20 
feet. 

ment; in another case only 4 per cent of the total wheel 
passages were within the first foot. What effect such 
a difference may have upon the design of the pavement 
is a matter which will need to be considered carefully 
in the development of rational methods of road design. 

Although the greater concentration of the traffic at 
one point than at another is likely to cause little differ- 
ence 1n the surface wear by attrition, it is possible that 
a study of the distribution of traffic in connection with 
surface and subgrade failures may show a more inti- 
mate connection than at first glance may appear. One 
of the roads observed in this investigation may be 
taken as an example of such a failure. The road, 
observed in test 10 (Fig. 2), has a 20-foot pavement, 
but the presence of a bad cobble gutter at each side has 
forced the traffic to concentrate on the central portion 
of the pavement, resulting in the formation of ruts 
which cause a still higher concentration. 

Although this paper presents no data relative to the 
effect of snow upon lateral distribution it may be 
pertinent to point to the experience of many of our cities 
during the past winter. The extensive damage revealed 
when finally the snow blanket of last January was re- 
moved—obviously the result, mainly, of the concentra- 
tion of traffic in snow ruts—should convince the least 
foresighted of the falsity of that economy which with- 
holds funds for snow removal only to expend greater 
sums for street repair. 

Widths of 22 and 24 feet are apparently excessive for two lines of traffic and not great enough for three lines 

WIDTH OF 18 TO 20 FEET AMPLE FOR TWO-WAY TRAFFIC 

Assuming that the proper width of a two-way pave- 
ment is that width which will provide safe clearance 
between passing vehicles without forcing their drivers 
to reduce the distance between the outer wheel and the 
edge which is instinctively felt to be safe, 1t appears 
from the observations that a width of 18 feet is the 
minimum which should be adopted for two-way 
passenger-vehicle traffic and that widths greater than 
20 feet are excessive. Trucks require 20 feet for safe 
passing, but do not fully utilize additional width. 

Table 2 presents data on the habits of drivers oper- 
ating over roads of various widths from 14 to 24 feet, 
under conditions of fair shoulders, level grades, and on 
tangents. From this table it appears that passenger-car 
drivers habitually maintain a distance of from 11% to 
4 feet between the outer wheel and the edge of the 
pavement, and that truck drivers operate somewhat 
closer to the edge, but prefer not to approach closer 
than 14% feet. These distances, then, define the pre- 
ferred tracks of the two kinds of vehicles, and may be 
taken as criteria in deciding upon the adequacy of any 
given road width. Viewed in this way it appears that 
pavements less than 18 feet in width are decidedly too 
narrow, since they provide no clearance for passenger 
cars or trucks. The 18-foot width is apparently great 
enough for passenger-car traffic but not quite wide 
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Fic. 4.—Test 7, made on a 15-foot road, shows how the maximum concentration 
of traffic occurs at the center on roads of such narrow width. The steep crown 
in this case accentuates the concentration at the center; and the effect of a slight 
downhill grade is noticeable in the greater distance of the average wheel position 
from the edge on the downhill side 

enough for trucks. The width of 20 feet gives ample 
clearance for trucks and is apparently not excessive 
for automobiles. Further increase in width is appar- 
ently utilized by the drivers to increase the center 
clearance, but the added clearance is obviously not 
greatly needed for safety, for it is shown that the 
presence of a railroad bridge abutment near the sides 
of a 24-foot surface (test 12) will cause the truck traffic 
to give up 2.6 feet of clearance, and a slightly rough 
ae on a 22-foot road (test 21) reduces the clearance 
of passenger vehicles by 1.9 feet. 
The motor-truck driver, frequently maligned by 

irate motorists as a road hog, finds unexpected comfort 
in the graphs which clearly show that he consistently 
drives closer to the edge of the pavement than his 
defamers. Before framing a retort, however, it would 
be well for him to remember that the graphs show him 
to be a consistent driver rather than a courteous one. 
The well-developed peaks representing his wheel tracks 
show that he adheres closely to a fixed path at his chosen 
distance from the edge, departing from it neither to 
occupy the center of the road when alone nor to give 
greater space to another vehicle in passing. The slower 
speed of we vehicle seems to permit him to drive closer 

TABLE 2.—Average traffic lanes and clearances of motor trucks and 
passenger vehicles on pavements of various widths. All on tan- 
gents with fair shoulders 
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1 This road has 214-foot concrete shoulders on each side, which normally would tend 
to increase the clearance. The presence of a rough place in the pavement about 6 feet 
from each edge causes passenger vehicles to forego the smooth concrete edge, because 
to do so would place their inner wheels on the rough place. Motor trucks are not 
affected, because their broader gauge permits them to use the concrete shoulder 
without running with their inner wheels on the rough place 

2 Railroad bridge abutments at each side of pavement cause reduction of clearance 
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Fic. 5.—Test 4, on an 18-foot concrete pavement, shows how the center traflic 
concentration which characterizes the narrow roads is relieved by widening. 
The good shoulders on this road encourage traffic to use the surface to the very 
edge. Contrast this condition with that shown in Figures 15 and 16 where a 
bad shoulder condition clearly discourages the use of the edges of the surface 
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Fic. 6.—Test 23, made on a 22-foot bituminous macadam road, shows how the 
peaks of traffic concentration are reduced by widening the surface beyond 18 
feet. The maximum percentage of passenger vehicle and truck concentration at 
one point are 8.1 and 11.1 respectively. The peaks are still further reduced by 
widening to 24 feet (see Fig. 7) 

to the edge with a sense of safety than the drivers of 
passenger cars; and he prefers this position because 
there it is not necessary, as it would be closer to the 
center, to pull aside continually to permit the passing 
of faster cars. The drivers of passenger cars, on the 
other hand, possessed of a more mobile vehicle, ap- 
parently shuttle back and forth from the center to the 
side of the road, occupying the center when alone and 
pulling off to the side when passing. ‘This is probably 
the reason why the peaks of passenger-vehicle wheel 
concentration are not so pronounced as the peaks in the 
motor-truck graphs. 

THE POINT OF GREATEST TRAFFIC CONCENTRATION AFFECTED BY 
WIDTH OF ROAD 

When width alone is the controlling factor, it may 
apparently be anticipated that the greatest concentra- 
tion of traffic on a narrow road will come upon the center 
of the roadway. This is due to the overlapping of the 
wheels of vehicles proceeding in opposite directions. 
Apparently this condition obtains for all widths up to 
and including 18 feet. Beyond that width the center 
peak of the distribution graph tends to become a 
valley and the peak of maximum wheel concentration 
is split into four lesser peaks, two of which appear on 
each side of the road. 

Thus, in test 7 (Fig. 4) made on a 15-foot road the 
maximum percentage of the traffic concentrated on a 

single foot of width is 20.7 for truck traffic and 17.4 
per cent for passenger-car traffic, each at the center of 
the road. The effect of widening the surface to 18 feet 
is shown by test 4 (Fig. 5) made on a level section of 
concrete road, which to all appearances is normal in 
every respect. The observations on this road show that 
both the passenger vehicle and truck traffic concentrate 
in four pronounced peaks, two on each side of the road, 
the maximum in the case of passenger vehicles repre- 
senting 10.9 per cent of the total traffic, and in the case 
of trucks 12.7 per cent. What happens on a 24-foot 
road is illustrated by test 17 (Fig. 7), made on a 
granite-block pavement, where it is found that the 
peaks representing the left and right side concentra- 
tions are more widely separated and reduced to 7 per 
cent and 10.2 per cent, respectively, of the total traffic 
for passenger vehicles and trucks. 

It thus appears that the width of the pavement is 
an essential consideration in interpreting the effect of 
a given total traffic on the pavement. Although the 
experiments of the Bureau of Public Roads indicate 
that surface wear of modern pavements by rubber- 
tired vehicles is practically negligible, the relative 
concentration of the traffic at various points on the 
surface, and the direction of the traffic may be found 
to be instrumental in the causing of other types of 
failures, such as fatigue and subgrade failures. If, as 
is generally suspected, the causation of corrugations in 
bituminous surfaces is related to the direction and 
volume of traffic using the road, it is possible that 

PASSENGER VEHICLES 

TOTAL WHEEL TRAFFIC RIGHT WHEEL TRAFFIC 3 

LEVEL GRADE LEVEL GRADE 

SG 

S a 

° 

CLEARANCE 
lifela4|sle|7[e]sfrolufieliz|njolalel7je|s|e|aj2|a 

TRUCKS 

TOTAL WHEEL TRAFFIC RIGHT WHEEL TRAFFIC 

PER CENT TOTAL REAR WHEEL TRAFFIC 

LEVEL GRADE 

PER CENT TOTAL REAR WHEEL TRAFFIC 

CLEARANCE 

3 INCH CROWN 

Fic. 7.—Test 17, made on a 24-foot granite block pavement, shows the effect of 
widening the pavement on the concentration of traffic. The maximum peaks in 
this case are 7 and 10.2 per cent of the total traffic for passenger vehicles and 
trucks respectively. Shade trees at the right apparently cause the traffic to keep 
at a greater distance from the right-hand curb 
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Fia. 8.—Test 18 shows the distribution of traffic on 22-foot bituminous macadam 
road at an 11° 30’ curve which has a crowned superelevated section. Vehicles 
traveling on the outside of the curve crowd toward the inside to take advantage 
of the favorable slope and reduce curvature, and in the absence of a center line 
there is nothing to counteract this tendency 

certain commonly observed characteristics of such 
waves or corrugations may be explained by observa- 
tions of lateral distribution. It is shown by the present 
tests that the center of the road almost always carries 
a traffic in which vehicles moving in opposite directions 
have their wheel tracks ee cr canceed! one upon the 
other; and it is possible that the disappearance of the 
waves at the center, which has been often observed, 
is due to the passage of approximately the same num- 
ber of wheels in each direction, thus neutralizing the 
effect of direction of traffic. 

