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SYNOPSIS 
This paper reports one of the researches conducted by the highway research 

laboratories of Purdue University and the State Highway Commission of Indiana. 
The report supplements previous studies on pavement pumping in Indiana and 
the indicated correlation is developed between the increase in the amount of 
pavement pumping with the number and magnitude of truck loads. The report 
is divided into two parts, namely: (1) the presentation of data covering the ex­
tent and increase of pavement pumping for the period 1940-1947; and (2), an 
analysis of truck weight data obtained by the Indiana State Highway Planning 
Survey for the period 1936-1946. The performance-survey data indicated that 
the pumping problem was almost non-existent in Indiana before 1940 and that 
since this date, the amount of pumping has become accelerated and that more 
and more rigid pavements have been and are becoming affected. Approximately 
6.0 percent of the rigid pavements were affected by pumping action in 1943 and in 
1947 the percentage had risen to about 12.0. Even though most of the rigid 
pavements in Indiana are still in excellent condition, structurally, this situation 
cannot prevail indefinitely when, on the average for the past four years, 60 new 
miles of pavement pumping per year have developed and only 30 miles per year 
of pumping pavements were either reconstructed or repaired. The Indiana 
truck-weight data indicate, for the period 1936 to 1946, that the number of viola­
tions of the 18,000-pound-axle-load law has increased greatly and that the number 
of trucks with gross loads exceeding 40,000 lb., likewise, has increased. It was 
concluded that much of the pavement pumping has been caused by overloads, for 
the pavement designs employed, which represent a relatively small percentage of 
the total number of loads, and that strict enforcement of the present Indiana 
axle-load and gross-load laws should do much to reduce the number of future 
rigid pavement failures; also, that research should be initiated immediately to 
determine the destructive characteristics of repetitive 18,000-lb. axle loads as well 
as different spacing of axles carrying 18,000-lb. loads and pavement designs to 
withstand heavier loads. It should be noted that damage caused to non-rigid 
pavements and to structures by excessive loads is not included in this report since 
the failures take a form different from those caused by pumping action. The 
performance survey data indicate that the increase in the amount and the 
severity of pavement pumping is becoming increasingly more serious and that 
drastic measures will need to be taken immediately in order to protect a large 
portion of the present state highway system which is still in excellent condition. 

For the past eight years the staff of the vealed by these performance surveys was that 
Joint Highway Research Project has been con- of pavement pumping. This action "consists 
ducting extensive condition surveys of rigid of the deflection of the slab under moving-
and flexible pavements on the state system wheel loads which results in the ejection of 
throughout Indiana {1, H, 3, 4, ^> ' The water carrying particles in suspension. As the 
data collected from these surveys have been action progresses, cavities develop in those 
used to evaluate the many factors which in- areas immediately under the pumping slabs, 
fluence the performance of a highway, includ- thereby diminishing or removing the subgrade 
ing such variables as climate, soils, materials, support." Pumping occurs only on rigid-t3rpe 
and design. pavements, the failure of other types being of 

One of the important Indiana problems re- a different character. If the action continues 
' Italicized figures in parentheses refer to for prolonged periods, the pavements, in 

the list of references at the end of the paper. heavily-traveled truck lanes, become almost 
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impassable in a matter of a few years' or, in 
some instances, in only a few months' time. 

Since pavement pumping was almost un­
heard of in Indiana in the years preceding 
1940, and since this action has become pro­
gressively more severe both during and after 
the last World War with the advent of more 
and heavier truck loads, it is logical that con­
siderably research thinking should be directed 
to information on the number and magnitude 
of the heavier truck loads to be found traveling 
our highways. Actual truck-weight data have 
been collected by the Indiana State Highway 
Planning Survey for the years of 1936, 1942, 
1943, 1944, and 1946. An analysis of some of 
these truck-weight data in conjunction with 
the information collected from the large-scale 
performance survej-s should give some clue as 
to the magnitude of the axle loads, as well as 
the gross loads, that have been responsible for 
the severe damages inflicted on most of the 
primary roads in the state since 1940. 

The purpose of this report is to determine 
the extent of the indicated correlation between 
the performance-survey data obtained on rigid 
pavements in Indiana and the truck-weight 
and truck-volume data collected by the Indi­
ana State Highway Planning Survey. I n ­
formation on the effects of heavy loads on 
non-rigid pavements is not included in the 
report. 

P E E F O B M A N C E S U E V E Y P B O C E D U E E S 

In the spring of 1943, a survey was made to 
determine the location, amount, and severity 
of pumping of rigid pavements throughout the 
State. The State Highway Commission dis­
trict offices furnished maps which were marked 
to show the locations of all rigid pavements in 
distress in the respective district areas. Field 
inspections of each of the roads in distress were 
then made in company with a representative 
of the district office. The field data were com­
piled in tabular form and were plotted on a 
general soil and highway map of the state. 
The results of this first state-wide pumping 
survey indicated rather conclusively that cer­
tain soil areas were susceptible to pumping 
when crossed by roads which were used as 
heavy truck routes {!). 

