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ANALYSIS OF SPRING BREAK-UP DATA 

IN VIRGINIA 
T. E. SHELBURNE and A. W. MANER 
V i r g i n i a Department of Highways 

SYNOPSIS 

The paper p r e s e n t s an a n a l y s i s o f road performance data c o l l e c t e d a t the time 
o f the s p r i n g break-up on more than 1000 m i l e s o f p r i m a r y and n e a r l y 5000 m i l e s 
o f s e c o n d a r y roads i n t h e Culpeper D i s t r i c t . The p u rpose o f t h e s u r v e y was 
t o secure d e t a i l e d i n f o r m a t i o n on road performance and t o d e t e r m i n e t h e e x t e n t 
and, i n s o f a r as p o s s i b l e , t h e causes o f t h e major break-up. R e s u l t s o f such 
a s u r v e y a r e u s e f u l i n c o n j u n c t i o n w i t h t h e p l a n n i n g o f maintenance and con
s t r u c t i o n programs 

A u n i f o r m system o f r a t i n g the numerous road s e c t i o n s was devised. Five r a t 
i n g s , d e p e n d i n g upon t h e degree o f d i s t r e s s , were employed. The s u r v e y was 
s t a r t e d about the middle o f February, 1948 and a l l f i e l d work was completed near 
t h e f i r s t o f A p r i l . Thus, a l l r a t i n g s were o b t a i n e d a t a t i m e when subgrade 
s u p p o r t was a t a minimum. 

The p e r f o r m a n c e r a t i n g s b o t h f o r t h e p r i m a r y and f o r t h e s e c o n d a r y r o a d s 
were summarized by c o u n t i e s . The secondary roads were f u r t h e r d i v i d e d i n t o hard 
and non-hard s u r f a c e t y p e s . A map o f eacS county was prepared showing the r a t 
i n g s f o r each road s e c t i o n . 

D e s p i t e the f a c t t h a t p r i m a r y highways c a r r y a p p r o x i m a t e l y 80 p e r c e n t o f the 
t r a f f i c , t h e i r performance was c o n s i d e r a b l y b e t t e r than t h a t o f secondar/ roads. 
For example, about 43 p e r c e n t o f the p r i m a r y roads were g i v i n g good performance 
( r a t i n g s 1 and 2) as compared t o o n l y 20 p e r c e n t o f the secondary roads. Like
w i s e , o n l y 29 p e r c e n t o f the p r i m a r y highways were r a t e d as poor ( r a t i n g s 4 and 
5 ) . w h i l e 47 p e r c e n t o f the secondary roads were i n t h i s c a t e g o r y . 

For the p u rpose o f a n a l y s i s t h e Culpeper D i s t r i c t was d i v i d e d i n t o f i v e 
g e n e r a l s o i l areas a c c o r d i n g t o p a r e n t m a t e r i a l s . I t was found t h a t the roads 
i n the Coastal P l a i n Sediments s o i l area were g i v i n g the best performance, w h i l e 
those i n the T r i a s s i c "Red Beds" s o i l area were r a t e d the p o o r e s t i n the D i s t r i c t . 

The s t u d i e s r e v e a l e d t h a t i n a l l f i v e s o i l a r e as macadam bases p e r f o r m e d 
much b e t t e r than s e l e c t e d s o i l , g r a v e l , stone or s t a b i l i z e d bases. The order o f 
r a t i n g s f o r b i t u m i n o u s s u r f a c e s f r o m t h e b e s t t o p o o r e s t p e r f o r m a n c e was as 
f o l l o w s - p l a n t mix, heavy bituminous mixes and l i g h t b i tuminous mixes. 

An a n a l y s i s o f the 30-year weather r e c o r d s (1917-1947) br o u g h t t o l i g h t cer
t a i n p e r t i n e n t f a c t s . I t was found t h a t pavement break-ups are most severe f o r 
t h o s e y e a r s w i t h low t e m p e r a t u r e s p r e c e d e d by subgrade and base s a t u r a t i o n 
( h i g h p r e c i p i t a t i o n ) . The p a s t w i n t e r was second o n l y t o t h e 1935-36 one as 
r e g a r d s t o c l i m a t i c c o n d i t i o n s f a v o r a b l e t o a severe break-up. 

I n order to design, construct and main- i o r of pavements. Road condition surveys, 
t a i n b e t t e r roads, highway engineers are i f made at a time when differences i n per-
making use of research t o evaluate the formance are most apparent, can be useful 
various factors responsible for the behav- f o r t h i s purpose. A comprehensive and 
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thorough study at the time of the spring 
break-up w i l l not only serve the purpose 
of l o c a t i n g the areas where d i s t r e s s i s 
most prevalent, but also may serve to i n 
d i c a t e the best s o l u t i o n t o some of the 
problems. 

Good pavement performance i s dependent 
upon a number o f f a c t o r s . Often these 
f a c t o r s are so i n t e r r e l a t e d t h a t i t be
comes alnost a hopeless task to i s o l a t e 
and evaluate each factor i n d i v i d u a l l y for 
some p a r t i c u l a r section of road. A study 
of a large number of pavements may b r i n g 
t o l i g h t c e r t a i n f a c t s not o t h e r w i s e 
obtainable. Among the important variables 
are climate, t r a f f i c , design and the s o i l 
area i n which the pavement i s lo c a t e d . 
A l l highway engineers have observed that 
the s p r i n g break-up i s much more severe 
some years than o t h e r s . What are the 
c l i m a t i c f a c t o r s which c o n t r i b u t e t o a 
major spring break-up' What pavement de
signs are g i v i n g " year-around" good per
formance f o r the t r a f f i c c o n d i t i o n s to 
which they are subjected' In what areas 
are the roads distressed the most at the 
time of the "break-up"' 

To answer these questions the Depart
ment c o l l e c t e d d e t a i l e d i n f o r m a t i o n on 
weather data, and road performance t h i s 
past spring to determine insofar as pos
s i b l e the extent and causes of the major 
break-ups. Tbe survey was extensive since 
I t included the 38,000 mi. i n the secondary 
system and the 9,000 mi. of primary high
ways. I t was started about the middle o f 
February and a l l f i e l d work was completed 
near the f i r s t of A p r i l . The survey con
sisted o f an inspection, logging and des
c r i p t i o n of f a i l u r e types (surface and 
base) and a performance r a t i n g o f each 
i n d i v i d u a l road section. Pictures were 
taken to i l l u s t r a t e both poor and good 
performance and to record actual condi
tio n s . 

I n a d d i t i o n to the f i e l d survey, an 
analysis was made of the 30 yr. weather 
data throughout the S t a t e . For t h i s 
analysis the rep o r t s from 1-6 US Weather 
Bureau s t a t i o n s (two per d i s t r i c t ) were 
used. 

I t may be p e r t i n e n t at t h i s time t o 
note that the f i e l d p a r t i e s were a l e r t e d 
to pay p a r t i c u l a r a t t e n t i o n t o road damage 

being caused by excessive loads. During 
the time o f the break-up load l i m i t r e 
s t r i c t i o n s were placed on many highways. 
Most i n t e r s t a t e r o u t e s r e t a i n e d t h e i r 
designated 40,000-lb. gross load l i m i t ; 
however, many other primary roads were 
r e s t r i c t e d t o 24,000-lb. gross load and 
p r a c t i c a l l y a l l secondary routes were 
posted for 16,000 l b . 

Results of the state-wide road condi
t i o n survey have been summarized by coun
t i e s and d i s t r i c t s ; however, because of 
t h e i r bulk they are not included i n t h i s 
r e p o r t . More d e t a i l e d a n a l y s i s o f 
the data was d e s i r e d t o study the fac
tors a f f e c t i n g pavement performance. Tbus, 
the paper presents an analysis of the sur
vey r e s u l t s f o r the Culpeper D i s t r i c t -
one of the eight i n the State. 

DESCBIPTION OF THE CULPEPER DISTRICT 

The Culpeper D i s t r i c t w i t h an area of 
5021 sq. mi. i s located i n the north cen
t r a l part o f the State. I t is bounded by 
Maryland on the north, by the crest of the 
Blue Ridge Mountains on the west, by the 
James River and Nelson County on the south, 
by the Potomac River and S t a f f o r d , Spot
sylvania, Hanover and Goochland Counties 
on the east. I t includes the f o l l o w i n g 
13 counties: Albemarle, A r l i n g t o n , Cul
peper, Fairfax, Fauquier, Fluvanna, Greene, 
Loudoun, Louisa, Madison, Orange, Prince 
William and Rappahannock. 

The p o p u l a t i o n i n 1930 was 243,000, 
had increased to 304,500 i n 1940 and i s 
now estimated at over 400,000. Two i n 
dependent c i t i e s , Alexandria and Char
l o t t e s v i l l e , have an estimated population 
of 58,000 and 25,000 respect i v e l y . Sev
e r a l o f the r u r a l c o u n t i e s have had a 
tendency t o lose some of t h e i r i n h a b i 
tants while others have gained. Espec
i a l l y noticeable for gains are A r l i n g t o n -
which jumped from 57,000 i n 1940 to an 
estimated present population of 120,000 -
and F a i r f a x which increased from 41,000 
i n 1940 to 80,000 (estimated) i n 1948. 