THE EFFECT OF CURVATURE ON LATERAL DISTRIBUTION 

Six of the points of observation were on horizontal 
curves. Two were on 24-foot bituminous macadam 
roads (tests 16 and 19), one with an 18 and the other 
with a 20 degree curve. Each~had a white center 
line and both were superelevated, the 18-degree curve 
9 inches with a crowned section and the 20-degree 
curve 6 inches with a plane section. The one 22-foot 
road (test 18) was also surfaced with bituminous 
macadam, and its 11-degree-30-minute curve was 
superelevated 8 inches with a crowned section which 
practically neutralized the effect of the superelevation 
in the outer quarter. This road had no center line 

and no other feature of any kind which might con- 
ceivably guide the traffic. Two 20-foot roads with 
curvature of 8 and 15 degrees (tests 13 and 14) in- 
troduced another element. Both were superelevated 
5 inches with crowned sections and, as in the case of 
the 22-foot road, the crown neutralized the supereleva- 
tion in the outer quarter. But both of these roads 
had 214-foot concrete shoulders at each side of the 
15-foot bituminous-macadam center section. Finally, 
test 22 was made on an 18-foot concrete road with 
curvature of 25 degrees, the sharpest of all the curves 
observed. The plane section he a superelevation of 
5 inches and there was no center line; and the element 
which distinguished this curve from all the others, in 
addition to its heavy curvature, was a 5-foot fill at 
the outside of. the curve, protected by a guardrail 
within 2 feet of the edge of the pavement. 

In these six curves, then, we would expect to find 
intermingled the effects of each of the various ele- 
ments; and unless the facts are kept clearly in mind, 
it will seem that there is no rational explanation of 
the striking differences which appear in the graphs. 
It is best to approach the feed study by consider- 
ing first the 22-foot, 11-degree-30-minute curve (Fig. 
8). It is the simplest of the six. It has no center 
line; its shoulders on both sides are good; and there 
is a full view ahead from one end of the curve to the 
other. There are only two apparent reasons why the 
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Fic. 9.—Test 16 was made on a 24-foot bituminous macadam road at an 18° curve. 
The curve is superelevated 9 inches with a crowned section and vehicles traveling 
on the outside move over to take advantage of the favorable slope, but are pre- 
vented from overlapping the center by the guiding line. The bank at the right 
causes the inside traffic to keep well out from the inner edge 
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Fic. 10.—Test 19, made on a 24-foot bituminous macadam road at a 20° curve with 
a plane superelevated section and center line, shows a better separation of the 
traffic than test 16 (Fig. 9) made on a similar road with crowned superelevated 
section : 

traffic on this curve should shift from its preferred 
position on the tangent. These are the instinctive 
desire to cut across the curve and thereby lengthen 
the radius of the curved course; and the fact that the 
crowned section neutralizes the superelevation of the 
outer quarter of the road. If, therefore, the vehicles 
traveling on the outside of the curve are to get any 
benefit from the superelevation, their course must be 
shifted toward the inside of the curve so as to place 
them on the favorable tilt. This is apparently ex- 
actly what happens. The high point of the cross 
section if approximately 6 feet from the outer edge; 
and at this exact point we find the center of gravity 
of the outer wheel diagram, indicating that the aver- 
age driving position of the vehicles—both trucks and 
passenger cars—is the position nearest to the outer 
edge at which the vehicle can be driven with full ad- 
ik of the superelevation. In taking this posi- 
tion the average position of the inner wheels of the 
outer traffic is brought practically to the center of the 
road in the case of passenger vehicles and slightly be- 
yond it in the case of trucks. A very considerable 
percentage of the passenger-car traffic moves with the 
inner wheel more than 3 feet beyond the center, and 
the truck traffic crowds over nearly as far. 

With this test in mind, let us now turn to the two 
24-foot roads (Figs. 9 and 10). These two curves 
have practically identical conditions with one excep- 
tion. The 18-degree curve has a crowned section and 
the 20-degree curve a plane section. Both are sur- 
faced with bituminous macadam; both have center 
lines. The shoulder conditions differ slightly, in that 
one has a cobbled gutter at the inside of the curve 
and the other at the outside; but the gutters are shal- 

low and the pavements are wide, and it does not seem 
likely, therefore, that this difference can have a mate- 
rial bearing on the behavior of the traffic. The major 
points of difference between the two curves are the 
type of superelevated section and the condition of the 
roadside at the inside of the curve. On the 18-degree 
curve the bank at the inside of the curve is high 
enough to obscure the view around the curve; on the 
20-degree curve the forward view is.not obstructed. 

Both of the curves show clearly the separating 
influence of the center line. The advantage of the 
lane superelevated section is also indicated by the 
eee distance from the outside edge of the pavement 
to the wheels of the vehicles on the 20-degree curve 
which is thus treated. On the 18-degree curve the 
average position of the rear wheels of the outer auto- 
mobile traffic is found at 5 feet from the edge as com- 
pared with 3.6 feet on the sharper curve. On the 
18-degree curve, also, the inside traffic operates at a 
greater distance from the inner edge; but this is 
undoubtedly due to the obscured vision. 

However, the striking fact observable in the graphs 
of these two tests is the clear separation of the traffic 
on the left and right sides of the roads, which is doubt- 
less attributable to the center lines. The overrun to 
the wrong side of the road which is the outstanding 
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Fic. 11.—Test 13 shows the traffic-separating effect of concrete shoulders on curves. 
This effect is offset in a measure by the crowned superelevated section The 
curvature is 15° 
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Fic. 12.—Test 14, like test 13 (Fig. 11), shows the contrary influences of concrete 
epoulders and a crowned superelevated section on the distribution of traffic on an 

curve 

characteristic of the graphs of the 22-foot road is 
almost completely absent in the graphs of these 24-foot 
curves; and the significance ot the difference is 
heightened by the fact that the latter are almost twice 
as sharp as the former. 

Obviously, therefore, in the comparison of the 
observations on these three roads there is strong argu- 
ment for the plane superelevated section and a con- 
vincing demonstration of the effectiveness of the 
center line. 

In the two 20-foot pavements (Figs. 11 and 12) we 
have an opportunity to observe a conflict between the 
contrary affects of a guiding line and a crowned super- 
elevated section. The guiding line in these pavements 
is not a center line but an attractive white strip at the 
sides of their black surfaces. Obviously it is effective 
to a degree, for, on these pavements the outside traffic 
does not crowd toward the inside until it has both 
wheels on the favorable slope of the crown; but it is 
equally clear that the inner slope is attractive to a 
considerable percentage of the outside vehicles, espe- 
cially the automobiles, some of which crowd over 4 or 
5 feet beyond the center of the road. 

Finally we come to the 18-foot curve (Fig. 13) which is 
different from all the others in these respects: It is 
paved with concrete throughout, it is much the sharpest, 

35573—25|——2 

Re 
oO oO 

Fe ° te °o 

< oy PASSENGER VEHICLES e © 
ps = 
15 7 TOTAL WHEEL TRAFFIC | IS o 
ud td 
= : 
i 10 10 ox 

<— 

wi © 
Ss wie 
5 S 
‘S — 

pa oe Oe 
=> =< 
ia WJ 
rs) Oo 

Fe 
Si ciataiayp FEET 

begin eet 18 FT. CONCRETE os 

Fic. 13.—Test 22, made on an 18-foot concrete pavement at a 25° curve with plane 
superelevated section and no center line, shows the effect of the absence of the center 
line and the presence of a menacing fill at the outside of the curve on the distribution 
of traffic. The shift toward the inside of the curve is accentuated by the slight 
downhill grade at the outside 
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Fic. 14.—Test 12. The bridge abutments apparently reduce the effective width of 
this 24-foot bituminous macadam road to 20 feet, but the center line effectively 
separates the traffic 
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Fic. 15.—Test 3, made on an 18-foot concrete road, shows that the effective width is 
reduced to 16 feet by the low, narrow shoulder and menacing fill and guard rail 

and it has at its outside a menacing fill which is guarded 
by a wooden fence that stands within 2 feet of the edge 
of the pavement. It is similar to one of the 24-foot 
pavements in haying a plane superelevated section; it 
is similar to the 22-foot pavement in having no center 
line or other guiding element. The deviation of the 
automobile traffic from the proper legal course is more 
marked on this curve than on any of the others. 
Some of the outer traffic actually reaches the inner 
edge; the average position of the outer rear wheel is 
almost two-thirds of the distance from the outside to 
the center; and there is practically no clearance between 
the two lines of traffic. What is the explanation of 
these conditions? Undoubtedly the high degree of 
curvature is responsible in a large measure; for while 
the shift of course gains nothing in point of super- 
elevation, there is an appreciable advantage to be 
gained on such a sharp curve in the way of increased 
radius of curvature. Moreover, the presence of the fill 
and guardrail at the outside of the curve, and the fact 
that the outside traffic is moving down grade, un- 
doubtedly causes a movement away from the apparent 
danger. Add to these facts the further fact that there 
is no warning or separating line or other device to 
counteract the tendencies set up by the other factors, 
and we have a fairly satisfactory explanation of the 
behavior of the traffic on this road. 