Several partial surveys of pumping pave­
ments have been made since 1943, and reason­
ably complete progress records have been 
maintained on a few of the pavements, includ­

ing U . S. 30, west of Valparaiso. During the 
war, and the year immediately following, a 
marked increase in the amount and severity of 
pumping was observed in some soil areas and 
on certain truck routes. In order to evaluate 
the factors causing the pavement damage, it 
was decided in the spring of 1947, to make a 
second complete state-wide survey of the rigid 
pavements in the State. 

Before the survey was initiated, each dis­
trict office was asked to prepare a map showing 
the roads which should be included in the field 
inspection trips. All six districts submitted 
this information promptly. The maps were 
used to plan the field trips. Whenever prac­
ticable, a representative of the district office 
took part in the inspection. 

The procedures followed in obtaining the 
pavement-pumping data in 1943 and in 1947 
consisted essentially of inspecting the rigid 
pavements in the state system and recording 
the severity of pumping. The early stages of 
pumping are usually indicated by mud stains 
on the pavement at joints and cracks or along 
the sides. Such spots are readily identifiable 
after periods of rainfall and as a result all 
pumping slabs can be logged by stationing or 
by speedometer reading. I n these surveys, 
this degree of pumping was considered as 
"slight." As the pumping progresses the for­
ward slab in the direction of traffic becomes 
displaced vertically downward in relation to 
the adjacent slab and the resulting "fault" 
produces roughness in the riding character­
istics of the pavement. These faults can be 
measured and logged and the resulting data 
can be used as an index of performance. I n 
the third stage of pumping, the amount of 
faulting increases, the pavement breaks and 
cracks, and the resulting pieces frequently be­
come tilted or "turned on end." 

During the 1947 survey, a fourth type of 
pavement distress was recognized, namely 
faulting of a rigid pavement slab at a joint or 
crack on a sand subgrade. The final type of 
distress was that of pumping through resurface 
materials which had been placed on a previ­
ously pumping pavement. 

I n 1941, some preliminary surveys were 
made on a number of rigid pavements in Indi­
ana, notably on S. R . 67 (7). This particular 
project was surveyed from the Illinois-Indiana 
state line to the Indiana-Ohio state line and at 
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the time of the survey no noticeable pumping 
was to be found. 

P L A N N I N G S U R V E Y T R U C K - W E I G H T D A T A 

The truck-weight data were obtained by the 
Indiana State Highway_Planning Survey at 20 

trucks at each station for a period of eight 
hours once a year. This 8-hr. period was from 
6 a.m. to 2 p.m.; weighings were made for a 
total of four hours in each direction. Most of 
the surveys have been made during the month 
of August and approximately at the same date 

ND ANA 

Figure 1. Location of Truck Weighing StaUons 

special loadometer stations located throughout 
the state (Fig. 1). Truck weight surveys were 
made at 20 stations during the years of 1936, 
1942, 1943, 1944, and 1946. A survey con­
sisted of counting all vehicles and weighing 

each year for each station. The number of 
trucks thus weighed is a very small portion of 
the yearly traffic. During a 24-hr. survey in 
November 1946, at Station 15 on U . S. 30, 
1319 trucks were counted while 244 were 
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weighed during the 8-hr. period from 6 a.m. to 
2 p.m. This would indicate that about 18.5 
percent of the total daily truck traffic would 
be weighed during a survey of a loadometer 
station. 

No steps of any kind toward enforcement of 
legal weight restrictions were taken during 
these surveys so that, at least to a certain ex­
tent, the data obtained may be considered 
representative of the actual traffic. I t is rec­
ognized that, even though no legal action was 
taken against violators of load laws, drivers of 
some overloaded vehicles may have avoided 
the weighing stations upon learning that 

ments have been corrected. Despite the fact 
that this large mileage has been repaired there 
still remains in 1947, 324.9 miles of pumping, 
thus showing 199.0 miles net increase in total 
pumping since 1943. To this figure can be 
added that of 47.8 miles of faulted pavements 
on sand which occurred on heavily-traveled 
truck routes thus making a total of 246.8 miles 
of net increase, including the faulted pave­
ments—an increase of slightly more than 100 
percent over the 1943 figure. 

Data on classification of pumping by roads 
is shown in Tables 2 to 7. I t is to be noted 
that the Greenfield District shows the greatest 

T A B L E 1 
S U M M A R Y O F R I G I D P A V E M E N T P U M P I N G - 8 T A T E - W I D E R E C A P I T U L A T I O N 

D i s t r i c t 

E s t . L e n g t h P u m p i n g 
M i l e s N e t 

Increase 
P u m p i n g 
1943-1947 

1947 E s t . L e n g t h P u m p i n g 
M i l e s b y S e v e r i t y C l a s s 

M i l e s 
F a u l t i n g 

on S a n d — 
not 

P u m p i n g 

M i l e s 
P u m p i n g 

t h r u 
R e s u r f a c e 

1947 

D i s t r i c t 

1943 C o r ­
rected 1947 

N e t 
Increase 
P u m p i n g 
1943-1947 SUght Moder­

ate Severe 

M i l e s 
F a u l t i n g 

on S a n d — 
not 

P u m p i n g 

M i l e s 
P u m p i n g 

t h r u 
R e s u r f a c e 

1947 

C r a w f o r d s v i l l e 
F t . W a y n e 
G r e e n f i e l d 
L a P o r t e . . . 
S e y m o u r 
V i n c e n n e s . . . 