The D i s t r i c t i s divided i n t o s i x r e s i 
dencies. The o f f i c e s o f the Resident 
Engineers are located as f o l l o w s : Flu
vanna and Louisa Counties at Louisa Court 
House, Albemarle and Greene Counties at 
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C h a r l o t t e s v i l l e ; Culpeper, Orange, and 
Madison Counties a t Culpeper; Fauquier 
and Rappahannock Counties at Warrenton, 
F a i r f a x , A r l i n g t o n , and Prince W i l l i a m 
Counties at Fairfax; and Loudoun County at 
Leesburg. The D i s t r i c t o f f i c e i s located 
at Culpeper. 

The primary highway system includes 
1175 mi. and the secondary road network 
has a mileage of 4958. I n a d d i t i o n , the 
County o f A r l i n g t o n m a i n t a i n s i t s own 
highway system. Approximately 60 mi. o f 
primary roads have been b u i l t to four-lane 
width, some of them being divided. H i i s 
l a s t type o f mileage w i l l be increased 
upon completion of the Henry Shirley Mem
o r i a l Highway. 

The p r i n c i p a l primary highways i n the 
d i s t r i c t are: US Routes 1, 15, 29, 33, 
50, 211 and 250. A t r a f f i c flow map as 
prepared by the D i v i s i o n of T r a f f i c and 
Planning i s presented m 'Figure 1. I t 
w i l l be noted t h a t t r a f f i c volume i s 
greatest on the above l i s t e d routes and 
i s concentrated p a r t i c u l a r l y i n the Wash
in g t o n area. A d d i t i o n a l data from the 
T r a f f i c and Planning D i v i s i o n reveal that 
while only 13 percent o f a l l roads i n the 
state system are i n the Culpeper D i s t r i c t , 
about 17 percent o f a l l t r a f f i c on the 
system i s found i n t h i s area. 

The d i s t r i c t can be d i v i d e d i n t o two 
major physiographic provinces: the Pied
mont Plateau and the Coastal Plain. The l a t 
t e r I S extremely l i m i t e d i n extent and 
stretches along a narrow north-south band 
of land i n A r l i n g t o n , Fairfax and Prince 
W i l l i a m Counties bordering the Potomac 
R i v e r . A l a r g e p a r t o f the Piedmont 
Plateau i n the Culpeper D i s t r i c t i s oc
cupied by a series of Triassic Basins. 

From a g e o l o g i c a l p o i n t o f view the 
formations encountered vary widely. Tlie 
o l d e s t one i s a p p a r e n t l y the C a t o c t i n 
greenstone, an extrusive rock of pre-Cam-
b r i a n age (most l i k e l y A lgonkian). I t 
i s a basic lava which l i e s p a r a l l e l t o 
the eastern f l a n k of the Blue Ridge. Of 
s i m i l a r age are the widespread Wissahickon 
s c h i s t (a chlorite-muscovite s c h i s t ) and 
several g r a n i t i c formations such as: the 
M a r s h a l l , Hypersthene, Lovingston and 
Columbia granites; hornblende gabbro and 

quartz monzonite are two other igneous 
pre-Cambrian formations. 

In the lower Cambrian are the Loudoun 
s l a t e and q u a r t z i t e . Sedimentary rocks 
are to be found i n the Culpeper D i s t r i c t . 
Of O r d i v i c i a n age are small out-crops of 
Arvonis and Quantico s l a t e , and Everona 
limestone. F i n a l l y i n the T r i a s s i c basin 
are three main groups of sedimentary rocks, 
namely, conglomerates, sandstones and 
shales. The conglomerates are u s u a l l y 
c l a s s i f i e d according to component pebbles 
(limestone, quartz, schi s t , trap, arkose). 
The basins as w e l l as the remaining o f 
t h e p l a t e a u are c u t by a number o f 
diabase dykes, s i l l s and stocks. I n the 
Coastal Plain are to be found sediments, 
mostly arkosic, ranging from Cretaceous 
t o Pleistocene i n age. At places, along 
the Potomac, they are wholly unconsoli
dated and the most recent sediments are 
sand or peat and muck. 

In the northern pa r t o f the d i s t r i c t 
the drainage i s toward the Potomac River. 
The c e n t r a l part i s drained by the Rap
pahannock and Rapidan on the one hand and 
the Anna Rivers on the other. Runoff i n 
the southern p a r t i s toward the James 
River and i t s t r i b u t a r i e s . The drainage 
pattern i s obviously a r e f l e c t i o n o f the 
topography. I n the Culpeper D i s t r i c t the 
high land l i e s to the west w i t h a series 
o f f o o t h i l l s s t r e t c h i n g about as f a r as 
the T r i a s s i c basins. I n those basins 
the r e l i e f i s markedly f l a t t e r . The re-
mainingof the d i s t r i c t i s gently r o l l i n g . 

Weather c o n d i t i o n s i n the d i s t r i c t , 
p a r t i c u l a r l y those a f f e c t i n g the s p r i n g 
break-up, may best be i l l u s t r a t e d by Fig
ure 2. Data secured from the US Weather 
Bureau Station at C h a r l o t t e s v i l l e for the 
months of November, December, and January 
are presented g r a p h i c a l l y f o r a l l years 
since 1917. Average mean temperature and 
t o t a l p r e c i p i t a t i o n are p l o t t e d and com
pared w i t h the 35-yr. normal. I t w i l l be 
observed f o r t h i s 30-yr. period that the 
winter o f 1917-1918 was the coldest w i t h 
an average mean temperature of 33 F. Next 
come the w i n t e r s o f 1935-36 and 1939-40 
each with a mean temperature of 37 F. The 
past w i n t e r was f o u r t h w i t h a mean tem
perature of 37.2 F. 
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Figure 1. Culpeper D i s t r i c t - T r a f f i c Flow Map, 1947 
T r a f f i c Scale: 1/4-in. width = 5000 Vehicles. 
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"igureZ ClimaticData C h a r l o t t e s v i l l e , Va. 
Data are for November and December of 

given year plus f o l l o w i n g January. 

I n t o t a l p r e c i p i t a t i o n the w i n t e r o f 
1936-37 was the w e t t e s t w i t h 15.5 i n . , 
however, the preceding winter (1935-36) 
was next w i t h 15 i n . These may he com
pared w i t h a 35-yr. normal f o r the three 
months period of 9.3 i n . Last winter the 
p r e c i p i t a t i o n was above normal being 10.4 
i n . 

Tbe most severe spring break-up i n re
cent years occurred i n 1935-36. An exam
i n a t i o n o f the chart reveals that an un
usually low temperature (second lowest i n 
30 years) was combined with an abnormally 
high p r e c i p i t a t i o n (second wettest w i n t e r ) . 
I t maybe pointed out that the past winter 
had the combination of p r e c i p i t a t i o n and 
temperature most favorable t o a severe 
break-up since 1935-36. The two items 
appear t o go hand i n hand and merely a 
c o l d winter does not necessarily r e s u l t 
i n a severe break-up. 

Materials for highway construction and 
maintenance are found i n various parts 
of the d i s t r i c t . Sand and gravel i n the 
Coastal P l a i n are c u r r e n t l y being pro
duced at several locations. Natural r i v e r 
sand can also be obtained at several l o 
cations where i t occurs as an alluvium. 
Stone from several formations i s used as 

road metal. Several of the granites have 
been q u a r r i e d s u c c e s s f u l l y . Q u a r r i e s 
opened i n the Wissahickon formation have 
furnished a v a r i e t y o f g r a n i t i c rocks. A 
v a r i e t y of aggregates has also been pro
duced from the T r i a s s i c "Red Beds". Sev
e r a l q u a r r i e s have been o p e r a t i n g f o r a 
number of years i n the conglonerate ( t r a p 
phase) and i n b a s a l t i c dykes. Tlie l a t t e r 
are extremely tough w i t h r e s u l t i n g wear on 
crushers. The Manassas sandstone o f T r i 
assic Age also has been used as road metal. 
Also, greenstone has been a source f o r 
road aggregates. 

As may be expected, the s o i l s o f the 
area are a r e f l e c t i o n o f the geology. On 
the basis o f parent materials the d i s t r i c t 
has been d i v i d e d i n t o f i v e general s o i l 
areas as shown i n Figure 3. The Coastal 
P l a i n s o i l s vary w i d e l y from sand and 
pebbles t o mterbedded sand and c l a y . 
Along the shore l i n e some unconsolidated 
peat may be found i n marshy land. On the 
Piedmont P l a t e a u the g r a n i t i c r o c k s 
(whether metamorphosed or not) weather i n 
t o clays t o sandy clays. The s o i l type 
i s a f u n c t i o n o f the amount o f q u a r t z 
present i n the parent material - the more 
quartz present, the Jess p l a s t i c the s o i l . 
As a r u l e , the amount of quartz i n the 
granitoids varies inversely as the amount 
of clay forming minerals such as the f e l d 
spars, micas and members of the hornblende 
f a m i l y . The weathering process which 
transforms them i s not a simple one but 
i t can be s t a t e d t h a t through physical 
and chemical actions they are changed i n t o 
e l a s t i c and ( o r ) p l a s t i c s o i l s . Wherever 
the quartz and other s i l i c e o u s elements 
are predominant, the r e s u l t i n g s o i l s are 
e s s e n t i a l l y g r a n u l a r and n o n - p l a s t i c 
(sandy to s i l t y ) . 