The observations are not numerous enough to reveal 
the general relation which probably exists between the 
degree of curvature, the tangent width of the pavement 
and the amount of widening on the curves which would 
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Fic. 16.—Test 1, also on an 18-foot concrete road, shows the loss of effective width 
caused by the low shoulders. Compare with roads of the same width but good 
shoulders shown in Figures 5, 17, and 18 
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Fia. 17.—Test 11, made on an 18-foot concrete road with good shoulders. Compare 
distribution with that shown in Figures 15 and 16, which show the effect of bad 
shoulders 
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Fic. 18.—Test 20, also on an 18-foot concrete road, shows that the good shoulders 
permit full use of the surface, but the curve to the right just beyond the point of 
observation and the obstruction of the view of the right-hand traffic both cause a 
“movement of the traffic toward the center, resulting in a center peak of traffic con- 
centration. The presence of a center line would probably counteract this tendency 
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Fic. 19.—Test 8, a 16-foot bituminous macadam road, is effectively only 15 feet wide 
on account of the ragged edge at the left. Thesteep crown accentuates the tendency 
to crowd toward the center . 
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Fic. 20.—Test 21 shows how the effective width of a pavement may be reduced by 
defective surface some distance from the edge. To avoid the roughness of the 
surface approximately 6 feet from each edge the passenger vehicles keep their inner 
wheels nearer to the center and thus fail to utilize the full width of the road. The 
wider gauge of the trucks permits them to “‘straddle”’ the rough surface and still 
travel with their outer wheels at the edge 

provide clearance equal to that provided on the tan- 
gent. The tests do indicate that the presence or 
absence of a center line, the character of the super- 
elevated section and the roadside conditions are factors 
which should be considered as well as the degree of 
curvature and the tangent width in estimating the 
amount of widening required. 

TRAFFIC MOVES TOWARD CENTER ON LIGHT DOWN GRADES 

The only tendency clearly recognizable in connection 
with the distribution of the traffic on grades is a slight 
movement toward the center of the road on the down- 
hill side of light grades. The tendency is not observed 
on heavy orades, but is apparent in practically every 
instance on grades of 1 or 2 per cent. The explanation 
which has been advanced to account for this phenom- 
enon and which seems plausible, is that the vehicles 
are driven on light grades at practically the same 
speed as on the level, but that the drivers, sensing, the 
slightly increased danger, take the precaution of mov- 
ing away from the edge. On heavy grades the drivers 
almost invariably reduce speed, and at the lower speed 
the instinctive fear of the edge is lessened. 
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Fic. 21.—Test 9 shows the distribution of traffic on a 14-foot bituminous macadam 
road. Note that the traffic spreads out onto the shoulder at the left. This fact and 
the lower crown makes the negative clearance on this road less than that of the 
15-foot road shown in Figure 4 

OTHER FACTORS AFFECTING LATERAL DISTRIBUTION 

Among the most interesting results of the investi- 
gation is the evidence it supplies with regard to the 
effect of the condition of the roadside and the pavement 
itself on the distribution of the traffic and the effective 
width of the pavement. Reference has already been 
made to the effect of the bank at the inside of the curve 
observed in test 16. (Fig. 9.) By obstructing the for- 
ward view of drivers on the inside of the curve this 
bank has been shown to cause the inside traffic to move 
further in toward the center of the road than the 
traffic on the similar curve observed in test 19. (Fig. 
10.) On the other hand, a 5-foot fill at. the outside of 
the sharp curve observed in test 22 (Fig.13) has been 
shown to accentuate the tendency of the traffic to move 
toward the inside of the curve. 

It is clear from the graphs that similar roadside 
conditions have had a lke effect upon the distribution 
of the traffic on tangents, an effect in some cases so 
pronounced that the effective width of the pavement is 
reduced from 2 to 4 feet. The effect is not merely to 
reduce the usage of the pavement near the edges, but, 
apparently, to pos discourage all use of the 
pavement near the edges. 

In test 12 (Fig. 14), for example, the heavy concrete 
abutments of an overhead railroad bridge erected at 
the edge of a 24-foot pavement, with only a narrow 
cobble gutter between, are shown to so reduce the 
usage of the outer 2 feet of the pavement at each side 
as practically to convert it at this point into a 20-foot 
pavement. 

Test 3 (Fig. 15), made on an 18-foot concrete road, 
shows that the effective width of the pavement is 
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F1G. 22.—Test 5 shows the separating effect of concrete shoulders on tangents and 
difference in the distribution of traffic at night. Compare with the concrete road of 
the same width shown in Figure 23 which has a center line for the separation of the 
traffic : 

reduced to 16 feet by the presence of a low, narrow 
shoulder and menacing fill and a guardrail only 2% 
feet from the edge of the pavement. Almost as much 
effect is attributable to the low shoulder observed in 
test 1 (Fig. 16), also on an 18-foot concrete road. 
Comparing the observations on these two roads with 
those on the concrete roads of the same width treated 
in tests 4, 11, and 20 (Figs. 5, 17, and 18) brings out 
clearly the fact that it is the roadside condition which 
has caused the reduction in effective width in these 
cases. Figures 17 and 18 representing like conditions 
of character and width of surface and shoulder ilus- 
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Fia. 23.—Test 6, made on a 20-foot concrete road with center line, shows the separating 
effect of the black line. Compare with Figure 22 which illustrates the effect of 
concrete shoulders. Also note how the center of the oil marks coincides with the 
center of the average position of the vehicles 

trate the effect of a center line on the position of the 
traffic on tangents. 

In test 8 (Fig. 19) the road observed has a bitu- 
minous macadam surface 16 feet wide which is reduced 
to an effective width of 15 feet by the ragged edge of 
the surface on the left-hand side; and a similar 
result follows from a different surface defect in the 
pavement observed in test 21 (Fig. 20). Here the 
defective surface is not at the edge but approximately 
6 feet from it on each side. Along a line at about that 
distance from the edge the surface is so rough as to 
discourage its use by the traffic. The edges of the 
pavement are surfaced with concrete and are smoother 
than any part of the central bituminous macadam 
section, but because of the specially rough condition 
6 feet from the edge it appears that the drivers of 
passenger vehicles will not travel with their inner 
wheels at this point, with the result that the outer 
foot of the concrete shoulder on each side is not used. 
The wider wheel gauge of the trucks permits them to 
drive with their outer wheels on the concrete near the 
edge without placing the inner wheels on the rough 
surface, and the graph shows that they do utilize the 
concrete shoulder. 

EXCESSIVE CROWN CONCENTRATES TRAFFIC AT CENTER 

The effect of excessive crown is indicated by com- 
parison of tests 7 and 9 (Figs. 4 and 21). Test 7 was 
made on a 15-foot bituminous macadam surface with 
a crown of 1 inch per foot. Test 9 was made on a 
similar surface, 14 feet wide with a crown of one-half 
inch per foot. It is apparent that the greater crown of 
the wider road has so concentrated the traffic at the 
center as to reduce the clearance to a negative distance 
of 1.2 feet as compared to a negative 0.2 foot on the 
narrower road. 

The effect of darkness on the distribution of traffic 
is illustrated by test 5 (Fig. 22). Observations were 
made on this road during the night as well as in day- 
light. It was anticipated that the white concrete 
shoulders, being more visible at night than the black 
center section would have the effect of holding the 
traffic to the edges of the pavement. Comparison of 
the graphs of day and night observations, however, 
shows that this result is not obtained to any marked 
degree. It will be noted that the density of the traffic 
at the center, which appears as a valley in the graph 
of .the daylight observations, forms a peak in the 
graph of the night observations. No observations were 
made on other pavements at night and it is therefore 
impossible to say definitely that the concrete shoulders 
have not been effective in some degree. It is possible 
that on an all-black surface the center concentration 
might have been found to be even greater. 

The comparative effects of concrete shoulders and a 
center line in separating traffic on tangents are illus- 
trated by comparing with test 5, the results of test 6 
(Fig. 23) made on an all-concrete pavement, also 20 
feet wide. In relation to the motor-truck traffic espe- 
cially the concrete shoulders apparently exert a greater 
influence than the center line. 

H. F. JANDA APPOINTED ASSISTANT DIRECTOR 
OF HIGHWAY RESEARCH BOARD 

Announcement is made by Charles M. Upham, direc- 
tor of the highway research board of the National 
Research Council, of the appointment of H. F. Janda 
as assistant director. Mr. Janda is especially fitted 
for this position. He is a graduate of the University 
of Wisconsin and for two years was assistant city engi- 
neer at Portage, Wis. Mr. Janda has not only had a 
variety of practical experience in engineering but has 
also acted as instructor and assistant professor of civil 
engineering at the University of Cincinnati for five 
years. As associate professor of highway engineering 
at the University of North Carolina for three years he 
was in charge of experimental research in cooperation 
with the State highway commission. Mr. Janda has 
carried on many important research projects, including 
studies of capillary moisture in highway subgrades, 
earth-pressure tests on culvert pipe, and other prob- 
lems affecting highway construction. 

Mr. Janda is located in the offices of the highway 
research board in the building of the National Acad- 
emy of Sciences and National Research Council at B 
and Twenty-first Streets, Washington, D. C. 
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THE EFFECT. OF MOISTURE ONGGON GEA 
By W. K. Hatt, Professor of Civil Engineering, Purdue University % 

HIS paper reports investigations conducted by the 
Engineering Experiment Station of Purdue Uni- 

versity in cooperation with the United States Bureau 
of Public Roads,’ the primary purpose of which was 
to measure the maximum warping and surface defor- 
mation of a concrete road slab resulting from non- 
uniform distribution of moisture, as a basis for esti- 
mating possible initial stresses. The tests also yield 
data of expansion and contraction of concrete, useful 
in the design of concrete structures. 

The investigations were divided into two sections, 
namely: (1) Observations on a concrete road slab, 
7 inches thick, 18 feet wide, and 25 feet long, resting 
on a porous subgrade, and covered with a tent and 
housed in a shed to control the distribution of moisture 
and the effects of temperature; (2) tests of strength 
and length changes of small beams, some partly and 
some uniformly saturated. 

Fic. 1—General view of concrete test slab showing tent covering and means of 
saturating subgrade 

The following phenomena were examined: 
1. The maximum distortion (including deflection 

and fiber deformation) of the concrete slab, caused by 
nonuniform distribution of moisture. 

2. The effect of moisture changes on the modulus of 
rupture and compressive strength of concrete deter- 
mined by tests of the beams, the dimensions of which 
were 4 inches by 7 inches by 4 feet, and cylinders 6 
inches in diameter by 12 inches in length. 