32 .8 
49 .8 
25 .5 
78.6 
29.9 
26.9 

4 . 0 
27 .5 

9 .3 
38 .0 
25.7 
13.0 

65 .2 
40 .4 
78.0 
58.1 
62.6 
20 .6 

36.4 
18.1 
61.8 
17.6 
58.4 

6.7 

9 .0 
1.1 

16.8 
.0 

30 .0 
3 .0 

41 .0 
6.0 

16.8 
13.2 
22.9 

7.4 

16.2 
33.3 
45.4 
44.9 

9 .7 
10.2 

0 
0 
0 

47 .8 
0 
0 

0 
0 .3 
0 
1.9 
1.6 
1.6 

243.4 117.5 324.9 199.0 1 59 .9 106.3 1 168.7 1 47.8 5 .3 

324.9 P u m p i n g i n i g 4 7 
117.6 C o r r e c t e d p u m p i n g s i n c e 1943 

442.4 T o t a l 1947 p u m p i n g a n d 1943 p u m p i n g corrected 
243.4 P u m p i n g i n 1943 

199.0 M i l e s . n e t increase 

324.9 P u m p i n g i n l 9 4 7 
47.8 F a u l t i n g o n l y , 1947 

372.7 T o t a l p a v e m e n t i n d i s tress , 1947 
117.5 C o r r e c t e d 

490.2 T o t a l , i n c l u d i n g corrected p u m p i n g 
243.4 P u m p i n g i n 1943 

246.8 Mi l e s , ne t increase , i n c l u d i n g f a u l t i n g 

trucks were being weighed. This factor would 
make the estimate of heavy gross weights and 
axle loads too low. However, it has been ob­
served that the truck traffic is a higher propor­
tion of the total traffic during the night-time 
hours, so that this percentage is, in all prob­
ability, low. 

R E S U L T S 

Table 1 shows the summary of the pavement 
pumping by State Highway Commission 
existed in 1943 and again in 1947. Tables 2 
to 7 inclusive present the detailed information 
on the severity and amount of pumping by 
roads and by State Highway Commission dis­
tricts. In considering the summary data 
(Table 1) it is to be noted that 243.4 miles of 
pumping were logged in 1943. Since that 
time 117.5 miles of the 1943 pumping pave-

increase in the number of miles of pumping 
(61.8 miles) followed closely by Seymour (58.4 
miles). However, the Seymour District has a 
very low mileage of severe pumping (9.7 miles) 
in contrast to the LaPorte District which has 
44.9 miles of severe pumping and no slight 
pumping. I n the LaPorte District the 1943 
survey shows 78.5 miles of pumping and it is 
this district which has corrected the greatest 
number of miles since that time (38.0 miles). 

On S. R. No. 2 west of South Bend, on U . S. 
No. 41 in the Calumet Region, on TJ. S. No. 
12 near Michigan City, and on U . S. No. 30 
east of Valparaiso, 47.8 miles of pavement were 
logged where definite faulting had occurred at 
joints, or in some instances, at cracks. These 
pavements are all located on sand subgrades, 
some of which have a high-water table. 

A portion of the data shown in Tables 2 to 7 
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have been plotted ou state-highway maps 
(Figs. 2-3) in order that the intensity of the 
problem can be evaluated readily. The re­
sults of the 1943 survey (,1) have been replotted 
with symbols comparable with those used in 

pumping pavements which have been recon-
constructed or which have been otherwise cor­
rected are also indicated by an appropriate 
symbol. Likewise, the 47.8 miles of pave­
ments on sand which are faulted are indicated. 

OESHEE OF PUUPINS 

SEVEKE I 
UODER* TE 

SLISHT 

N D I A N A 

Figure 2. Pumping of Rigid Pavements 

the 1947 survey. Figure 2 shows the plot of 
the 1943 pumping pavements. Some of the 
results of the 1947survey are shown in Figure 3. 