The T r i a s s i c basin i s very p r o p e r l y 
described as the "Red Bed" area since the 
s o i l s weather i n t o deep red-brown clay. 
Though the top horizon i s rather shallow 
near the Potomac, i t becomes deeper f u r t h e r 
south. The s o i l i s one o f the most un
favorable f o r highway work and, as i s often 
the case, i t i s also among the most favor
able i n the State from an a g r i c u l t u r a l 
p o i n t o f view. The diabase dykes o f t e n 
weather i n t o a sand before breaking down 
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Figure 3. Culpeper D i s t r i c t - General Soil Areas. 

i n t o a very heavy clay ( a g r i c u l t u r a l l y 
known as the I r e d e l l ) , which has j u s t l y 
been nicknamed " b l a c k jack s o i l " . The 
Tnassic sand as well as the clay i s most 
unfavorable f o r highway work. The v o l 
canic rocks which are mostly greenstone 
also break down i n t o clay. As a whole, 
I t may be s t a t e d t h a t from a highway 
s t a n d p o i n t , s o i l s encountered i n the 
Culpeper D i s t r i c t present problems be
cause of poor i n t e r n a l drainage and v a r i 
able bearing power. 

SURVEY PROCEDURE 

Immediately a f t e r the assignment of the 
state-wide road c o n d i t i o n survey to the 
Research Section, the f i r s t step was the 
preparation of a working plan. Meetings 
were held w i t h the f i e l d forces who were 

to conduct the survey. Specific i n s t r u c 
tions were issued to the D i s t r i c t Materials 
Engineers, the D i s t r i c t S o i l Engineers, 
Testing D i v i s i o n s t a f f members and f i e l d 
men assigned to the survey. The D i s t r i c t 
M a t e r i a l s Engineer was placed i n charge 
of the f i e l d survey and held responsible 
f o r i t s conduct i n each d i s t r i c t . Four 
or five f i e l d p a r t i e s , c o n s i s t i n g o f a 
d r i v e r and a recorder, were organized i n 
each d i s t r i c t . Thus, for conducting such 
an extensive survey i n a r e l a t i v e l y short 
time the services o f about 100 men were 
required. 

The f i e l d p a r t i e s worked i n close co
operation with the D i s t r i c t Engineers and 
Resident Engineers and checked w i t h the 
l a t t e r at least once a day to report ex
tensive or severe f a i l u r e s so t h a t they 
could be corrected and thus expedite t r a f -
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f i c . The d r i v e r o f the two-man p a r t y 
was usually a road patrolman who was i n 
t i m a t e l y f a m i l l a r w i t h l o c a l c o nditions. 
Tlie recorder prepared the l o ^ , rated the 
roads, took pictures to i l l u s t r a t e t y p i c a l 
conditions and kept a l l notes. 

Prior to beginning the survey each party 
was supplied a l i s t of road sections by 
counties which had been prepared on the 
I.̂ B.M. machine by the Auditing D i v i s i o n . 
These tabulations contained the following 
information. (1) county code, (2) route 
number, (3) d e s c r i p t i o n ( f r o m , t o ) , (4) 
surface type (by code), (5) base type 
(by code), (6) road width and (7) length. 
In addition, each party was furnislied the 
f o l l o w i n g supplies and equipment- f i e l d 
note book (one per county), code o f coun
t i e s , code f o r base and surface types, 
county maps, state maps, l i s t of Resident 
Engineers and counties i n each Residency, 
c o l o r e d p e n c i l s , p i c k , shovel, s c a le, 
camera, supply of f i l m , working plan and 
set o f i n s t r u c t i o n s . 

The survey was made by d r i v i n g at slow 
speed over each section o f road, n o t i n g 
and recording conditions m a f i e l d note 
book. T^ie same general procedure was f o l 
lowed i n each of the eight d i s t r i c t s . For 
each road section the f o l l o w i n g information 
was recorded i n the county f i e l d book: 
(1) survey party, (2) date inspected, (3) 
weather c o n d i t i o n s , (4) l o g o f s e c t i o n 
l o c a t i n g type and extent of f a i l u r e s , and 
other information pertinent to performance 
such as: topography, predominating s o i l 
type, position of grade l i n e with respect 
to ground surface and water table, drainage 
c o n d i t i o n s , unusual t r a f f i c c o n d i t i o n s , 
etc. 

Immediately a f t e r logging and inspect
ing a given section, an estimate was made 
of the degree of d i s t r e s s and a r a t i n g 
was given on the basis of the a r b i t r a r y 
evaluations l i s t e d i n Table 1. 

As soon as the r a t i n g had been e s t i 
mated, the road was colored on the county 
map according t o the color code given i n 
the Table. I f only surface f a i l u r e s were 
encountered, short lines perpendicular to 
the road were colored on the map. When 
the f a i l u r e s were found i n both surface 
and base, a s o l i d color was used. Thus, 

uniform r a t i n g and color schemes were used 
in a l l d i s t r i c t s . I t i s realized that i t 
i s not always easy to d i s t i n g u i s h between 
" w i n t e r damage" and t h a t r e s u l t i n g from 
delayed or d e f e r r e d maintenance. The 
ratings r e f l e c t conditions e x i s t i n g at the 
time of the spring break-up, regardless of 
t h e i r cause. 

About 600 p i c t u r e s were taken to re
cord t y p i c a l road conditions and to i l 
l u s t r a t e both good and poor performance. 
At the completion of the survey each Dis
t r i c t Materials Engineer prepared a report 
and submitted the data for each d i s t r i c t . 
Included i n the report was a colored map 
of each county showing the r a t i n g of each 
road section. The reports contained tab
u l a t i o n s showing the number o f miles of 
primary and secondary roads i n each r a t 
i n g by counties. Secondary roads were 
further divided i n t o those w i t h hard sur
faces and the ones without. Some of the 
reports supplied information concerning 
the d i f f e r e n t types o f co n s t r u c t i o n and 
some contained recommendations f o r im
provements i n design, c o n s t r u c t i o n and 
maintenance procedures. 

In order to secure further information 
concerning the e f f e c t o f such variables 
as s o i l area, base and surface types, an 
a n a l y s i s o f the survey results i n one 
typi c a l d i s t r i c t ((illpeper) was attempted. 

CULPEPER DISTRICT SURVEY RESULTS 

Primary Roads - Results of the condition 
survey o f primary roads have been sum
marized according'to r a t i n g s f o r each of 
the 13 counties m Table 2. The summary 
includes not only the t o t a l mileage but 
also the percentage i n each r a t i n g . These 
data are a l s o presented g r a p h i c a l l y i n 
Figure 4. I t w i l l be observed that about 
505 mi. or 43 percent of the primary roads 
were g i v i n g good performance ( r a t i n g s 1 
and 2). In contrast, only about 348 mi. 
or 29.5 percent were considered as g i v i n g 
poor performance ( r a t i n g 4 and 5). More 
than 50 percent of the primary roads i n 
two counties, Albemarle and Fairfax, were 
r a t e d good. I n c i d e n t a l l y , these two 
counties are two of the heaviest populated 
counties m the D i s t r i c t and the primary 
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Rating 

1. Excel l a i t Perfonnance 

2. Good perfonnance 

3. S l i g h t Distress 

4. Secondary Distress 

5. Primary Failure 

1. Excellent 

2. Good 

3. Fair 

4. Poor 

5. Very Poor 

TABLE 1 

Hard Surface Roads 

Description 
Roads showing no break-up and i n perfect 
condition. 

Roads shewing only a s l i g h t amount of 
distress such as an occassional a l l i g a t o r 
crack or some surface raveling. 

Those roads with less than 5% of the 
t o t a l area showing base and surface 
movement. 

Hiose roads showing 5 to 20 % of the 
t o t a l area with movement i n the base 
and surface. 

Hiose roads with over 20% of the surface 
showing base and surface movement. 

Color 
Code 
Blue 

Green 

Brown 

Orange 

Red 

Non-Hard Surface Roads 

Remained smooth w i t h no break-ups. Blue 

No break-up. S l i c k i n places but no Green 
ru t s deeper than 1 i n . T r a f f i c moving 
in high gear on e n t i r e section. 

Not over 5% badly r u t t e d so as t o Brown 
force t r a f f i c t o change gears. 

From 5% to 20% badly r u t t e d . T r a f f i c Orange 
may get stuck i n places. 

Over 20% of surface badly r u t t e d . Very Red 
d i f f i c u l t for t r a f f i c to pass without 
g e t t i n g stuck. 

roads i n them carry more t r a f f i c than i n 
most of the other counties. On the other 
hand, more than 50 percent of the primary 
roads i n Fauquier, Fluvanna, Greene and 
Loudoun counties were rated as showing 
considerable d i s t r e s s ( r a t i n g s 4 and 5). 

A map o f the primary highways was pre
pared t o show the c o n d i t i o n r a t i n g o f 
each road section (Figure 5). I t w i l l be 
noted t h a t considerable mileage of Rts. 
7, 15, 17, 28 and 233 were rated as primary 
f a i l u r e ( r a t i n g 5). Typical performance 
p i c t u r e s are i l l u s t r a t e d i n Figures 6-9 
inc l u s i v e . 