3. The volume changes in the concrete beam speci- 
mens due to exposure, including warping due to partial 
saturation. 

CONCLUSIONS DRAWN FROM THE TESTS 

From the results of the various studies the writer 
has reached the following conclusions: 

1 The substance of a paper presented at the meeting of the highway division of 
the American Society of Civil Engineers, New York, N. Y., Jan, 22, 1925. 

* The tests Were made under the supervision of the writer and Prof. R. B. Crepps. 
A.C, Benkelman was in direct charge, assisted by E. Gustavsen, both of the United 
States Bureau of Public Roads. RK. E. Mills, of the Engineering Experiment Station 
of Purdue University, also assisted from time to time. Special acknowledgment is 
made of the painstaking care in observation and the devotion to the tedious program 
of measurements contributed by Mr. Benkelman. 

’ The approximate number of observations involved in the entire study was: De- 
ey 40,000; deflection, 3,000; strength, 600; weight, 1,000; and temperature, 
000, 

= 

1. The strength of concrete, like that of wood varies 
with its moisture content. While the law relating to 
moisture content and to strength was not determined 
throughout various ranges of moisture content, it 
appears that saturated concrete will have from 80 to 
85 per cent of the strength of dry concrete. 

2. The thermal coefficient of expansion of concrete 
varies with the temperature and moisture condition 
of the concrete. 

3. Concrete expands when immersed in water and con- 
tracts on drying. The degree of change of length varies 
markedly with the characteristics of the brand of cement, 
with the richness of the mix, with the size of specimen, 
and with the conditions of exposure. Measurements 
begun after the initial hardening of the cement show 
that concrete may expand 0.01 per cent due to the 
absorption of moisture, and may contract 0.06 per 
cent when exposed to dry air. These changes continue. 
To these values should be added the changes in length 
during the initial setting of the cement. 

4. Concrete road slabs warp upward at the corners 
and at the edges when the surface becomes dry, and 
also when the bottom absorbs moisture from the sub- 
grade. Drying the top surface of the slab under 
observation deflected the corners upward 0.12 inch. 
When the bottom of the slab was saturated from a 
water-filled subgrade the upward corner deflection 
reached 0.20 inch. 

5. This curling upward of the corners of the road slab 
presents a cantilever beam to the load of a passing 
truck. The results of the tests indicate the presence 
of an initial stress in the surface of the road slab arising 
from the warping. 

6. A combination of shrinkage from drying and from 
a fall in temperature will produce maximum shrinkage 
strains. A combination of a drop in temperature and 
a rainfall may retain the concrete at its previous length. 
The friction of a road slab on its subgrade is an element 
favoring the production of cracks. 

7. To be durable, concrete structures should be 
designed for the least favorable conditions. Stresses 
arising from the effect of temperature and moisture 
as well as those due to dead and live loads should be 
considered. 

8. Without careful curing, concrete masses will 
undergo excessive surface shrinkage against their rigid 
cores, thereby favoring surface cracks. Therefore steel 
reinforcing should be placed near enough to the surface 
to withstand these shrinkage strains, and at the same 
time far enough below the surface to be protected 
against corrosion. | 

9. Foreign experiments show the benefit of early and 
careful curing of concrete in reducing final shrinkage. 
The greater part of the shrinkage of mortar specimens 
has been found to take place in the first 10 hours. 
These foreign experiments also show the greatly 
increased shrinkage of mortar mixed with an excess 
of water. 

10. Since the results of measurements of expansion 
vary with several factors, such as the size of specimen, 
the time of initial measurement, and the exposure, 
the method of such tests should be standardized. 

The writer believes that the following are the require- 
ments for concrete structures exposed to the weather: 

ee ee ee ee eee 
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Fic. 2.—Plan of slab and observation layout 

(a) A Portland cement of normal volume constancy 
and a clean, well graded aggregate. 

(b) An impervious concrete of proportions not less 
than 1 :2:4. 

(c) A time of mixing of not less than 1 minute and 
preferably 114 minutes for the production of uniform 
concrete. 

(d) A concrete mixed with a minimum amount of 
water appropriate to the work at hand. 

(e) Careful slicing of this plastic concrete against the 
face of the forms so that the reinforcing steel may not 
be exposed nor the surface require patching. 

(f) Karly curing begun just after the initial set and 
continued for a time depending on local conditions. 

(g) Design of reinforcing steel and contraction or 
expansion joints to prevent cracking and the entrance 
of water. 

| EXTREME CORNER 
2 EXTREME EDGE 
3°CENTER ALONG JOINT 
4 CENTER OF-HALF SECTION 

SEE FIG.2 FOR LOCATION 
OF POINTS. NOV. 22, 23 
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Fia. 3.—Deflections of road slab 

0 20 40 60 80 100 120 140 160 180 

DESCRIPTION OF THE TEST SLAB 

The one-course concrete slab, made of 1:114:3 con- 
crete, was 7 inches thick, 18 feet wide and 25 feet long, 
with a longitudinal doweled center joint. A subgrade, 
consisting of a 4-inch layer of coarse gravel, was held 
in an impervious wooden subbase, the sides of which 
extended above the surface of the slab. The slab was 
housed in a shed and further protected by a tent. By 
means of perforated pipes in the gravel subgrade, 
through which warm air could be admitted, the sub- 

grade could be dried; and water could be admitted to 
wet it again when desired. Warm, dry air was main- 
tained above the slab in the tent enclosure. 

Previous to the construction of the slab, concrete 
bench marks, for the support of the beams from which 
deflections were measured, were set 4 feet below the 
level of the ground. Rods extended upward from the 
bench marks through pipes set in the subgrade and 
slab. The slab and observation layout and the tent 
coverings are shown in Figures 1 and 2. Deformation 
measurements were made with 20-inch Berry strain 
guages; and deflections were measured with Ames dials 
reading to 0.001 inch. 

THE EFFECT OF NONUNIFORM DRYING 

The slab was cast on September 12, 1923, and was 
cured under water for 30 days. Following the curing 
period hot, dry. air was forced under the slab through 
the perforated pipes in the gravel fill by a pressure fan; 

OATE CONDITION 

NOVEMBER 22-‘23 UNIFORMLY SATURATED (INITIAL) 

JANUARY 4~'24 MAXIMUM POSITION, DRYING 

MAY 28-'24 AFTER ORYING COMPLETELY 

AueUuST 27-24 MAXIMUM POSITION, WET SUBGRADE 
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Fig. 4.—Typical profiles of the road slab showing effect of nonuniform moisture 
content 

and, simultaneously, a drying atmosphere was main- 
tained above the slab in the tent inclosure. Observa- 
tions of the subsequent deformations and deflections, 
taken at weekly intervals, are shown in Figures 3; 4, 5, 
and 6. 

The more pronounced shrinkage occurring in the 
upper fibers was manifested by the fact that the edges 
and corners gradually curled up. A maximum uplift 
of 0.04 inch for the edges (at point 2, Fig. 3), and 0.12 
inch for the corners (at point 1, Fig. 3), was attained 
at the end of 40 days. The subsequent return to a 
nonwarped or uniformly dry condition required five 
months. <A slight permanent distortion as shown at 
point 3, Figure 4, representing the diagonal profile 
previous to the saturation of the subgrade is attributed 
to the more pronounced contraction of the richer 
troweled surface than the body of the slab. Observa- 
tions were made of the longitudinal, transverse, and 
diagonal deformations of the upper surface of the slab. 
An average of two corner diagonals is shown in Figures 
5 and 6. ’ 

All measurements of surface deformation of the slab 
were corrected for the changes in temperature which 
took place throughout the concrete. These tempera- 
ture changes took place uniformly, that is, the readings 
of warping caused by the moisture gradient in the slab, 
were always taken when the temperature was uniform 
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Fic. 5—Deformation of upper surface of slab 

throughout the depth of the slab; but there might be a 
rise or fall in temperature between the readings of two 
successive weeks. In this case the deformation read- 
ings were corrected for the temperature on the basis of 
a coefficient of expansion appropriate to the temper- 
ature of the concrete. (See Fig. 7.) The deforma- 
tions shown in Figure 5 are therefore the net values 
after the corrections have been applied. Figure 6 
shows the actual and corrected deformations, together 
with the changes in the temperature of the slab (uni- 
form throughout the depth of the concrete). As the 
temperature changes were uniform throughout the 
depth of the slab there appears to be no reason for any 
correction of the vertical deflections caused by the 
moisture gradient. 

The total diagonal contraction due to the moisture 
gradient between the condition of saturation (Novem- 
ber 22, 1923) and that of completely dried concrete 
(May 28, 1924) was 0.021 per cent (Fig. 6). This 
value, like all others, has been corrected for uniform 
temperature changes. As will be shown later, beams 
of 1:114:8 concrete contracted 0.022 per cent in 160 
days. Hence, it appears that friction of the subgrade 
did not restrain the movement. 

The fact that some of the points fall off the curve in 
Figure 3 is attributed to a shght effect of temperature 
in the warping of the slab, that is, they indicate that 
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Fic. 6.—Temperature of slab and actual and corrected diagonal deformations 

the contemplated procedure which called for the 
taking of observations only at times when the tem- 
peratures were uniform from top to bottom of slab, 
was not completely complied with. 

THE EFFECT OF NONUNIFORM SATURATION AND TEMPERATURE 
VARIATIONS 

Following the drying period, water was introduced 
into the gravel subbase and maintained level with 
the lower surface of the slab. Differential expansion 
from bottom to top was again manifested in an imme- 
diate and continued gradual curling up of the edges 
and corners. A maximum distortion of 0.066 inch 
for the edges and 0.202 inch for the corners was at- 
tained at the end of 3 months. Typical results of the 
observations from June 2, 1924, the date of starting 
the saturation tests, until October, 1924, are shown 
in Figures 3, 4, 5, and 6. 