I n addition to showing the degree of pump­
ing, i.e., slight, moderate, and severe, the 

The Indiana State Highway Planning Sur­
vey traffic data have been summarized in 
graphical form in Figures 4 to 9. I n general, 
the number of trucks in different weight groups 
are presented as a percentage of the total ve-
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hiculax traffic. Figure 4 shows the annual-
average 24-hr. traflSc at the 20 loadometer sta­
tions for each of four years. Also shown are 
the actual number of vehicles recorded during 
the weighing period, the total commercial ve-

vehicles with different maximum axle loads are 
presented graphically in Figure 6. The num­
ber of trucks in each axle-load group is shown 
in Figure 7, and the number of trucks violating 
the gross-weight limit is shown in Figure 8. 

oee/iEC OF PVIIP/M6 

SEVCRE I 

UODERATE 

SLieHT mill 
IU3 PUUPWe COPRECTED^Z 

FAULTED WITHOUT PUUPIHSXX 

I N D I A N A 
1947 

SURVEY 

Figure 3. Pumping of Rigid Pavements 

hides counted, and the total number of trucks 
weighed. Trucks in different weight groups 
are plotted in Figure 5 as a percentage of the 
total number of vehicles counted during the 
weighing period. The percentage of the total 

For purposes of comparing the pumping per­
formance of different pavements with the fre­
quency of loads, the percentages of vehicles at 
the mdicated stations with axle loads greater 
than 18,000 lb. are presented in Figure 9. 
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DISCUSSION OP BESUMS 

The pavement-performance-survey data and 
the truck-weight data submitted in this paper, 
combined with impressions obtained by riding 
on pavements throughout the state system, 
indicate that many rigid pavements in Indiana 
are failing structurally and at an accelerated 
rate. In addition, there is evidence to indicate 
that this problem is widespread and that it is 
not confined to Indiana (S). While more than 
3,500 miles of the 4,000 miles of rigid pave­
ments in the State are not now pumping, the 

O M O O O 

^ u N M L • v m u i t 4 M . n u m 

vcHKLEi m e o n i o K n t M uk • t r a 

TOTAL C O m U I I C U l VtHICLEt • I C m e U S I T V K H • • H > 

tn 

_ l I I I I 1 1 1 1 1 

TOTAL TRUCKS 
n w m o K T w i n 

0 ( M l s i n i 

Figure 4. Traffic Trends Between 1936 and 
1946 at 20 Loadometer Stations. 

rate of increase of pavement pumping in Indi­
ana since 1943 (60 new miles of pumping pave­
ment per year) furnishes grounds for appre­
hension. Since pavement pumping, faulting, 
and the resulting structural failures are con­
fined almost entirely to the primary roads of 
the State, such as U . S. 6, 12, 20, 30, 40, 50, 
52, 31, 41, and S. R . 67 and since pavement 
pumping on dual-lane pavements is predomi­
nantly on the outside, heavily-traveled lanes, 
it is indicated that the frequent application of 
heavy loads is the major contributing cause of 
this problem. .Analysis of the mechanics of 
pavement pumping would lead, of course, to 
the same conclusion. However, Indiana is 
topographically flat; soils susceptible to pave­
ment pumping predominate throughout the 

State; and most of the existing pavements have 
not been designed to carry some of the loads 
to which they are now being subjected. I t 
follows that it is reasonable to anticipate an 
increasing amount of pavement pumping un­
less rigid restrictions are placed on the amount 
of loads to be carried on pavements through 
the State. 

Pavement Design, Pavement Age, and Sails. 
The performance surveys of both 1943 and 

and 1947 show that pumping has occurred on 
the primary, heavily traveled roads, regardless 
of geometric sections and other features of de­
sign. I t has occurred on pavements with 
thickened edges without joints, on pavements 
with thickened edges with both contraction 
and expansion joints and on pavements with­
out contraction joints but with expansion 
joints. Some short sections of non-reinforced, 
non-jointed pavements with thickened middle 
have pumped. However, it has been observed 
on some sections of pavements that design 
features, such as expansion joints, accentuated 
the pumping problem. 

In regard to pavement age, a study of the 
records of pavement damage due to pumping 
shows no positive correlation between pave­
ment age and the development of pumping. 
I n many instances pavements have been con­
structed and have given good service for many 
years without signs of distress, and then start 
to deteriorate rapidly under traffic loads. I n 
contrast, some new pavements have begun to 
fail within a year or two after construction. 
For these reasons, it is indicated that the age 
of a pavement is not a factor in the problem 
of pavement pumping. 

I n the 1943 survey report (1) the importance 
of soils as a variable in pavement pumping was 
developed. I t was shown in this study that 
heavily traveled roads crossing plastic clay-like 
soils were particularly vulnerable to this action 
but that other stretches of the same roads con­
structed on sand or gravel subgrades showed 
no signs of pumping. I t was concluded in this 
work that the soil factor is an important vari­
able in evaluating the pumping problem. The 
large number of miles of faulted pavements 
located on sand subgrades indicates that both 
the physical characteristics and the degree of 
compaction of granular base courses, which are 
used to eliminate pumping on new construc­
tions, must be given careful consideration. 
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Truck Weights 
One of the first steps taken after receipt of 

the State Highway Planning Survey truck 
weight data was that of statistical analsrsis in 
order to determine whether the trends ob­
served were significant or should be attributed 
to chance variations due to sampling errors. 
For each weight classification in Figures 5 and 

were calculated from the following formula:* 

pdoo - p) 

where p is the average percentage under con­
sideration and N is the total number of vehicles 
counted in the year in question. 

Si ws.s 

OVER ZOPOOIB 

OVER 30P00LB. 