Secondary Roads - Results o f the survey 
on secondary roads have been sumnarized i n 
a s i m i l a r manner f o r the twelve counties 
included i n t h i s system (Table 3 ) . The 
secondary roads have been further divided 
i n t o two groups: hard and non-hard sur
faces. Of the 4958.47 mi. of secondary 
roads, only 857.48 mi. or 17.3 percent 
have a hard surface. While both classes 
of secondary roads were included i n the 
survey, only those secondary roads w i t h 
hard surfaces are included i n the analy
s i s . ODnditions of the unsurfaced secon
dary roads change so r a p i d l y t h a t t h e i r 
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Figure 4. Road Mileage and Condition Ratings by Counties. 

r a t i n g i s extremely d i f f i c u l t . Such a 
road may be impassible one day and rated 
as a primary f a i l u r e ; however, a f t e r blad
ing and drying by sun and wind i t s condi
t i o n may have improved so much as to class 
I t as f a i r . F a i l u r e s o f hard surface 
roads are not so e a s i l y r e p a i r e d and 
t e l l - t a l e patches indicate past conditions. 

Considering the hard surface secondary 
roads, 232.35 mi. (27 percent) were rated 
as g i v i n g good performance ( r a t i n g s 1 and 
2) as compared to 399.23 mi. (47 percent) 
t h a t were showing considerable d i s t r e s s 
( r a t i n g s 4 and 5 ) . I n only one county 
(Rappahannock) were more than 50 percent 
o f the hard surface secondary roads rated 
as showing good performance (r a t i n g s 1 and 
2) . In contrast, more than 50 percent of 
the hard surface secondary roads were m 
poor condition ( r a t i n g s 4 and 5) i n f i v e 
c o u n t i e s - P r i n c e W i l l i a m , Fauquier, 
Loudoun, Madison and Culpeper. County 
maps were prepared showing the r a t i n g o f 
each secondary road, however, because of 
t h e i r bulk they are not included i n the 
r e p o r t . They are q u i t e u s e f u l t o the 
Resident and D i s t r i c t Engineers for plan
ning maintenance and construction sched

u l e s . Conditions t y p i c a l on secondary 
roads at the time of the survey are i l l 
u strated by Figures 10, 11 and 12. 

DISCUSSION OF RESULTS 

In order t o s i m p l i f y the analysis o f 
the data, r a t i n g s 1 and 2 were combined 
and c l a s s i f i e d as good performance. Also, 
ratings 4 and 5 were combined and reclas
s i f i e d as poor performance. The data for 
the primary roads was then rearranged and 
summarized according t o s o i l area by base 
and s u r f a c e types (Table 4 ) . I t was 
thought that such a summary might be more 
r e v e a l i n g concerning the f a c t o r s upon 
which road performance i s dependent. I t 
I S recognized that there are many v a r i a 
tions o f s o i l due to topography and other 
f a c t o r s w i t h i n the f i v e general s o i l 
areas; however, the areas are based upon 
predominating parent materials. Informa
t i o n on base and surface types were se
cured from the road i n v e n t o r i e s as pre
pared by the Division of T r a f f i c and Plan
n i n g . Data on hard surface secondary 
roads was tabulated i n a s i m i l a r manner 
and I S summarized i n Table 5* 
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TABLE 2 

MILEAGE AND PERCENTAffi BY CONDITION RATINGS 

Primary Roads - Culpeper D i s t r i c t 
Condition Ratings 

County 1 2 3 4 5 6° 7̂  Total 

Albemarle ml. 
% 

34 95 
23.4 

70.21 
46 9 

24.30 
16 3 

3.12 
2.1 

None 
None 

15.49 
10.3 

1.50 
« 1.0 

149.57 
100.0 

Arlington mi. 
% 

15.30 
48 8 

2.50 
8.0 

13.56 
43.2 

None 
None 

None 
None 

None 
None 

None 
None 

31.36 
100.0 

Culpeper mi. 
% 

12.08 
13 3 

18 35 
20.4 

17.71 
19.5 

20.15 
22.0 

16.55 
18.2 

3.50 
3.8 

2.57 
2.8 

91 11 
100.0 

Fairfax mi. 
% 

60.78 
44.9 

37.18 
27.4 

27.85 
20 6 

9.62 
7.1 

None 
None 

None 
None 

None 
None 

135.43 
100.0 

Fauquier mi. 
% 

0.42 
0.3 

31.00 
24.9 

26 38 
21 2 

11.66 
9.3 

55.15 
44.3 

None 
None 

None 
None 

124.61 
100.0 

Fluvanna mi. 
% 

5.93 
7.9 

8.70 
11.6 

51.14 
67.9 

None 
None 

9.50 
12.6 

None 
None 

None 
None 

75.27 
100.0 

Greene mi. 
% 

None 
None 

5.40 
14.9 

None 
None 

22.39 
61.5 

0.50 
1.4 

8.10 
22.2 

None 
None 

36.39 
100.0 

Loudoun ml. 
% 

14.46 
12 1 

16.55 
13.9 

None 
None 

60.18 
50.4 

24.60 
20.6 

3.60 
3.0 

None 
None 

119 39 
100.0 

Louisa mi. 
% 

20.39 
18.9 

22.19 
20.6 

56.01 
52.1 

4.54 
4 2 

4.59 
4.2 

None 
None 

None 
None 

107.72 
100 0 

Madison ml. 
% 

13.30 
22.2 

13.55 
22.6 

4.40 
7.3 

12.00 
20.0 

16 80 
27.9 

None 
None 

None 
None 

60.05 
100 0 

Orange mi. 
•% 

12.44 
13.9 

23 93 
26.7 

23.34 
26.0 

12.23 
13.7 

17.63 
19.7 

None 
None 

None 
None 

89.57 
100.0 

Prince 
William 

mi. 
% 

18.70 
21.0 

13.80 
15.5 

12.40 
14.0 

27.16 
30.5 

9.03 
10.2 

None 
None 

7.81 
8.8 

88.90 
100.0 

Rappa
hannock 

mi. 
% 

17.43 
26.4 

15.28 
23 2 

10.39 
15.8 

10 19 
15 4 

None 
None 

None 
None 

12.70 
19.2 

65.99 
100.0 

Totals mi. 
% 

226 18 
19.3 

278.84 
23.8 

267.48 
22.7 

193.24 
16.4 

154.35 
13.1 

30.69 
2.6 

24.58 
2.1 

1175.36 
100.0 

^Under construction 
^on-hard surface 

Primary Road Bases - Primary road bases 
were of f i v e types w i t h macadam and nat
ural s o i l , gravel and stone predominating. 
These two r e p r e s e n t 81.1 p e r c e n t o f 
p r i m a r y road bases i n the d i s t r i c t . 
S l i g h t l y more than 100 mi. o f concrete 
bases and 82.6 mi. o f s t a b i l i z e d selected 
material bases were avail a b l e for study. 
Also, one project o f soil-cement, 6.8 mi. 
i n length was included. Considering a l l 
base types, 44.6 percent were rated good, 
22.2 percent f a i r , and the re m a i n i n g 
33.2 percent c l a s s i f i e d as poor. The con
crete, soil-cement and macadam bases rated 
above the average for the d i s t r i c t . Per

formance of the s t a b i l i z e d selected mater
i a l s bises was b e t t e r than t h a t f o r the 
natural s o i l , gravel, stone, etc. bases. 

Figure 13 i l l u s t r a t e s v a r i a t i o n s i n 
performance of the two predominating base 
types according t o s o i l area. The mile
age i n percent for each of the three per
formance ratings i s p l o t t e d according t o 
the f i v e general s o i l areas. The upper 
graphs represent the natural s o i l , gravel, 
stone, etc. base while macadam bases are 
shown below. I t w i l l be seen that i n a l l 
s o i l areas macadam bases were superior i n 
performance. Both base types performed 
best when located i n the Coastal p l a i n 
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TABLE 4 

S o i l Area 

Performance 
l ' Natural S o i l , 

Gravel, e t c . 

2. S t a b i l i z e d 
Selected 
Material 

3. Soil-Gement 

7. Macadam 

8. Concrete 

T o t a l s 

5' Surface 
Treatment 

6. Plant Mix 

8. Concrete 

Totals 

T o t a l s by 
S o i l Areas 

PRIMARY ROAD MILEAGE ACCORDING TO PERFORMANCE BY SOIL AHEAS, 
Culpeper D i s t r i c t 

BASE AND SURFACE TYPES 

Coastal P l a i n 
Sediments 

Good F a i r Poor 
5.0 

69.5 
2.2 

30.5 

High Quartz 
Granitoids 

Good F a i r Poor Good 
43.6 102.7 62.3 0 
20.9 50.6 29.5 0 

Low (^artz 
Granitoids 

F a i r 
11.1 
82.3 

Poor 
2.4 
17.7 

Good 
1.3 
5.1 

Extrusive 
Rocks 
F a i r 
13.3 
52.4 

T r i a s s i c 
"Red Beds" Totals for D i s t . 