While the subgrade was being resaturated the 
surface contracted diagonally 0.007 per cent in 110 
days as shown by Figure 5. Of this contraction 46 
per cent took place in 2 hours and nearly 100 per cent 
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Fic. 7.—Thermal coefficient of expansion of concretes at different temperatures 

in 2 days. The shortening was caused by the expan- 
sive force of the saturated lower part of the slab, 
and occurred without a change in moisture content or 
temperature of the top layers. Assuming an elastic 
condition and a modulus of elasticity of 5,000,000 
pounds per square inch, a compressive stress of 350 
pounds per square inch in the top is indicated. 
When the slab had reached a static condition with 

saturated subgrade (on Oct. 20, 1924), an attempt 
was made to expand the surface by applying saturated 
burlap to simulate the effect of prolonged rain. In 
30 days the corner had dropped 0.060 inch to a deflec- 
tion of 0.140-inch (see Fig. 3), and the diagonal deform- 
ation had been reduced 0.014 per cent (Fig. 5). 

The effect of daily variations of temperature in the 
air above the slab (not the outdoor temperature) is 
shown in Figure 8. A rise in temperature of 41° F. 
from 8 a. m. to 3 p. m. warped the corner downward 
0.023 inch, or 21 per cent of the total warping (0.11 
inch) at that period. While the air temperature 
changed from 34° F. to 75° F., the temperature of the 
top of the slab changed from 44° F. to 49° F., and that 
of the bottom of the slab from 47° F. to 49° F., a 
temperature differential of 3° F., which was the cause 
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Fic. 8.—Deflection of road slab caused by temperature changes 
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of the warping. This warping may be compared to 
the deflection of 0.202 inch caused by the nonuniform 
saturation of the slab by the wet subgrade. 

LOAD TESTS ON THE SLAB 

Known loads were applied to one corner of the slab 
by jacking at three stages of the test: (1) On June 14, 
1924, during the drying stage; (2) on September 23, 
1924, during the saturation of the subgrade; and (3) 
on November 14, 1924, when the top had been satu- 
tated 25 days with wet burlap. The profiles of the 
diagonal on these dates for a load of 3,000 pounds are 
shown in Figure 9. The deflection data are given in 
Table 1. The deformation along the diagonal under 
the three conditions varied from 0.000031 inch per 
inch to 0.000037 inch per inch, the greatest deformation 
corresponding to the load applied during the drying 
period and the least to the load applied when the 
surface had been saturated with wet burlap. 

As the warping of the slab increased (see (2), Fig. 9) 
the point of support must have moved in, increasing the 
deflection under load. Curiously enough, the deflec- 
tion of the slab under load when the top was wet was 
less than in either of the other two cases. 

TESTS OF CONCRETE MATERIALS 

Six brands of cement were tested in connection with 
the various investigations of beams, compressive 
cylinders, and the road slab. These brands are desig- 
nated in the reports of the tests which follow, as A, B, 
C, D, E, and F. 

In the road slab cements A and D were mixed in 
equal parts and combined with sand and gravel in the 
roportions of 1:114:3 for one half-section of the slab. 
or the other half, brand F was mixed with the same 

aggregates in the same proportions. In some of the 
beams cement F was used with the same aggregates in 
the proportions of 1:2:314. The results of the usual 
standard tests of the cements used in the beams and 
slab are given in Table 2. 
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TaBLeE 1.—Deflection of slab due to corner load of 3,000 pounds 

Condition 

ar es Bea 
During | Bottom ~ 

| drying wet | Top wet 

— —— — et = _ | — 

| 

Corner level, in inches: | 
SOlCTeLOaUes oes. ae ee ee ee ee | 0.0131 0. 0183. | 0. 0124 
WEE OR ae cet ee ae ee ee ee ee . 0077 | . 0120 . 0091 
Detlectioniduswolond sess 2 sea eeee eee we | . 0054 . 0063 . 0033 
Set due to load, after 5 minutes____.._..._______ H . 008 . 009 . 008 

Percentage of elongation under stress (in distance of | 
48 inches adjacent to the corner): | | 

IDI SPO TA eee eee ey, fee ony ke eee | . 0037 . 0035 . 0031 
del (ch patos oe Ce We Been ore ee erent el | . 0025 . 0023 | . 0017 

The aggregates were washed sand and gravel from 
the Western Indiana Sand & Gravel Company, at La 
Fayette, Ind. The results of the sieve analysis and 
miscellaneous tests of the aggregates are given in 
Table 3. 

The coarse aggregate was separated into three sizes: 
Between the 2-inch and ane screens; between the 
l-inch and -inch screens; and between the 14-inch 
and 14-inch screens. It was then recombined in such 
proportions as to give maximum density according to 
niles maximum density curve. The consistency of 

the mix was checked by the slump-cone method. All 
materials, including water, were weighed for each 
batch. The properties of the concrete are listed in 
Table 4. 

Expansion and contraction of cements —Changes in 
the length of specimens made of the six brands of 
cement neat, and a mixture of brands A and D, and 
concrete specimens made with brand F and the mixture 
of A and D, were made with Berry extensometers. The 
specimens of neat cement were 2 by 2 by 24 inches, 
those of concrete were 4 by 7 inches by 4 feet. The 
measurements were made for the purpose of ascertain- 
ing the expansion and contraction of the specimens 
on immersion in water and subsequent exposure to 
air. Measurements began two days after moulding, 
with previous moist-chamber storage. The results are 
shown in Table 5 and Figures 10, 11, and 12. 

Moe ola 

DISTANCE ALONG DIAGONAL 

Fia. 9.—Deflections of corner diagonal of slab under 3,000-pound corner load 

TABLE 2.—Tests of cement 

| Tensil Percentage gy, | Tine of setting Ht 
| cent- | 

a ae Gea ooe g 4 
: | re- ound-| 

Brand or | tained ness ; = 
| Mor- | on 200- was P Chak ‘tar | mesh Initial Final days | days 

ency | sieve | 

é = niet Bila) (Rte Mace 

A and D mixture, | Hrs.| Min.| Hrs.| Min. _ | Lbs. | Lbs. 
equal quantities - 24 | 10.5 }117.17; 2 | 10 5 158 |] O. K.| 297 373 
re eat eae eee 23 |} 10.3./120.3 2 35 5 20|0.K.| 242 326 

iin eee 24/ 10.5 (1226 | 4 | 00; 5| 55|0.K.| 255| 327 
VES ot a ee 25-105 Ze 119; L 3 35 5 1b | OK 220 333 

1 Different samples. 



TABLE 38.—Tests of aggregates 

Unit weight of coarse aggregate =102.5 pounds per cubic foot. 
Unit weight of fine aggregate =106.8 pounds per cubic foot. 
Fineness modulus of coarse aggregate =7.32. 
Fineness modulus of fine aggregate =32,17. 
Fineness modulus of combined aggregate Ee ee for'a 121-623 mix. 

=0./ 5. for a 1: 2: 3.5 mix. 

SIEVE ANALYSIS OF GRAVEL 

(Tyler standard sieves) 

| 
| Total percentage retained on each sieve 

Sieve sizes_...._- 1% in,| 34in. | in. | No. 4 | No. 8 | No. 14|No. 28 INo. 48 |No.100 
Percentage_-_-__- 0 46 87 | 98 99 | 99 | 99 | 99 100 

— — — ! — u — = a 

SIEVE ANALYSIS OF SAND 

(Tyler standard sieves) 

Total percentage retained on each sieve 

= Sara a eee eee ise : ies Ws, 

Sieve sizes.......-------- | sin. | No. 4| No. 8 | No. 14 | No. 28 | No. 48 No. 100 
Percentage..---22-222-_- 0 0 3 | 38 | 77 97 99 

TaBLE 4.—Tests of concrete 

Slump (4 to 8 by 12-inch truncated cone) 
Water-cement ratio 
Water-cement ratio 

=1 to 1% inch. 
=0.809 for a 1:144:3 mix. 
=0.935 for a 1:2:314 mix. 

Specific gravity = 2.68. 
Density =0.896 
Percentage of voids =10.4, 
Percentage of absorption by weight A200. 
Average unit weight, both concretes: 

Oven dried to constant weight =149.89 pounds per cubic foot. 
Immersed in water to constant weight=156.32 pounds per cubic foot. 
Air dried in laboratory for 135 days=151.89 pounds per cubic foot. 

Expansion due to termperature.—The coefficient of 
temperature expansion of four concretes was measured, 
with the results shown in Figure 7. The temperature 
of the concrete was obtained from blank beams in 
which there were thermometer wells consisting of steel 
pipes filled with a light paraffin oil. The thermometers 
were graduated to one-fifth of a degree. Reading 
from the left, the chart covers: (1) Three beams 6 
inches by 8 inches by 4 feet, 1:1144:3 mix, age 2 
months, cured under wet burlap during 30 days, and 
dried in oven at 150° F. for 21 days; the beams were 
taken from the oven and readings taken at 20° F. 
intervals as the temperature dropped, four cycles were 
read on as many days. (2) Two Beane 7 inches by 4 

t~ CHANGE IN MOISTURE CONTENT AVERAGE OF ALL BRANDS 
GAIN 

on One 

toss Oo fon] T 

CURVE CEMENT 
| A co) rs tf 

B ARTIFICIAL HEAT 
Cc IN LABORATORY D 

ABCDEF 

F CHANGE IN LENGTH 

oO rm 
EXPANSION 

° ° | 

°o ine) 
NAMA WNH as oO > 

PERCENTAGE 

CONTRACTION 

ae a ij 

» 

n/p fos 
| 

e 
| 08 | 

° 
e f°) 

12 + = : 
Sie e 

T IN | OF LABORATORY : 
af al 

a 

IN WATER 

0 10 20 30 40 50 60 70 80 90 100 II0 120 130 {40 150 160 170 180 190 200 210 

TIME IN DAYS 

Fig. 10.—Contraction of neat cements, air-dried 
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Fic. 11.—Contraction of neat cements, oven-dried at 150°F 
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inches by 4 feet, 1 : 2:3 mix, age 2 months, kept im- 
mersed in water the temperature of which was varied 
and held constant 2 hours before observation. (3) 
Three beams, 4 inches by 7 inches by 4 feet, 1:2:3% 
mix, age 9 months, cured under wet burlap for 14 days 
oven-dried for 1 month and air-dried for 74% months; 
beams were moved from warm laboratory air to cold 
air of shed. (4) Two beams, 4 inches by 7 inches by 
4 feet, 1:2:3 mix, age 2 months, cured under wet 
burlap for 14 days, in air 6 weeks. The various curves 
indicate that the variation of the coefficient of thermal 
expansion varies with the temperature range under 
observation. 
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Fic. 12.—Expansion of neat cements, cured in water 
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The thermal coefficient of expansion of the several 
brands of cement tested neat was as follows: 

Be 4 months; | Age 2months; 
ry in air, under water. 