LEGEND: 

I t40 I t 4 l 
Y E A R 

0VER4QP0OLB. 

OVER 60,000LB 

• OBSERVED PERCENTAGE 
- ^ ' A V E R A G E PERCENTAI 

-CONTROL LIMITS" P±3 l 

( A L L STATIONS-ALL YEARS) iGE ( A L L S 1 

Figure 5. Percentage of Vehicles with Gross Weight Greater than the Value Indicated on the 
Basis of Total Number of Vehicles Counted during Weighing Period. 

6 the average percentage wa.<< calculated, 
grouping all stations for all years. This 
average percentage value was plotted on 
the graph as a dot-dash line. Control limits 
are also shown on the graph. These limits 

The area on the graph between the average 
percentage and the control limits may be con­
sidered as that range of values within which a 

2 4.S.r.ilf.—"Manual on Presentation of 
Data," August, 1940. 
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given percentage may be expected to vary due 
to chance or normal variation in sampling. If 
a value falls outside the control limits a very 
high degree of probability is indicated (99.7 
percent) that the value is significantly different 
from the average. I t will be observed from 
the formula that the spread of the control 
limits is affected by the average percentage 

concluded that the percentage of vehicles 
heavier than 40,000 lb. was significantly lower, 
in 1936, than the average for the four years 
considered, and that the percentage in 1946 
was significantly higher than the average; this 
trend can not be attributed to chance. 

The trends in axle loadings (Fig. 6) conform 
very closely to the trends in gross weights; 

LEGEND: 
OBSERVED PERCENTME 
P> AVERAGE PERCENTAae I ALL STATIONS, ALL YRS.) 

CONTROL LIMITS 

OVER 10000 L M 

OVER 14000 L I S . 

OVER leOOO LBS. 

OVER laOOO LBS 

OVER £ 0 0 0 0 LBS 

••48 IB44 

YEAR 

Figure 6. Percentage of Vehicles with Different Maximum Axle Loads Based on Total Number of 
Vehicles Counted during Weighing Period 

considered and by the sample size, A'. If N, 
in this case number of vehicles counted in any 
particular year, is small, the spread between 
control limits will be large. 

On the curve (Fig. 5) for percentage of ve­
hicles with gross weight exceeding 40,000 lb., 
the point representing this percentage in 1936 
fell below the lower control limit; the point for 
1946 fell above the upper limit. I t may be 

the curve of percentage of vehicles with a 
maximum axle load over 18,000 lb. corresponds 
to the cui-ve of percentage of vehicles over 
40,000 lb. in gross weight. The average per­
centage for all years for these two truck cate­
gories were 0.44 and 0.48, respectively. In 
1946, 0.70 percent of all vehicles had a maxi­
mum axle load greater than 18,000 lb.; 0.79 
percent were over 40,000 lb. gross weight. I t 
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is to be noted that the percentage of vehicles 
with axle loads over 10,000 lb. increased ap­
proximately one and one-third times from 1936 
to 1946, while in contrast, the percentage with 
axle loads over 18,000 lb. increased about 
eleven times during this same period. 

The most significant factor to be noticed in 
examining the truck-weight data is that there 
has been a large upward trend in volume and 

AXLE LOADS 
IN LBS 

FROM 14 too 
TO 16 000 

FROM 18 200 
TO IS 000 

FROM 12 200 
TO I440O 

ISO 

FROM 18 200 
TO 20000 

OVER 2 0 0 0 0 

Figure 7. Number of Tracks with Different 
Axle Loads (at 20 Loadometer Stations During 
One 8-Hottr Period Each Year). 

weight of trucks between 1936 and 1946. The 
data for 1942, 1943, and 1944 show the truck 
traffic to be fairly constant, with minor fluc­
tuations in various weight increments. The 
1946 truck traffic is greatest, in both volume 
and weight, for any of the years, and is much 
greater than for the year 1936. 

The number of trucks with a gross load of 
over 30,000 lb. recorded in 1936 during the 8-
hr. survey at 20 stations was 185, while in 
1946 it had increased to 658. I n the same 
period the trucks over 40,000 lb. gross weight 
increased from 13 to 263 and those over 50,000 
lb. gross weight increased from 4 to 105. At 

the same time the total number of trucks 
counted increased from 4,887 to only 7,330 
which demonstrates that the number of heavy 
trucks increased greatly in relation to the total 
truck traflSc. 

Trucks are classified at a station as light 
trucks, medium trucks, heavy trucks, tractor 
trucks (semi-trailer), and trucks with trailers. 
From 60 to 65 percent of the trucks fall into 
the light and medium truck category. The 
data show that the number of trucks in 

(8 HOUR SURVEY PER STATION PER YR.) 

o 
s 

Figure 8. Trucks with Gross Weights in 
excess of Gross Weight Limit at 20 Special In­
diana Loadometer Stations. 

relation to the total traffic varied from 21.5 
percent in 1936 to 31.1 percent in 1943. The 
large percentages for 1942 and 1943 are prob­
ably due to the large decrease in the number of 
passenger cars due to the inability to obtain 
tires and gasoline. Considering that trucks 
are about 20 percent of the total traflSc and 
that about 60 percent of the trucks fall into 
the light and medium categories, this leaves 
only a small percentage of the total traffic in 
the heavier classifications. 