Poor 
10.8 
42.5 

Good 
5.9 

F a i r 
5.5 

6.9 6.5 

Poor 
72.9 
86.6 

Good 
55.8 
16.5 

F a i r 
132.6 
39.1 

Poor 
150.6 
44.4 

To t a l s 
339.0 
31.8 

mi. 0 0 0 24.0 17.6 18.8 0 0 0 0 0 8.8 4.9 2.4 6.1 28.9 20.0 33.7 82.6 

% 0 0 0 39.8 29.2 31.0 0 0 0 0 0 100.0 36.6 17.9 45.5 35.0 24.3 40.7 7.8 

mi. 0 0 0 6.8 0 0 0 0 0 0 0 0 0 0 0 6.8 0 0 6.8 

% 0 0 0 100.0 0 0 0 0 0 0 0 0 0 0 0 100.0 0 0 0.6 

mi. 2.0 0 0 112.7 24.7 31.1 44.8 0 6.5 84.9 28.8 57.3 37.4 30.2 75.7 281.8 83.7 170.6 536.1 

% 100.0 0 0 66.8 14.7 18.5 87.4 0 12.6 49.6 16.9 33.5 26.1 21.1 52.8 52.4 15.6 32.0 50.3 

mi. 28.2 0 0 46.5 0 0 1.8 0 0 10.1 0 0 16.2 0 0 102.8 0 0 102.8 

% 100.0 0 0 100.0 0 0 100.0 0 0 100.0 0 0 100.0 0 0 100.0 0 0 9.5 

mi. 35.2 0 2.2 233.6 145.0 112.2 46.6 11.1 8.9 96.3 42.1 76.9 64.4 38.1 154.7 476.1 236.3 354.9 1067.3 

% 94.1 0 5.9 47.5 29.6 22.9 69.9 16.7 13.4 44.7 19.6 35.7 25.0 14.8 60.2 44.6 22.2 33.2 100.0 

mi. 7.0 0 2.2 157.7 145.0 107.2 7.7 11.1 8.9 52.0 40.2 48.7 48.2 38.1 152.3 272.6 234.4 319.3 826.3 

% 76.1 0 23.9 38.5 35.4 26.1 27.8 40.1 32.1 36.9 28.6 34.5 20.2 16.0 63.8 33.0 28.4 38.6 77.4 

mi. , 28.2 0 0 67.9 0 5.0 38.9 0 0 34.2 1.9 28.2 13.2 0 2.4 182.4 1.9 35.6 219.9 

% 100.0 0 0 93.1 0 6.9 100.0 0 0 53.2 3.0 43.8 B4.6 0 15.4 82.9 0.9 16.2 20.6 

mi. 0 0 0 8.0 0 0 0 0 0 10.1 0 0 3.0 0 0 21.1 0 0 21.1 

% 0 0 0 100.0 0 0 0 0 0 100.0 0 0 100.0 0 0 100.0 0 0 2.0 

mi. 35.2 0 2.2 233.6 145.0 112.2 46.6 11.1 8.9 96.3 42.1 76.9 64.4 38.1 154.7 476.1 236.3 354.9 1067.3 

% 94.1 0 5.9 47.5 29.6 22.9 69.9 16.7 13.4 44.7 19.6 35.7 25.0 14.8 60.2 44.6 22.2 33.2 100.0 

ml. 
37.4 n 11. (3.5%) 490.8 mi. (46.0%) 66.6 mi. (6.2%) 215.3 mi. (20.2%) 257.2 mi. (24.1%) 1067.3 mi. (100.0%) 

I 
to 

50 

1 
3 
1 
t 

i 

^ T r a f f i c and Planning Div is ion Code Numbers 
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F i g u r e 6. F a i l u r e o f A P r i m a r y Highway ( S u r f a c e T r e a t e d Water-l-found Macadam) - R t . 29, 
Culpeper County - This p o r t i o n o f the road i s l o c a t e d i n T r i a s s i c "Red Bed" s o i l area. 
A p p r o x i m a t e l y 60 pe r c e n t o f the p r i m a r y roads i n t h i s s o i l area were r a t e d as poor a t 

i j the time o f the s p r i n g break-up. 

F i g u r e 7. F a i l u r e o f a Surface T r e a t e d 
S e l e c t e d S o i l Base Road i n the T r i a s s i c 
"Red Bed" S o i l Area - B t . 15, Culpeper 
County - Note t y p i c a l topography and 

drai n a g e f o r t h i s s o i l area. 

Sediments s o i l area. Poorest performance 
was o b t a i n e d i n t h e T r i a s s i c "Red Bed" 
s o i l area. 

F i g u r e 8. Good Performance o f Bituminous 
Surface T r e a t e d Macadam Base i n E x t r u s i v e 
Hocks S o i l Area - R t . 15, Orange County. 

Hard Surface Secondary Road Bases - Ac
c o r d i n g t o the road i n v e n t o r i e s , hard sur
f a c e secondary r o a d bases i n c l u d e 689.2 
mi. (80 p e r c e n t ) s t a b i l i z e d s e l e c t e d mat
e r i a l s , 160.9 mi. (18.9 p e r c e n t ) macadam 
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F i g u r e 9. A l l i g a t o r C r a c k i n g and D i s i n t e g r a t i o n o f S u r f a c e T r e a t e d S e l e c t e d S o i l Base 
Road i n High-Quartz G r a n i t o i d S o i l Area - R t . 3, Orange County. Because o f t h e i r h i g h 

s i l t c o n t e n t these s o i l s are s u b j e c t t o f r o s t a c t i o n . 

F i g u r e 10. F a i l u r e o f a Surface T r e a t e d 
M e c h a n i c a l l y S t a b i l i z e d E5ase Secondary 
Road i n t h e T r i a s s i c "Red Bed" S o i l Area 

Rt. 669, Culpeper County. 

and o n l y 3.3 m i l e s o f c o n c r e t e bases. I n 
performance the c o n c r e t e bases r a t e d b e s t 
f o l l o w e d by the macadam and the s t a b i l i z e d 
s e l e c t e d m a t e r i a l s . Performance o f t h e 
s t a b i l i z e d s e l e c t e d m a t e r i a l and macadam 

F i g u r e 11. E x c e l l e n t Performance o f a 
Surface T r e a t e d Macadam Base Secondary 

Road, Rt. 627, Orange County. 

bases a c c o r d i n g t o s o i l area a r e i l l u s 
t r a t e d g r a p h i c a l l y i n F i g u r e 14. A g a i n , 
base p e r f o r m a n c e i s v a r i a b l e d e p e n d i n g 
upon the s o i l area i n which i t i s l o c a t e d . 
C o n s i d e r i n g o n l y the s t a b i l i z e d s e l e c t e d 
m a t e r i a l base (which c o n s t i t u t e d more than 
80 percent o f the bases), performance was 
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F i g u r e 12. D i s t r e s s o f a Sur f a c e T r e a t e d 
M e c h a n i c a l l y S t a b i l i z e d Fase Secondary 

Road - R t . 609, Culpeper County. 

1 
COASTAL PLAIN HIGH QUARTZ LOW QUARTZ EXTRUSIVE TRIASSIC 

SeOlMEMTS GRAMITOIOS GRflMITOIOS ROCKS "RED fl E QS" 

B A S E - N A T U R A L SOI L , G R A V E L . E T C . 

L E G E N D 
1 I R A T I N G S 1 a 2 - G O O D 

^ ^ R A T I N G 3 - F A 1 R 

^ • R A T I N G S 4 a 5 - P O O R 

COASTAL fLArH HI6H OUARTZ LOW QUART! 
StOIMENTS 6RANITOI0S GRANITOIDS 

B A S E - M A C D A M 

F i g u r e 13. P r i m a r y Road Performance by 
Fase Types. 

b e s t i n t h e C o a s t a l P l a i n and p o o r e s t i n 
the T r i a s s i c s o i l area. 

Primary Road Surfaces - P r i m a r y road s u r 
faces are c l a s s i f i e d i n t o t h r e e t y p e s by 

L E G E N D 
CZI R A T I N G S I a 2 - G O O D 
^ R A T i M G 3 — F A I R 
M R A T I N G S 4 a 5 - P 0 0 R 

COASTAL PLAIN HIGH QUARTZ LOW QUARTZ EXTRUSIVE TRIA 
SEDIMENTS BRANITOIDS GRANITOIDS ROCKS "RCO 

B A S E - S T A B l L I Z E b - S E L E C T E O M A T E R I A L S 

I0( — 

90 — 

EXTRUSIVE 
RED BEDS-

B A S E - M A C A D A M 

F I G U R E 14 

SECONDARY ROAD PERFORMANCE BY BASE TYPES 

F i g u r e 14. Secondary Road performance by 
Base Types. 

the road i n v e n t o r y , namely s u r f a c e t r e a t 
ment (77.4 p e r c e n t ) , b i t u m i n o u s p l a n t mix 
(20.6 p e r c e n t ) , and p o r t l a n d cement con
c r e t e (2.0 p e r c e n t ) . A l l c o n c r e t e s u r 
f a c e s were r a t e d good i n p e r f o r m a n c e . 
B i t u m i n o u s p l a n t mix s u r f a c e s were gen
e r a l l y good and 82.7 per c e n t o f them were 
so r a t e d . Only th o s e t h a t were 8 o r 10 
y r . o l d and i n need o f a s e a l c o a t r a t e d 
f a i r o r p o o r . A b o u t o n e - t h i r d o f t h e 
bitu m i n o u s s u r f a c e t r e a t m e n t s r a t e d good, 
w h i l e 38.6 p e r c e n t were c l a s s i f i e d as 
p o o r . F i g u r e 15 i l l u s t r a t e s p e r f o r 
mance o f p l a n t mix and s u r f a c e t r e a t m e n t . 