Brand Range 50°- Range 52°- 
13 Bo ate e907 Be 

= — — = — = | 

0. 0000096 0. 0000094 
S00000D4a Sa si ee eee 
0000092 . 0000087 
 OOQ0000) 122 see Seats See 
0000080 Bates ss = eae 
= OO00083 5 aac ee ene 
. 0000085 . 0000085 

TaBLeE 5.—Ezpansion and contraction of neat cements and concretes 

Expansion and contraction of brands 

Aver- 
age of 
A and 
D 

lap. 
cent 

Per 
cent 

Per 
cent 

Per 
cent 

Per 
cent 

Per 
cent 

Neat cement: 
Percentage of water for normal 

CONSISLCNCYe ese el 24. 00 22.00} 23.00) 23.00} 25. 00)_--_..- 
Percentage retained on 200- 

TESRUSIOV.C sete ee Ao a 17. 53] 22.86] 20,38) 23.90) 16.24) 19.14)_..____ 
Percentage of expansion in 
Water lOndaysee soe) an oo +0. 056|++-0. 044/-++-0. 040/+-0. 036|-+-0. 034/-+-0. 030|+-0. 048 

Percentage of contraction in 
air, 90 days (subsequent to 
TIDINOTSIOT) aa es see 

Total percentage of change-_- 
Net percentage of change_.-_- 

Concrete: 
Gravel concrete, 1: 2: 34— 
Percentage of expansion in 

Wi DCTcAUIG AVS teem memes ee eter en Ne ee eee +0. 005}__.-_-- 
Percentage of contraction in 

QUT OUTLAY Geena a emer A ee A 8 ale Se see ea = \0s0l eee eee 
Percentage of change, 40 
days in water, 90 days in 
AiteeO Gaye di OVelees cote wae aU oat aD, fone ewe clans coe 

Percentage of change, 40 | 
days in water, 90 days in | 
air, 30 days in oven_-_---_- steel Se ae | Sere ee ee ee er sae 

Gravel concrete, 1:144:3— | 
Percentage of expansion in 

water, 40 days_.--..._-.-- ie Stes PSRs Ge eee ane Fai ge ae Ne paee +. 0050 
Percentage of contraction | 
TAT LOO CAaYSsuees sa = -2= 5 ese |e eel | eee | eer |e |—. 0150 

Percentage of change, 40 | | 
days in water, 90 days in | 
AiO AVS MRO V Olleeee oat | eee ae | pean eee nel ae ee eee See ee —. 02 

Percentage of change, 40 | 
days in water, 90 days in | 
Sines Mav SiMLOV.eM. Sean ie oe eel come ieceera| tance cles sane. e awe —. 0225 

24. 00 

—. 062 
- 106 

—. 018 

—. 080 
. 120 

—. 040 

—. 094) —. 114 
. 130; . 148 

—. 058) —. 080 

—. 142 
. 172 

=) 112 

—. 073 
. 121 

—. 025 

==, O40) 2s aoa 

A comparison of the basic water content and voids 
in the cement paste at this basic water content would 
no doubt throw light on these differences in the changes 
of length and in the quantity of water required for 
standard consistency and the fineness or percentage 
retained on the 200-mesh screen, which are also noted 
in Table 5. The basic water content, as defined by 
A. N. Talbot, past president American Society of Civil 
Engineers, is the percentage of water at which the voids 
are a minimum. 

It appears that those cements which expand most in 
water subsequently contract least in air. The neat 
cement prisms expanded in water nearly ten times as 
much as the concrete beams; in air they contracted 
nearly five times as much as the concrete. 

TESTS ON BEAMS 

Subsidiary to the tests on the slab and designed to 
supplement the slab observations, tests were conducted 
on beams and cylinders. Two classes of beam tests 
were made: (1) On beams warped by nonuniform satu- 
ration; and (2) on beams uniformly saturated. 

In the tests of the slab it was possible to measure the 
deflection and deformation of the top of the slab, but 

there were no means available for the measurement of 
bottom deformations. To provide means of estimating 
the bottom deformations from the measured top defor- 
mations and deflections, a study was made of similar 
deformations observed in the warped beams. ‘The size 
of these beams, 4 inches by 7 inches by 4 feet, was 
chosen to give a thickness equal to that of the road 
slab. After initial drying the beams were placed with 
the bottom in contact with wet burlap and successive 
observations of deformation and corresponding deflec- 
tions were made. Deformations were recorded at 
seven different depths between two pairs of specimens 
in each beam. The average results for three beams are 
shown in Figure 13, A. During nine days the lower 
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Fic. 13.—Measured deformations of beams and calculated deformations of road slab 

face expanded 0.0152 per cent and the upper face 
shortened 0.0024 per cent. The data locate the posi- 
tion of the neutral axis of deformations and show the 
relative deformations occurring throughout the depth 
of the beam. The height to which the saturation, 
visually observed, proceeded at the end of nine days 
was approximately 224 inches, or one-third the depth 
of the beams. 

The relative top and bottom deformations referred 
to above were actually observed in the test beams. 
To interpret the results of the slab tests, however, it 
is necessary to establish a relation between the top 
deformation and deflection and the deformation of 
the bottom; and it appears that a mathematical rela- 
tion does exist which conforms closely with the meas- 
ured values as obtained from the beams. 

If the curve of distortion of the warped beams be 
assumed to be an arc of a circle, the following formula 
is applicable: 

hm 
ete= py Sere oe ete ke oe Re Oe ee (1) 

in which— 
eép=the unit deformation of the top of the beam. 
ep=the unit deformation of the bottom of the beam. 
h=the depth of the beam. 
m=the deflection of the beam. 
L=the length over which the deflection occurs. 

In checking the measured deflections against the 
measured deformations of the beams it is found that 
the calculated values agree closely with the measured 
values. 

For example, in the condition represented by curve 
5, Figure 13, A, the unit expansion of the lower face 
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of the beam was 0.0152 per cent; the unit contraction 

of the upper face corresponding was 0.0024 per cent; 
and the corresponding measured deflection was 0.0048 
inch. Substituting the observed values of the unit 
deformations in Equation 1, the computed deflection is 

et ewes 
0.000024 + 0.000152 = 0.000176 =F E59 — ’ 

from which 
m (the deflection) =0.0050 inch 

Application of formula to road slab data.—In Table 6 
measured values of deformation and deflection of the 
top surface of the road slab are given and the corres- 
onding bottom deformations resulting from the 
ooding of the subgrade are computed by substitution 

of the measured values in Equation 1. The curves 
referred to are those of Figure 13, B, and all steps in the 
calculation are shown, 

TABLE 6.—Computation of bottom deformations of road slab 

| Meas- 
| Meas- ured 
| ured unit) deflec- 

Curve Condition | con- tion 
| traction over 

of top 40-inch 
| span 
| 

| Per cent | Inches 
1) Oniformlyidry sess e- 2 teen ae ee eee ee 0. 02 0. 0000 
2 | Bottom wet, 11 days (interior section) ---...----------- . 0019 . 0028 
3 | Bottom wet, 11 days (exterior section) --.-.------------ . 0028 . 0042 

Substituting in equation 1, 

ep-teg= 0.00010. for curve 2 
.00015 for curve 3 

And, by measurement, er= . 000019 for curve 2 
. 000028 for curve 3 

es= .00008 for curve 2 
.00012 for curve 3 

The computed values of *, are plotted in Figure 13,8, 
with the measured values of ‘7 corresponding. The 
figure clearly indicates the swelling of the bottom and 
the shortening of the top of the slab. A neutral axis of 
deformations separates the two, similar to that observed 
in the subsidiary beams. The greater swelling of the 
concrete at the unrestrained edge of the slab, and the 
lesser swelling at the interior restrained positions is 
shown. 

The translation of the measured deformations into 
stresses, and the variation of such stresses throughout 
the cross-section, is a field of discussion of considerable 
interest. The corners of the slab are held up against 
the dead weight of the overhanging cantilever, which 
has been raised by the swelling of the bottom concrete. 
What is the state of stress in the top which has been 
shortened ? 

THE STRENGTH OF WARPED BEAMS 

In addition to the above observations on warped 
beams, they were also used to determine the progress 
of saturation from the bottom upward, and the effect 
of the warping on their transverse strength. 

TasLe 7.—Modulus of rupture data of warped beams 

Series No.1. 6inch by 8 inch by 4 foot beams. 1:114:3mix. CementsAandD. Age,4months, Oven dry. 