Violatwns of Truck Weight Laws. 
The following provisions of the Indiana 

traffic laws (^0) are pertinent to a considera­
tion of the truck weight data: 



WOODS, GREEN, SWEET—PUMPING ds TRAFFIC LOADS 227 

"(a) The total gross weight, with load, in 
pounds of any vehicle or combination 
of vehicles shall not exceed the weight 
computed by multiplying the distance 
in feet between the first and last axles 
of such vehicles or combination of vehi­
cles plus 40 by 700. 

" (b) The total weight concentrated on the 
roadway surface from any tandem axle 
group shall not exceed twenty-four 
thousand pounds plus an additional 
seven hundred pounds computed for 
each lineal foot between the centers of 
the first and last axles of said group. 

" (c) No vehicle shall have a maximum wheel 
weight unladen or with load in excess 
of nine thousand pounds, nor in excess 
of eight hundred pounds per inch width 

These provisions do not differ in essential 
respects from the limitations imposed by other 
States in the region, particularly in respect to 
axle loads. 

I n considering the number of trucks that 
exceeded the gross-weight limit, it should b& 
noted that there was a change in the law after 
1936. In 1936 the gross-weight limit was a 
constant value of 40,000 lb. I n the other 
yearsconsidered in this report it was ( L -f 40) X 
700 lb. where L = distance in feet between 
first and last axles. This allows considerably 
heavier loads without exceeding the gross 
weight limit. Loads above 50,000 lb. now 
may easily be carried without violation. I n 
spite of this change in the. law to permit, 
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Figure 9- Variation between Different Stations in Percentage of Total Traffic Hasdng Heavy 
Axle Loads—1946 

of tire, measured between flanges of 
rim, ttor an axle weight in excess of 
eighteen thousand pounds. 

" (d) Axle weight as used l a this section shall 
be considered the total 'weight concen­
trated on one or more axles «paced less 
than forty inches from cenrfcer to center. 

"(e) For the purposes of this siet an axle 
shall be constructed to be the common 
axis of rotation of one or more wheels 
or rollers whether power driven or 
freely rotating, and whether i a one or 
more segments and regardless of the 
number of wheels carried thereosu 

" (f) Tandem axle group as used in this iscc-
tion shall be considered to be two or 
more axles spaced more than forty 
inches from center to center having »,t 
least one com<mon po'mt of weight sus­
pension." 

heavier gross loads, of the trucks weighed, 3.2 
percent (0.3 percent of the total traffic) were 
fonnd in violation of the gross weight limit in 
1946 while only 0.5 percent (0.05 percent of. 
the total traffic) were in violation in 1936.. 

I n addition to violating the gross-weight 
limit, many trucks violated the axle-load limit 
of 18,000 lb. I n 1936, 0.6 percent of the 
trucks weighed were in violation of this limita­
tion, while in 1946 it had increased to 7.1 
percent. 

I n considering the violations of both limita-
tione, it should be noted that they cannot be 
added to obtain the total number of violations, 
for there is duplication. I n addition, trucks 
might violate the allowable tandem axle load­
ing and not viotete either the gross-weight or 
single-axle limifc However, considering those 
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that violated the 18,000-lb. axle-load Umit, 
and adding a small percentage for violations 
of other Umitations, an increase of from 1 per­
cent of the trucks violating the law in 1936 to 
8 percent in 1946 is a conservative estimate of 
the total violations. 

These data are confirmed, in part, by Lynch 
(fl) whose nationwide report on truck loads was 
issued in 1942. He states that "Since the 
original loadometer operations in the 1936-
1940 period, the frequency of heavy gross 
weights has increased materially in all regions. 
The same is true of the frequency of heavy 
axle loads." 

Correlaiion of Pumping toith Truck Weights 
The five stations which have the highest 

percentage of vehicles with maximum axle 
loads over 18,000 lb. (Fig. 9) are located on 
pavements which, without exception, show 
long stretches of severe pumping on plastic 
soils or severe faulting if the subgrade consists 
of sand. The stations with lowest percentages 
of heavy axle loads show no pumping or fault­
ing on granular soils and no serious pumping 
on clay soils. The stations intermediate with 
respect to heavy loads are also intermediate 
with respect to pumping. 

Station 20, on U . S. No. 20 east of Rolling 
Piairie (See Fig. 1) has the highest percentage 
of total traffic with axle loads greater than 
18,000 lb. of any station. The weight data for 
this station may be considered representative 
of the traffic between South Bend and Michi­
gan City, a distance of 34 miles. A large per­
centage of this mileage is faulted on a deep 
sand subgrade. 