Secondary Road Surfaces - W h i l e t h e s u r 
f a c e s o f s e c o n d a r y r o a d s were o f f o u r 
t y p e s , l i g h t s u r f a c e t r e a t m e n t s p r e 
dominate s i n c e 98.7 p e r c e n t were o f t h i s 
c a t e g o r y . Performance i n t h e f i v e gen
e r a l s o i l a r e a s i s i l l u s t r a t e d by F i g 
ure 16. 

To f u r t h e r i l l u s t r a t e t h e c o r r e l a t i o n 
o f r oad performance w i t h s o i l areas F i g 
ure 17 has been p r e p a r e d . The t o p por
t i o n shows t h a t p r i m a r y road performance 
i s b e s t i n t h e C o a s t a l P l a i n S e diments 
and p o o r e s t i n t h e T r i a s s i c "Red B e d " 
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L E G E N D 
C D R A T I N G S 1 a 2 - G O O O 

R A T I N G 3 - F A I R 

R A T I N G S 4 a S - P O O R 

n 

COASTAL PLUM HIOM QUARTZ LOW OUARTZ 
CEDIMCNTS ORANITOIDS ORAHITOIDt 

S U R F A C E - S U R F A C E T R E A T M E N T 

COAtTAL PLAIN KIOH flUARTZ LOW OUARTZ CXTIIUOIve TDIAStlO 
• lOIMZMTO OKADITOIOS ORAMlTOlOB ROOKt 'RED 0 1 0 1 ' 

S U R F A C E — P L A N T M I X 

Figure 15. Primary Road Performance by 
Surface Types. 

s o i l s area. I n ge n e r a l , t h i s i s f u r t h e r 
emphasized by the lower graphs. 

SUMMARY OF RESULTS 

Based upon the performance data obtain
ed a t the time o f the s p r i n g break-up 
on more t h a n 1000 mi. o f p r i m a r y and 
n e a r l y 5000 mi. o f s e c o n d a r y roads m 
Culpeper D i s t r i c t , the f o l l o w i n g l e s u l t s 
have been summarized under a p p r o p r i a t e 
headings. 

Primary Roads 

1. The break-up of t h i s past s p r i n g of 
primary roads i n the Gilpeper D i s t r i c t was 
more severe than that for the e n t i r e s t a t e . 
A comparison of primary highways i n each 
performance r a t i n g i s as follows: 

P e r f o r m a n c e C u l p e p e r E n t i r e 
R a t i n g D i s t r i c t 

% 
S t a t e 

% 

Good 43 58 
F a i r 23 23 
Poor , 29 18 
Under C o n s t . 5 1 

L E G E N D 
CZI R A T I N G S 1 a 2 - G O O D 

100 R A T 1 N G 3 - F A I R 

K — ^ 1 R A T I N G S 4 a 9 - P O O R 

CO — 

10 — 

EITRUaiVI TRIAS8I0 
"RED 8E0B 

COASTAL PLAIN HIOH OUARTZ LOV QUAHn 
aCDIHCNTS ORANITOIDS 8RARIT0ID8 

S U R F A C E - L I G H T S U R F A C E T R E A T M E N T 

Figure 16. Secondary Road Performance by 
Surface Types. 

L E G E N D 
Z Z D R A T I N G S I a 2 - G O O D 

R A T I N G 3 - F A I R 

m m R A T I N G S 4 8 5 - P O O R 

HIOH OUARTZ LOW OUARTZ 
ORANITOIDS ORANITOIDS 

I 
S O I L A R E A S — P R I M A R Y R O A D S 

- 1 "11 
t 

I 
, ..™ I.VN ailARlZ KXTRUOIVE TRIAfOlO 

• COIMCirrs ORANITOIOO OOANITOIOB ROOMS ' R I D BIOS ' 

S O I L A R E A S - S E C O N D A R Y R O A D S 

Figure 17. Primary and Secondary Road 
Performance by S o i l Areas. 

2. Primary road performance was v a r i 
able, depending upon the design (base and 
s u r f a c e type) and the s o i l area i n which 
the road was located. 

3. The o r d e r of r a t i n g the p e r f o r 
mance o f bases from b e s t t o . t h e p o o r e s t 
was as follows: (1) Portland cement con
c r e t e , ( 2 ) soil-cement, ( 3 ) macadam, ( 4 ) 
s t a b i l i z e d s e l e c t e d m a t e r i a l s and ( 5 ) 
n a t u r a l s o i l s , g r a y e ] , s t o n e , e t c . I t 



SHELBURNE AND MANER - SPRING BREAK-VP IN VIRGINIA 19 

hould be pointed out, however, that only 
ine soil-cement p r o j e c t , 6.8 mi. i n length 
'as a v a i l a b l e for t h i s conparison. 

4. C o n s i d e r i n g the bituminous s u r -
•aces which comprise 98 p e r c e n t o f the 
)rimary road s u r f a c e s i n the d i s t r i c t , t h e 
)erformance o f bituminous p l a n t mix was 
Car s u p e r i o r to t h a t of or d i n a r y s u r f a c e 
treatment. 

5. Hie study emphasized the importance 
)f the general s o i l area as a major v a r i -
i b l e i n road performance. Considering a l l 
:he primary roads, the l e a s t amount of 
i i s t r e s s was found i n the C o a s t a l P l a i n 
Sediments and the most was evident i n the 
f r i a s s i c "Red Bed" s o i l area. 

Secondary Roads 
6. Survey r e s u l t s a l s o show t h a t the 

spring break-up was more severe on secon
dary roads i n the Culpeper D i s t r i c t than 
f o r the e n t i r e s e c o n d a r y system m the 
s t a t e . T h i s statement i s based upon the 
following comparison: 

SECXXVDARY ROAD PERFORMANCE 

P e r f o r m a n c e 
R a t i n g 

Good 
F a i r 
P oor 
Under C o n s t . 

C u l p e p e r 
D i s t r i c t 

% 
19 
33 
47 
1 

E n t i r e 
S t a t e 

( 8 D i s t r i c t s ) 
% 

33 
29 
37 
1 

I t should be emphasized that a greater 
percentage of T r i a s s i c "Red Bed" s o i l area 
i s l o c a t e d i n the Culpeper D i s t r i c t than 
i n the e n t i r e s t a t e and t h i s probably i s 
l a r g e l y r e s p o n s i b l e for the d i f f e r e n t i a l 
performance. 

7. The hard s u r f a c e secondary roads 
performed s l i g h t l y b e t t e r than the non-
hard s u r f a c e ones as shown below: 

P e r f o r m a n c e 
R a t i n g 

Good 
F a i r 
P o o r 

H a r d S u r . 
% 

27 
26 
47 

Non-Hard S u r . 

18 
35 
47 

8. As i n the case of primary highways. 

secondary road performance a l s o v a r i e d 
with the design (base and surface type) as 
w e l l as the s o i l area. 

9. Tlie order of r a t i n g secondary road 
bases from best to poorest i n the Culpeper 
D i s t r i c t was a s f o l l o w s : c o n c r e t e , 
macadam and s t a b i l i z e d s e l e c t e d m a t e r i a l . 
More t h a n 80 p e r c e n t o f h a r d s u r f a c e 
secondary road bases i n the d i s t r i c t were 
of the l a t t e r type. 

10. W h i l e i n s u f f i c i e n t d a t a were 
a v a i l a b l e for c o n c l u s i v e comparisons, i t 
was i n d i c a t e d t h a t heavy s u r f a c e treatments 
r e s u l t e d i n b e t t e r performance than l i g h t 
s u r f a c e treatments. 

General 
11. The survey revealed that the high

e r t he c l a s s or type o f pavement the 
be t t e r the performance. 

12. A study of weather records r e v e a l 
ed that pavement break-ups are most severe 
fo r those w i n t e r s w i t h low temperatures 
preceded by subgrade and base s a t u r a t i o n 
( h i g h p r e c i p i t a t i o n ) . The pa s t w i n t e r 
was second only to that of 1935-36 as to 
c l i m a t i c conditions favorable f o r a severe 
break-up. 

13. "Die f i e l d s t u d i e s throughout the 
s t a t e emphasized the importance o f ade
quate p r o v i s i o n s f o r d r a i n a g e i f good 
road performance i s to be s e c u r e d . I n 
cases o f f l a t topography i t was i n d i c a t e d 
t h a t improved performance can be secured 
by the use of a high l e v e l p r o f i l e . 

14. One o f the most important r e s u l t s 
of the survey was the c o r r e l a t i o n of road 
performance with s o i l area. T h i s suggests 
t h a t d e s i g n and c o n s t r u c t i o n p r a c t i c e s 
should be v a r i e d with t h i s important item. 

cowausiONS 

I n conclusion, road condition surveys, 
i f made a t a time o f a s e v e r e s p r i n g 
break-up, are a p r a c t i c a l means of secur
ing information on the extent of d i s t r e s s 
and can be used s u c c e s s f u l l y i n e v a l u a t i n g 
f a c t o r s a f f e c t i n g performance. Data from 
such surveys can a l s o be used m conjunc
t i o n with maintenance or r e c o n s t r u c t i o n 
programs and for formulating p o l i c i e s r e 
garding design and c o n s t r u c t i o n p r a c t i c e s . 
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PAVEMENTS AND INFLUENCES AFFECTING 
OR DETERMINING THEIR PERFORMANCE 

A. T. BLECK, Construction Engineer 

S t a t e Highway Coimiission of Wisconsin 

SYNOPSIS 

The e x t r e m e l y v a r i a b l e c o n d i t i o n o f p a v e m e n t s o f v a r i o u s a g e s and d e s i g n , 
t o g e t h e r w i t h t h e e a r l y f a i l u r e o f many new pavements, i n d u c e d a s t u d y t o a s c e r 
t a i n , i f p o s s i b l e , the c a u s e s t h e r e f o r . A s u r v e y was begun i n t h e f a l l o f 1942 
o f a bout 3,000 mi1es o f pavement t h r o u g h o u t the s t a t e , i n w h i c h i t was e n d e a v o r 
ed to a s s o c i a t e s p e c i f i c pavement c o n d i t i o n to the c i r c u m s t a n c e s o f i t s e x p o s u r e . 