Deformation at Modulus of rupture, canti- | Modulus of rupture, third- 
time of test lever loading point loading Modulus 

Num- sys Visual of 
Initial . Face ber rie : “ height - rupture 
contrac- Condition at time of test loaded in 

oF tion e tension | Number | Numeri-| P¢™°¢2t- | Number | Numeri- | Percent-| Percent- 
beams water Wet face | Dry face of cal age of of cal age of age of 

values alties reference | wales val reference| grand 
values alues | values | average 

Per cent Inches | Per cent | Per cent 
5 0: 022))\ “Dry S22 fos ee ae ae ar eee eae ee es | ee en eee 20 720 100 eek cose Beeson es |e eee 100 
2 . 022 | Saturated -_.-- ee ena a eee see sae ease ee =-07020) || 2222 252 Cee ee 10 616 bi ee oe Pee ee 2 eee 85 
5 . 022 | Saturated to 2-inch depth --_-.-..- 3] + .019 | —0. 0016 Dry 19 789 100) ESS eS ea ee eee 109 
5 $0223 |= eee 00 eae ee eee 3 + .019 | — .0016 Wet 19 602 88. [os 52022 2 a ee ae oar 83 

Series No.2. 7inch by 4inch by 4foot beams. 1:2:3144 mix. Cement F. Age,3 months. Air-dry. 

3°] 0::0411) Dry Sas sce ee ee ee SS Sele ee ee | 8 839 100 3 738 100 100 
3 | , 0415) Saturated lio. 22-522 nano eee ean nee -Os0 Lessee lee seee ee 8 672 80 2 506 68 tig é 
4 | . 041 | Saturated to 214-inch depth --.___- 344) + .024 | +0. 0035 Dry 12 750 89 4 614 83 87 
4 | oie | creas GOS aS SO ee oe eee eee 344] + .024 | + . 0035 Wet 12 618 73 4 472 64 71 

Series No.3. 7inch by 4inch by 4 foot beams, 1:2:3144 mix. Cement F. Age, 3 months. Oven dry. 

8 0.049") Dry eA 2. Se a ee a ae | ener Te eS | 20 780 100 7 652 100 100 
TA . 049 | Saturated See eter se ee Ge OOS ek ene eee 19 671 85 5 544 83 85 
3 | . 049 | Saturated to 214-inch depth--__-.__- 4 + .021 | +0. 016 Dry 10 637 81 3 511 78 80 
3 5.049 A232 ee dG) ee eee 4 + .021 | + .016 Wet 10 609 78 3 ft 478 72 76 

Series No.4. 7 inch by 4inch by 4 foot beams. 1:2:314 mix. Cement F. Age,7 months. Oven dry, 3 months; Air-dry, 4 months. 

| | 

1 0.0875) Drysso Ee ee eee | 4 809 100 1 | 651 100 100 
1, 1041 | Saturated... ees Lc en a re FO Oi ee ee Es 3 699 86 1) "583 85 86 
1 .043 | Saturated to 144-inch depthi2.2.-.— 344, + .017 | —0. 004 Dry. 3 961 118 1 742 114 117 
2 | .040 | Saturated to 234-inch depth --_-._- 4 + .015 | + .0003 Dry. a 774 95 | 1 | 646 99 96 
1 .040 | Saturated to 4-inch depth ____-_._- fi) + .018 . 0017 Dry. 3 670 82 | 1 | 565 86 83 

| | } 

Series No.5. 7inch by 4inch by 4 foot beams. 1:2:314 mix. Cement F. Age,7 months. Air-dry. 

2 | 0. 064 1 Dity so 33 eS ee oe ee ee ee eee een | ern Pe es = 6 825 100 2 731 100 100 
1 | 047 | Saturated sos se ee aU 5 Oo eS ee 3 733 88 1 633 86 88 
1 | . 048 | Bottom wet-_---- eer 2 | + .020 | —0. 0065 Dry. 3 1, 066 129 1 884 121 127 
2 | . 052 | Saturated to 1}4-inch depth--..._.- 244; -+ .027 | — .0048 Dry. 6 910 110 2 734 100 107 
1 | . 054 | Saturated to 24-inch depth-_-____- 374) + .032 | + .0012 Dry. 4 714 86 1 651 89 87 



The beam specimens were dried to constant weight. 
Some were then entirely immersed in water and others 
were immersed to only a fraction of their depth. 

The changes in weight, length, and strength were de- 
termined for the different conditions. Five separate 
series of such experiments were conducted, varying the 
proportions of the mix, the brand of cement, the extent 
and nature of drying, and the depth of partial satura- 
tion. The results are shown in Table 7. 

Results of beam tests.—By reference to Table 7 a com- 
parison of beams uniformly saturated shows that the 
expansion in water varies from 0.014 to 0.021 per cent 
with an average of 0.018 per cent. These beams were 
immersed for 5 days subsequent to the initial drying. 
The 1:2:314 concrete made with cement F when air- 
dried for 214 months contracted 0.041 per cent. 

The 1:11: 3 concrete, made with cements A and D 
mixed, after conditioning by 30 days curing under wet 
burlap, followed by complete oven drying, contracted 
0.022 per cent. 

The reduction in strength from completely dried con- 
crete to uniformly saturated concrete in the five cases 
ranges from 12 to 23 per cent, an average of 15.4 per 
cent. 

———4 

LOSS GAIN 

PERCENTAGE EXPANSION 

\ 

CONTRACTION 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 

TIME IN DAYS 

Fic. 14.—Change in length compared with change in moisture content of concrete 
beams made with cement F 

Certain beams were warped by saturation from the 
bottom upward to increasing heights (see Table 7), as 
determined by visual observations of the broken beams 
and by weighing. 

Contractions from 0.0016 to 0.0065 per cent were de- 
veloped in the dry face, and expansions from 0.015 to 
0.032 per cent at the wet face of the warped beams. 
When these warped beams were broken with the con- 
tracted dry side in tension, an increase from 9 to 29 
er cent in strength over the entirely dry beam was 

indicated, depending on the amount of initial con- 
traction. 
When saturation had proceeded to a greater height 

in the beams (approximately 2 inches from the top), 
the area of dry concrete became too small to hold back 
the expansion of the wet area, and, consequently, the 
dry face was actually elongated by the force of the 
expanding face. When the expanded dry face was 
tested in tension, the beams were only 81 to 95 per cent 
as strong as the uniformly dry beams; when turned 
with the wet side in tension the percentage was 73 to 
83. The complete data are given in Table 7. 

The writer accounts for this increase in strength of 
warped dry faces when they have been shortened and 
the decrease in strength when they have been length- 
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Fig. 15.—Change in length compared with change in moisture content of concrete 
beams made with cements A and 

ened by the absorption of moisture on the opposite face 
by: the presence of an initial compression in the former 
and of an initial tension in the latter case. However, 
an analysis of moduli of elasticity and the deformations 
of the top and bottom face of the beams, tested under 
the third point loading, fails to show any substantial 
difference between the extensibility at rupture or 50 
per cent of rupture of the beams with the dry face 
either sherteried or lengthened by warping. The neu- 
tral axis in all these loaded warped beams is nearer the 
compression than the tension face (wet or dry) at 50 
per cent of rupture and also at rupture. The maxi- 
mum Seeoiliee in tension was from 0.015 to 0.018 
per cent. The simultaneous compression was from 
0.012 to 0.016 per cent. 

To assume an initial stress would presuppose an elas- 
tic concrete holding this stress throughout the five days 
previous to test, and an unusual distribution of stresses 
throughout the cross section. Inasmuch as these in- 
itial stresses must balance, it is hard to reconcile an 
initial compression in the top with a compression in the 
saturated bottom. This matter is left open for dis- 
cussion. 

PRECIPITATION 
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RAIN IN INCHES 
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CONTRACTION PERCENTAGE 
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Fia. 16.—Contraction of concrete exposed to weather 
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TESTS OF UNIFORMLY SATURATED BEAMS AND CYLINDERS 

In addition to the tests of warped beams a series of 
tests was made on beams and compressive cylinders 
with uniform moisture content. This series included 
the study of the following phenomena: 

Length changes resulting from: 
© Continuous immersion in water. 
Continuous exposure to air in the laboratory. 

. Continuous exposure to weather. 

. Oven drying at 150° F. 

. Immersion of oven-dried and air-dried speci- 
mens. 

Transverse strength determinations as to: 
1. Decrease due to uniform saturation. 
2. Changes due to age and treatment. 
3. Effect of freezing temperatures on saturated and 

dry concrete. 
Compressive strength tests for: 

1. Increase due to age and treatment. 
The size of the beam specimens was 4 by 7 inches by 

4 feet. In the initial series of tests concrete similar to 
that of the road slab was investigated, namely, a 
1:114:3 mix, using cements A and D. In a later series 
of tests, cement F was used, the mix being 1:2:3)4. 
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Fic. 17.—Effect of saturation and freezing on the transverse strength of beams 

Length changes of beams.—Measurements of changes 
in length of the beams due to moisture were begun two 
days after moulding. A 20-inch Berry strain gauge, 
used in the measurements, was compared to a standard 
invar steel bar, maintained at a constant temperature. 
Six gauge lines were set in each beam, three on the top 
and three on the bottom. The results are the average 
of measurements on at least four beams. Corrections 
for the influence of temperature were made from ob- 
servations of the temperature of two auxiliary beams, 
the hae se coefficient of which was previously meas- 
urec 

Figures 14 and 15 show the percentage changes in 
moisture content and the corresponding change in unit 
length of the concrete. The 1:2:31% concrete, cement 
Fr (Fig. 14), expanded 0.0050 per cent after a continuous 
curing under saturated burlap for 40 days and contracted 
0.0035 per cent after 90 days in air. The 1:114%:3 con- 
crete, cements A and D (Fig. 15), expanded 0.0050 per 
cent after a similar curing for 40 days and contracted 
0.015 per cent after 90 days i in air. ‘Thus, considerable 
variation is evident in the degree of length change of 
the two concretes as affected by the character of the 
cement. 
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Fia. 18.—Effect of age and treatment on transverse strength of beams 

Additional beams of concrete, using cement F', were 
exposed to the weather. Changes in length and weight 
and the amount of rainfall were observed, as shown in 
Figure 16. A maximum contraction of 0.033 per cent 
occurred in 75 days. Beams of similar concrete exposed 
to the air of the laboratory for the same period of time 
also contracted 0.033 per cent. 