Station 23, on U . S. 20 east of the Junction 
of U . S. 20 and S. R. 5, is next to station No. 2 
in percentage of high axle loads. This repre­
sents traffic from Elkhart eastward toward 
Toledo. The performance of the pavements 
in this region indicates the importance of the 
soil variable. The area is composed largely 
of granular outwash and the serious pumping, 
already repaired, is confined to deep cuts in 
which some clay-like materials are encoun­
tered. 

Station 14 is on U. S. 41 south of the Junc­
tion of U . S. 41 and S. R . 2. This is one of 
the most seriously pumping pavements in the 
State and it has become necessary to rebuild 
almost the entire portion which is located on 
clay-Hke soils. There are also several miles 

of faulting on sands on a section of U . ij. 41 
located north of the intersection with U . S. 
30. The traffic data at Station 14 probably 
represents a conservative estimate of the loads 
on this latter stretch of road. 

Station 15 is located on U . S. 30 east of the 
Junction with S. R. 55. Almost 100 percent 
of that portion of this dual-lane pavement, 
which is located on plastic soils, is pumping 
severely, while 1.8 miles of pavement located 
on sand is faulted. 

On TJ. S. 6 at Station 16 east of the Junction 
with S. R . 49, there were 3.5 miles of severe 
pumping, all of which have been repaired. 
The remainder of the road, represented by this 
station, is located on sand. 

The next three stations, Nos. 5, 58B and 
45B in order of the percentage of axle loads 
are all above the average for the State. 
Two of these, Stations 5 and 58B, are on 
roads which are located predominantly on 
granular and semi-granular material, but 
where plastic soils are encountered there is 
moderate to severe pumping. At Station 45B, 
the road is located primarily on exceptionally 
plastic soils and 15.5 miles have pumped se­
verely and are being rebuilt. 

In following the progress of pavement 
pumping it has been oleerved that the problem 
was confined originally to areas of extremely 
plastic soils. However, in more recent years 
pumping in Indiana has extended to areas of 
soils with less and less plasticity. I n compar­
ing Figure 2 with Figure 3, it will be noted 
that there are many new roads and new sec­
tions of roads pumping in 1947 which were 
not in distress in 1943. A typical example is 
many miles of pumping in 1947 of U . S. No. 40 
between Indianapolis and Terre Haute and S. 
R. 67 between Indianapolis and Vincennes. 
The only logical explanation of this change in 
performance between 1943 and 1947 is the 
state-wide trend showing large increases 
in the number of heavy axle loads—particu­
larly those in excess of 18,000-lb., together 
with the large increase in the number and mag­
nitude of heavy gross loads. 

There are many spot locations in the State 
which can be used to evaluate in part, the 
effect of heavy loads on pavement pumping. 
In 1941, U . S. 20 in Porter County was pump­
ing so badly that it became necessary to re­
route truck traffic around one particularly bad 
section. The detour route was, in part, on 
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U . S. Highway No. 12. Certain sections of 
this pavement started pumping immediately 
after the re-routing of the heavy traffic. 

Another interesting case is that at the inter­
section of U . S. 41 with U . S. 52 in northwest 
Indiana. For several miles the traffic for 
both U . S. 41 and U . S. 52 is routed over the 
same road and this section of road is in con­
siderable distress. This distress continues on 
U S. 52 southeast toward Lafayette, Indiana 
but to a lesser extent than is true on the com­
bined U . S. 41-U. S. 52 section. In contrast, 
U . S. 41 is in very little distress from the junc­
tion with U . S. 52 south for many miles. The 
truck-weight data obtained at Stations 14 (on 
U . S. No. 41 south of the junction with S. R. 
No. 2) and 75 (located on U . S. 41, south of 
Terre Haute) show a striking drop in the num­
ber of heavy loads and in the number and mag­
nitude of axle loads over 18,000 lb. at Station 
75, thus indicating that most of the heavy 
loads found on the north section of U . S. No. 
41 are diverted toward Indianapolis and Cin­
cinnati on U . S. No. 52. 

The importance of repeated heavy loads as 
a major variable contributing to pumping 
(Fig. 10) has been recognized by many obser­
vers. The comments pertaining to this factor 
as a result of the 1943 survey are equally ap­
plicable to the 1947 survey. In the report 
covering the 1943 survey it was stated ( i , p. 
311-312) that "the importance of weight is 
emphasized by repeated observations that 
passenger cars cause slight to imperceptible 
slab deflections while at the same joint a 
heavily-loaded truck will cause muddy water 
to squirt 4 to 5 ft. into the air. Further, on 
4-lane pumping pavements in Indiana, pump­
ing is almost entirely confined to the outside 
lanes—those which carry most of the heavy 
traffic . . . at one pumping joint, deflections of 
0.002 to 0.004 in. were measured under light 
passenger cars, as compared to 0.14 to 0.15 
in. under heavy trucks. B y passing a truck 
over the joint at varying speeds, it was found 
that the slower the speed the greater was the 
deflection. This would account for the in­
creased pumping that is often observed on 
grades where the speed of heavy trucks is re­
duced. . . . Successive repetitions of loads also 
aggravate pumping. For example, in observ­
ing the passage of 12 tanks over a joint, the 
first two or three produced very little move­

ment whereas the joint was pumping severely 
under the last two or three." 