A g r i c u l t u r a l s o i l maps were u s e d a s a b a s e , and t h e s o i l s a s shown by them 
were c o r r e l a t e d to t h e g e o l o g y o f t h e i r f o r m a t i o n and d e p o s i t i o n , and t h e c h a r 
a c t e r and p r o x i m i t y o f b e d r o c k and o t h e r s u b s u r f a c e c o n f o r m a t i o n s . 

C e r t a i n f u n d a m e n t a l r e l a t i o n s h i p s a p p e a r e d t o be m a n i f e s t . L o n g i t u d i n a l 
c r a c k i n g o c c u r s i n s o i l s o f c e r t a i n c h a r a c t e r i s t i c s and n o t i n o t h e r s . " D " 
c r a c k i n g I S a s s o c i a t e d o n l y where t h e pavements, r e g a r d l e s s o f t y p e o f a g g r e g a t e , 
w e r e f o u n d e d i n s o i l s o f t h e c a 1 c e reous'-.gl a c l a 1 d r i f t , a n d n o t i n o t h e r s . 
F a u l t i n g o c c u r s a t j o i n t s w i t h or w i t h o u t l o a d t r a n s f e r d o w e l s and i s a f u n c t i o n 
o f t h e s o i l s . R h y t h m i c w a v i n e s s and b l o w u p s o f r i g i d p a v e m e n t s a r e r e l a t a b l e 
t o t h e s o i l - m o i s t u r e c o n d i t i o n s o f t h e s u b g r a d e s o i l s r a t h e r t h a n t o t e m p e r a t u r e 
s t r e s s e s w i t h i n the s l a b . 

The s t u d y o f p umping and t h e c h a r a c t e r i s t i c s o f t h e s u b s e q u e n t f a i l u r e o f 
s l a b s i s i n d i c a t i v e o f pavement a c t i o n and s t r e s s e s o t h e r t h a n conmonly assumed, 
and a d i s c u s s i o n o f t h i s i s p r e s e n t e d . 

A g g r e g a t e b a s e c o u r s e s c o n s t r u c t e d t o h i g h d e n s i t i e s a n d s u p p o r t i n g im
p e r v i o u s b i t u m i n o u s p a v e m e n t s h a v e b e e n f o u n d t o s u f f e r a c o m p l e t e l o s s o f 
d e n s i t y and were w a t e r l o g g e d i n t h e i r l o w e r z o n e s , w i t h the u n d e r l y i n g p e r v i o u s 
m a t e r i a l b e i n g o n l y s l i g h t l y damp 

The e x t r a o r d i n a r y d e s t r u c t i o n o f p a v e m e n t s d u r i n g t h e l a s t d e c a d e i s due t o 
a g r e a t e r i n c i d e n c e o f h e a v y l o a d s c o m i n g c o i n d i c e n t w i t h a r e v e r s a l o f t h e 
m e t e o r o l o g i c a l c y c l e from the g e n e r a l d r o u t h c o n d i t i o n s o f the p r e c e d i n g d e c a d e 
and a h a l f . 

Due to the p r e s e n c e o f an i m p e r v i o u s pavement and the e n e r g y o f moving l o a d s 
t r a n s m i t t e d t h r o u g h the pavements, t h e m o i s t u r e c o n d i t i o n s i n the s u b g r a d e s o i l s 
a r e n o t c o m p a r a b l e t o t h o s e i n s o i l s f r e e l y e x p o s e d t o the a t m o s p h e r e . 

O b s e r v a t i o n s o f the p o s i t i o n o f m o i s t u r e i n the s o i l s and o t h e r phenomena o f 
m o i s t u r e movement, t o g e t h e r w i t h a s t u d y o f l i t e r a t u r e on the s u b j e c t , i n c l u d i n g 
s o - c a l l e d f r o s t a c t i o n , l e a d t o t h e d e v e l o p m e n t o f an e x p l a n a t i o n o f t h e s e 
p h e n o m e n ^ ^ o r e c o m p a t i b l e w i t h o b s e r v e d m a n i f e s t a t i o n s t h a n t h e p o p u l a r t h e o r y 
o f C a p i l l a r i t y . 

The s u b j e c t i s c o n c l u d e d w i t h a d i s c u s s i o n on s u b - b a s e c o u r s e s , w i t h p a r 
t i c u l a r r e f e r e n c e , b a s e d on e x p e r i e n c e , to t h e o p e r a t i o n and f u n c t i o n i n g o f 
f r e e l y d r a i n i n g p e r m e a b l e s a n d o r s a n d - g r a v e l l i f t o r b a l l a s t c o u r s e s 
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The e n s u i n g d i s c u s s i o n on highway 
pavements s e t s f o r t h the i n v e s t i g a t i o n 
and study that was made to determine, i f 
p o s s i b l e , the causes of the f a i l u r e s o f 
pavements, so t h a t with the knowledge o f 
the f a c t o r s g e n e r a t i n g f a i l u r e s as w e l l 
as those which determine good perfonnance, 
e f f e c t i v e s t e p s may be taken to produce 
designs which would be immune to s e r i o u s 
f a i l u r e , thereby rendering improved high
way s e r v i c e to the p u b l i c a t lower main
tenance and upkeep c o s t s , even though, 
i f n ecessary, some a d d i t i o n a l c o s t might 
be i n c u r r e d i n the i n i t i a l c o n s t r u c t i o n . 

The g e o l o g i c a l conformations o f Wis
c o n s i n are d i s t i n c t i v e , i f not unique, 
whereby i t was p o s s i b l e to a s s o c i a t e some 
v a r i a b l e s i n s o i l s and pavement p e r f o r 
mance to the geological i n f l u e n c e s , where 
o t h e r methods of a s s o c i a t i o n s e e m i n g l y 
f a i l e d to be c o n c l u s i v e . 

The c l i m a t i c or m e t e o r o l o g i c a l con
d i t i o n s i n Wisconsin are severe, a f f o r d 
i n g an o p p o r t u n i t y t o e v a l u a t e t h e i r 
i n f l u e n c e without the n e c e s s i t y o f f i n e 
d i f f e r e n t i a t i o n s , or r e f i n e d measure
ments. 

I n the d e s i g n and c o n s t r u c t i o n o f 
pavements a c o n s c i e n t i o u s e f f o r t was 
extended through the years to f o l l o w the 
c u r r e n t developments, both w i t h r e s p e c t 
to s o i l s work and d e t a i l of pavement de
s i g n . R e g a r d l e s s o f t h i s e f f o r t , the 
pavements under s e r v i c e y i e l d e d v a r i a b l e 
r e s u l t s , which i t seems were q u i t e i n 
compatible with those expected from the 
d e s i g n premises. These i n c o n s i s t e n c i e s 
gave r i s e to the endeavor to a s c e r t a i n , 
i f p o s s i b l e , the fundamental r e a s o n s 
t h e r e f o r . 

While some of the inherent d e t a i l de
s i r a b l e for more p r e c i s i o n has not as yet 
been e n t i r e l y e x p l o r e d , due t o l a c k o f 
time and a v a i l a b l e p ersonnel, i t i s be
l i e v e d t h a t an u n derstanding o f some of 
the major contributory causes o f s p e c i f i c 
pavement performance has been a t t a i n e d 
and a base e s t a b l i s h e d upon which future 
designs can be e f f e c t e d with more d e f i n i t e 
a s s u r a n c e o f y i e l d i n g s a t i s f a c t o r y r e 
s u l t s over an extended p e r i o d o f time, 
and upon which more o b j e c t i v e study can 
be made. 

Some of the b a s i c p r i n c i p l e s expressed 
a r e n o t new o r n o v e l , o t h e r s have not 
been as c l o s e l y or as s p e c i f i c a l l y a s s o c i a 
ted w i t h pavement performance, and s t i l l 
o t h e r s p r e s e n t perhaps an e n t i r e l y new 
concept. 

The s y n t h e s i s of these s e v e r a l elements, 
and t h e i r a p p l i c a t i o n or adaptation toward 
t h e e v a l u a t i o n o f pavement performance 
and the e x t e n s i o n t h e r e o f t o d e s i g n pur
poses, i s b e l i e v e d to r e p r e s e n t a depar
t u r e from p r e v i o u s l y h e l d c o n c e p t s f o r 
these purposes. 