Transverse strength—The beams were tested (1) by 
loading at the third points, the span length being 42 
inches; and (2) by loading them as cantilevers. 

In the former case, the deformations of the top and 
bottom faces were measured by 10-inch Berry strain 
gauges; in the latter, one end of the beam was fixed 
between the bed and the movable head of a testing 
machine and broken near the section of support by 
means of an attached lever arm 5 feet in length. In 
this manner a number of sections of one beam may be 
broken consecutively. To load the testing machine 
shot was allowed to flow into a bucket. The halves of 
the beams broken under the third-point loading were 
also tested under cantilever loading. 

Figure 17 shows the relative strength values of a 
series of tests on concrete beams made with cements 
Aand D. A 20 per cent reduction results from satura- 
tion. An increase of approximately 100 per cent in 
strength appears when saturated concrete is tested in 
a frozen condition. This is due to the strength of the 
ice. The percentage relation is based on air-dried 
concrete. 
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In Figure 18 the effect of age and moisture on the 
transverse strength of beams isshown. The specimens 
that were cured continuously under wet burlap and 
those air-dried, but subsequently saturated, contain 
approximately the same quantity of water by weight. 
he latter, however, are consistently 19 per cent lower 

in strength on a direct basis than the former at an age 
of 90 days. All the specimens were made at the same 
time, and then exposed to varying conditions. Hach 
plotted point in Figure 18 represents the average of 12 
tests. 

No doubt the water is concentrated to some extent 
at the surface of the samples that are air-dried, but 
subsequently saturated. The appearance of the broken 
specimens, however, indicated uniform moisture dis- 
tribution. 

Compresswe strength.—Cylinders 6 inches in diameter 
by 12 inches long were capped with plaster of Paris 
and tested in compression. Deformations were meas- 
ured up to about one-half the ultimate strength by 
means of ring compressometers, with the results shown 
in Figure 19, which checked the findings in the case of 
the beams. Each plotted point represents the average 
of three tests. 

Aggregate failures occur with consistent regularity 
in the case of the air-dried or oven-dried specimens, 
likewise with specimens cured continuously under damp 
burlap; in the case of the saturated concrete, however, 
the failures are invariably due to bond between the 
mortar and the aggregate. 

REVIEW OF LITERATURE 

A review of the literature on the expansion and 
contraction of cements, mortars, and concrete has 
been made in connection with the Purdue University 
investigations, and a digest appears in the paper as 
presented by the writer at the meeting of the highway 
division of the American Society of Civil Engineers, 
at New York, on January 22, 1925. 

CURING CONCRETE WITH CALCIUM CHLORIDE 

By C. L. McKESSON, Materials and Research Engineer, California 
Highway Commission 

One of the difficulties attendant upon the construc- 
tion of concrete pavements in the drier regions of 
California is the expense of securing water for curing 
the concrete for two weeks after laying. It has long 
been known that calcium chloride, under favorable 
conditions, will absorb moisture from the air and, dur- 
ing recent years, experiments have been made in an 
effort to utilize this chemical as a substitute for ordi- 
nary water curing. Illinois, with a rather high relative 
humidity and precipitation throughout the year, re- 
orts considerable success in the curing of concrete 
y distributing 214 pounds of calcium chloride per 

square yard soon after the concrete is finished. 
During the last year the California Highway Com- 

mission has conducted extensive field and laboratory 
experiments in an endeavor to ascertain whether this 
substitute can be used safely in California in sections 
where humidity is low, temperature high, and pre- 
cipitation absent during summer months. Field ex- 
periments were conducted on paving jobs in Los 
Angeles, Ventura, Sacramento, and Humboldt 
Counties. 

Preliminary experiments made early in the season 
indicated that a slight reduction in strength would 
probably result from the substitution of calcium 
chloride treatment for the usual water curing and 
all of the field tests made during the summer bore 
out this conclusion. 

On two of the projects concrete specimens 6 by 6 
by 12 inches were cast from the concrete actually used 
in the pavement. In each case half of the specimens 
were cured by placing them on one side the morning 
after they were made and by applying flake calcium 
chloride (dry) at the rate of 24% pounds per square 
yard of surface. The other half were water cured. 
On three jobs, a portion of the pavement was treated 
in a similar way with calcium anlende and the remain- 
der was cured with water in the usual manner. After 
the completion of the work cores were drilled from 
the pavement cured by both methods. The cores 
were tested by the State highway laboratory at 
Sacramento. 

Following is a summary of the results of the tests 
and relative efficiency of calcium chloride curing as 
indicated by them. 

Average compressive strength | 

| 
6 by 6 by 12- | 44-inch cores| prop | 
inch molded | from pave- riane | 

Num-| specimens ment of y 

geen t on OF eS Det ON eps oe cal- | Remarks 
| cium 

ples Cured | Cured | chlor- 

Cured bis | Cured | ae | ide! | 
with ani with ohird 
water | chlor- | Wer | chior- 

ide | ide 

ee | = 

Lbs. | Lbs. | P. ct. | 
(X=Sac=4-B) Sactos|en ctu eeeeeen eee eens 4,292 | 4,218 98) Hot and dry (wa- 

Stockton high- | |  ter-cured con- 
way, near Sacto. | | crete 657 days 

| old. Concrete 
| | cured with cal- 

| | | cium chloride 70 

(VII-L. A.-2-BO) |f 32 | 3,064 | 2, 783 eitasid etenbpiae ( Ade —a— 7 y (O00 |-~-----)------- | + 
Ventura-Los Ange- || 28 |_..___-|------- 4,057 | 3,204| 81 } Hot and dry. 

les highway near 
Calabasas. | | | | 

(VII-Ventura-2-A) 1D es eee | es 3,491 | 3, 093 88 | Hot and dry. 
Los Angeles | 
highway near 
Newbury Park. 

(I-H um.-1- GH) U2 leds SOd 1 6 OPO erie alone an | 92 | Experiment in Oc- 
Eureka - Arcata | tober. Weather 
highway at Ar- cool, humidity 
cata, | high (70 to 90 

| per cent). Some 
rain, 

1 Efficiency of calcium chloride curing, assuming water curing to be 100 per cent 
efficient. 

The above tests indicate that calcium chloride is 
from 80 to 90 per cent efficient and that it might be 
used as a substitute for water curing where water is 
scarce. Some of the strength appears to be sacrificed, 
but the cores showed a minimum average strength of 
more than 3,000 pounds in the most unfavorable case, 
and this strength indicates a fair factor of safety. 
A very extensive series of curing tests not included in 

the above discussion was conducted at Sacramento 
during the summer and fall of 1924 by the California 
Highway Commission in cooperation with the Struc- 
tural Materials Research Laboratory of Lewis Insti- 
tute. Calcium chloride and many other methods of 
curing were included in this series, the results of which 
will be given to the public in a report now being 
prepared. 
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VERTICAL PRESSURE OF EARTH FILLS MEASURED’ 
By C. N. CONNER, State Construction Engineer, North Carolina State Highway Department 

Clay fill at 1£efoot level 

ALUABLE data on the vertical pressure of earth 
fills of various materials are expected to result 
from experiments now being conducted by the 

University of North Carolina in cooperation with the 
North Carolina State Highway Commission. 

The curves in Figure 1 show the results of some of 
the early experiments with sand and clay fills. It is 
interesting to note that greater pressures are brought 
to bear on the 80-inch cast-iron pipe by the clay fill 
than the sand fill at all depths. , 

The experiments are being conducted under the 
direction of G. M. Braune, dean of the School of 
Engineering, University of North Carolina, and P. K. 
Schuyler, associate professor of highway engineering, 
is actively supervising the work. The plans for the 
weighing scales and the general methods in use were 
suggested and approved by A. T. Goldbeck, chief, 
division of tests, United States Bureau of Public 
Roads. 

The methods used to determine the pressures are as 
follows: Four 214-foot sections of 30-inch cast-iron 
pipe were placed on columns, which rested on the weigh- 
ing platforms of specially designed scales. The scales 
and columns were housed in a concrete culvert, in the 
top of which there was a slot just large enough to admit 
the pipe, which lay in a horizontal position, with one 
half of its surface protuding above the top of the culvert 
and exposed to the pressure of the earth fill, while the 
other half of its surface was inside the culvert resting 
on the top of the column. 
A sand fill, using uniform quality of sand, was built 

up in 1-foot layers, each layer being carefully leveled 
off and the pressures accurately determined by weigh- 
ing the loads on the various scales. An attempt was 
made to roll the sand fill, but it was not found to be 
practicable. The experimental fill with sand was car- 
ried to a height of 20 feet above the top of the pipe. 
The sand fill was then removed and replaced with a 
clay fill. This fill was also placed in 1-foot layers and 
readings taken at each foot level in a manner similar 
to the method employed with the sand fill. The clay 
fill was rolled with a 4-ton roller and carried toaheight 
of 14 feet. The next part of the experiment as pro- 
posed will consist of using a clay fill and laying the 
pive in a teench excavated after the fill is made. It is 

1 Submitted for publication through the Highway Research Board of the National 
Research Council. 

Scales in place in culvert 

believed that by laying a pipe in this manner the pres- 
sure exerted on it by the fill is lessened. 

Maj. William Cain, an authority on earth pressure, 
has suggested certain laboratory experiments, which 
are being carried out in connection with the field work. 
It is thus hoped to obtain data on the coefficients of 
friction and cohesion of soils, which can be applied to 
the results obtained in the field and thereby add to the 
present available information on the subject of earth 
pressure. 

HEIGHT OF FILL ABOVE TOP OF PIPE IN FEET 

1000 2000 3000 4000 5000 

PRESSURE ON PIPE IN POUNDS PER LINEAR FOOT 

Fig. 1.—Pressures produced by sand and clay fills on 30-inch cast-iron pipe 
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