RESULTS AND CONCLUSIONS 

In this paper consideration has been given 
only to the influence of heavy loads on the 
pumping action of rigid pavements; data are 
not included on damage to other types of 
pavement or to structures. 

The results of the 1943 and 1947 pavement 
pumping surveys in Indiana, combined with 
an analysis of truck-weight and traffic data 
obtained from the State Highway Planning 
Survey, together with observations made 
throughout Indiana and adjacent states war­
rant the following conclusions: 

Pavement l umping 
1. Performance survey data show that the 

damage done to pavements due to pumping, 
cracking and faulting is increasing at an alarm­
ing rate. In the yeai- of 1940 pavement pump­
ing was practically non-existent in Indiana, 
while in 1943 approximately 6.0 percent of 
the miles of rigid pavement in the state were 
affected. By the spring of 1947, when the 
next state-wide performance survey was made, 
pumping had progressed to the point where 
approximately 12.0 percent of the entire mile­
age was or had been affected. 

2. I t is apparent that, although the pro­
grams of resurfacing or reconstructing of 
pumping pavements have been extensive, the 
rate of progressive disintegration of otherwise 
serviceable pavements has exceeded the rate 
of reconstruction or repair. Since 1943 the 
number of new miles of pumping pavement per 
year averages about 60 while the number of 
miles of pumping pavement reconstructed or 
repaired totals about 30 per year. 

3. I t is apparent from a study of the perfor­
mance survey data covering both the 1943 and 
the 1947 surveys that pavement pumping in 
Indiana is spreading into soil areas in which 
there were few signs of pumping at the time of 
the 1943 survey. Information on the engi­
neering characteristics of these new soil areas 
indicates that pumping is now occurring on 
soils of lower plasticity than those affected at 
the time of the 1943 survey. 

4. The occurrence of faulting in almost 50 
miles of heavily-traveled pavements located 
on sand subgrades is in effect a danger signal 
in connection with the large-scale use of granu-
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lar material as subgrade treatment on new con­
struction. However, most of the faulting ob­
served has occurred on pavements containing 
expansion joints. Since this type of joint is 
being eliminated for new construction in I n ­
diana, the amount of faulting on granular 
materials in the future may be minimized. 
This condition also emphasizes the need for 
careful design and adequate compaction of 
granular bases. 

Traffic and Loads 
5. From the standpoint of violations of the 

18,000-lb. axle load law the data show, in 
comparing 1936 with 1946, that the number of 
violations increased by some 1300 percent. 
Since rigid pavement pumping became a prob­
lem in Indiana at about the same time that 
the number of violations of the 18,0C0-lb. 
axle-load as well as gross-load limit became 
large, it may be concluded that trucks which 
violate the Indiana, state-weight law are an 
important contributing factor to the increase 
in pavement pumping in the State. 

6. Statistical analysis of the data indicates 
that the increase in percentage of vehicles 
over 40,000 lb. in gross weight and over 18,000 
lb. in maximum a.xle load is significant and 
can not be attributed to chance variations in 
sampling. The curve showing the percentage 
of vehicles with a maximum axle load greater 
than 18,000 lb. in Indiana conforms very 
closely to the curve showing percentage greater 
than 40,000 lb. in gross weight, there being in 
1946, 0.70 percent of all vehicles with a maxi­
mum axle load greater than 18,000 lb. and 0.79 
percent with a gross weight over 40,000 lb. 

7. Since vehicles with axle loads above 
18,000 lb. comprise 0.7 percent of the total 
traffic in Indiana, the data strongly indicate 
that less than one percent of the traffic of the 
State is causing much of the pavement pump­
ing damage. 

Pavement Design vs. Increase in Loads 
8. I t is possible for the highway engineer to 

design pavements, road beds, and bridges 
which will be adequate for any given truck 
axle load or combination of axle loads. A road 
which will accommodate extremely heavy 
trucks will undoubtedly cost considerably 
more than highwaj^ which are adequate for 
trucks conforming to the present weight laws. 
The question at issue is whether the increased 
revenue obtainable by the use of heavier trucks 

(at the present time less than one percent of 
the total traffic in Indiana) will offset the 
necessary increase in highway use charges. 
This should be decided jointly by all interested 
parties including tax payers, highway econo­
mists, legislators, truck manufacturers and 
truckers, and highway designers. 

A mutually agreed upon ceiling for maxi­
mum loads should be established for use by 
highway engineers in developing standard de­
sign criteria. Under existing conditions, both 
the number and magnitude of loads for each 
succeeding year are greater than for the last 
one, and many of the primary roads continue 
to receive loads in excess of those for which 
they were designed. The resulting structural 
failures require an increasingly larger portion 
of the highway budget to maintain, repair, and 
reconstruct roads and bridges that under a 
more logical condition of loadings, would give 
service for many additional years. 
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