Hie Modern E r a o f R u r a l Pavement De
si g n and Construction can be conceived to 
have had i t s i n c e p t i o n w i t h the passage 
o f the f i r s t F e d e r a l A i d Highway A c t , 
about three decades ago. During the i n 
t e r v e n i n g p e r i o d many m i l e s o f r u r a l 
pavements have been b u i l t . At the present 
time these pavements, of al1 ages, present 
a wide range o f c o n d i t i o n and s t a t e o f 
n e c e s s i t y f o r r e p a i r or r e c o n s t r u c t i o n . 
Some pavements have been r e b u i l t because 
of geometric obsolescence, others because 
of s t r u c t u r a l f a i l u r e . Some of the o l d e s t 
ones a r e s t i l l f u n c t i o n i n g i n a s a t i s 
f a c t o r y manner wi t h a minimum o f annual 
maintenance, w h i l e some, which have been 
i n s e r v i c e f o r only about ten years, and 
b u i l t i n a c c o r d a n c e w i t h t h e l a t e s t 
p r i n c i p l e s o f design, are g i v i n g evidence 
o f a n e c e s s i t y for s u b s t a n t i a l strengthen
i n g i f t h e i r remaining s e r v i c e v a l u e i s 
to be salvaged. 

W i s c o n s i n i s perhaps not unique i n 
t h i s r e s p e c t , because of the general i n 
t e r e s t d i s p l a y e d on a nationwide b a s i s to 
f i n d ways and means of a s o l u t i o n of the 
problems generated by the d e f i c i e n c i e s 
i n pavement perfonnance encountered on a 
widespread s c a l e . 

I t can be s t a t e d that i n order to dev
elop methods that w i l l prevent u n s a t i s f a c 
tory conditions, the causes t h e r e f o r must 
be a s c e r t a i n e d , f o r i f the fundamental 
r e a s o n s f o r t h e s e c o n d i t i o n s a r e n o t 
known any remedies t h a t may be a p p l i e d 
w i l l prove t o be temporary p a l l i a t i v e 
measures o n l y , through which the b a s i c 
d e f i c i e n c i e s w i l l a s s e r t themselves soon
e r or l a t e r i n one manner or another. 

I n the e f f o r t to f i n d the causes f o r 
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d e f i c i e n t performance a v a s t amount of 
study and r e s e a r c h has been done by var
i o u s o r g a n i z a t i o n s , and t h e i r methods, 
and sometimes t h e i r f i n d i n g s and conclu
s i o n s and bases for design, are reported 
i n the l i t e r a t u r e . 

Tliese i n c l u d e , among others, i n v e s t i 
gations of the s o i l s , both i n the labora
t o r y and i n the f i e l d , s t u d i e s o f the 
c o n s t i t u e n t components of pavements, and 
the c o n s t r u c t i o n of f u l l - s i z e d t e s t s e c 
t i o n s o f highways c o n t a i n i n g v a r i a b l e s m 
the d e s i g n o f the pavement and b u i l t on 
what are presumed to be subgrades m which 
the s o i l s appear to have quite comparable 
p r o p e r t i e s . Some t e s t s e c t i o n s a r e 
observed under a c t u a l t r a f f i c conditions, 
w h i l e o t h e r s have been s t u d i e d under 
s p e c i f i c t e s t s . 

T h ere a r e under s e r v i c e , throughout 
the coimtry, thousands of m i l e s of pave
ment under various conditions of exposure 
to t r a f f i c and the elements. They r e 
present a l l age groups, features of design, 
and r e s t on subgrades r e p r e s e n t a t i v e o f 
s o i l s o f a l l types and c o n s t i t u t i o n , which 
can be s t u d i e d , and t h e c i r c u m s t a n c e s 
causing t h e i r s p e c i f i c performance e v a l 
uated. 

I n a c t u a l experience with these pave
ments i t has long been a matter of r a t h e r 
common knowledge t h a t pavements l a i d on 
n a t u r a l sand or gravel subgrades g e n e r a l l y 
y i e l d e d q u i t e s a t i s f a c t o r y performance, 
even though t h i s i s not always true i n a l l 
c a s e s , w h i l e on the other hand there are 
a l s o s u f f i c i e n t examples o f pavements 
r e s t i n g on subgrades o f s o - c a l l e d poor 
s o i l s t h a t have y i e l d e d e x c e l l e n t per
formance . 

T h i s seemingly c o n t r a d i c t o r y evidence 
g i v e s r i s e to s p e c u l a t i o n as t o the r e a 
sons therefor. 

D i f f e r e n t i a l s m the t r a f f i c c h a r a c t e r 
i s t i c s could not alone be held r e s p o n s i b l e , 
because the d i f f e r e n t i a l s often take place 
on i n d i v i d u a l s e c t i o n s of the same high
way, and i n some c a s e s t h e h e a v i e r 
t r a v e l l e d p o r t i o n s y i e l d e v i d e n c e of a 
b e t t e r c o n d i t i o n than some w i t h l e s s e r 
t r a f f i c volumes. 

D i f f e r e n t i a l s i n the d e s i g n f e a t u r e s 
o f the pavements themselves can a l s o not 

be held accountable, because i n the long 
range p e r i o d and the widespread d i s t r i 
b ution o f pavements w i t h comparable de
s i g n f e a t u r e s q u i t e a v a r i e d s e r i e s o f 
pavements employing a l l of the customary 
modes of design can be found i n most l o 
c a t i o n s , and some of the pavements de
signed to the more modem concepts of de
s i g n t h e o r y s u f f e r e d a s b a d l y , and i n 
some cases worse, than some pavements con
s t r u c t e d to what are conceived as r a t h e r 
a r c h a i c methods o f design. 

The f a c t o r o f c o n s t r u c t i o n m a t e r i a l s 
and methods does not appear to be the one 
e s s e n t i a l l y a c c o u n t a b l e , because o f a 
d i s t r i b u t i o n s i m i l a r to that of the design 
f e a t u r e s , a s w e l l as t h a t through the 
years, t e s t s made both on prepared s p e c i 
mens and on cores d r i l l e d from the com
p l e t e d work c o n s i s t e n t l y y i e l d e d r e s u l t s 
i n d i c a t i v e of a high q u a l i t y product, i f 
i n h e r e n t s t r e n g t h can be a c c e p t e d a s a 
measure o f q u a l i t y . 

The f o r e g o i n g a t t e m p t s to d e p i c t a 
g e n e r a l i z e d view of the e x i s t e n t s i t u a t i o n . 
The iconfused aspects prompted an endeavor 
to t r y to a s c e r t a i n or i s o l a t e , i f pos
s i b l e , the elements or f e a t u r e s c a u s i n g 
the v a r i a b l e c o n d i t i o n s . 

As an i n i t i a l venture, a study or exa
mination o f pavement conditions was begun 
about SIX y e a r s ago, and i n t h i s i t was 
endeavored to a s s o c i a t e pavement p e r f o r 
mance with the s o i l s upon which they l a y , 
as c l a s s i f i e d by the P e d o l o g i c a l C l a s s i 
f i c a t i o n of S o i l s , and as depicted on the 
a v a i l a b l e s o i l maps. T l i i s survey covered 
about 3,000 m i l e s of r i g i d pavement, and 
about 500 to 1,000 m i l e s o f f l e x i b l e type 
pavements, l o c a t e d i n the s e v e r a l geo
l o g i c a l provinces of the s t a t e . 

In t h i s f i r s t venture i t was endeavor
ed to keep a s t a t i s t i c a l r e c o r d o f the 
type and degree of f a i l u r e , as w e l l as of 
s a t i s f a c t o r y performance as r e l a t e d to the 
v a r i o u s s o i l s types and c l a s s i f i c a t i o n s . 
A subsequent attempt to c a t a l o g u e t h e s e 
i n order to t r y to e f f e c t a d i r e c t c o r r e 
l a t i o n r e s u l t e d i n c o n f u s i o n . S o i l s o f 
the same s e r i e s , for example, i n one p a r t 
of the s t a t e showed f a i l u r e to marked de
gree, to a l e s s e r degree i n another p a r t 
o f the s t a t e , even though the highway 
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c a r r i e d c o n s i d e r a b l y more heavy t r a f f i c , 
and v i r t u a l l y no f a i l u r e m a t h i r d p a r t 
o f the s t a t e on a highway which c a r r i e d 
comparable t r a f f i c t o the one where the 
worst degree of f a i l u r e occurred. 

A stalemate seemed to have been reached 
when the p r o b a b i l i t y o f the g e o l o g i c a l 
i n f l u e n c e s u g g e s t e d i t s e l f through the 
f a c t t h a t i n the n o r t h e r n p a r t o f the 
s t a t e the g r a v e l s are of c r y s t a l l i n e rock 
formation, w h i l e i n the southern p a r t of 
the s t a t e they are l a r g e l y dolomitic i n 
c h a r a c t e r , w i t h an i n t e r m e d i a t e zone 
wherein the two types are intermixed with 
each other. 

I n the hope t h a t the g e o l o g i c a l f e a 
t u r e s would o f f e r some b a s i s upon which 
an i s o l a t i o n o f some of the f a c t o r s causing 
the v a r i a b l e pavement performance could be 
made, a review of the geology of the s t a t e 
was undertaken. S i n c e t h i s appeared to 
o f f e r p o s s i b i l i t i e s , and to be another 
s t e p i n the s o l u t i o n o f these problems, 
a b r i e f o u t l i n e o f the geology o f Wis
consin I S presented. 

Wisconsin i s underlain by the c r y s t a l 
l i n e r o c k s o f Pre-Cambrian age, and i n 
roughly the northern h a l f o f the s t a t e , i n 
a l a r g e s h i e l d - s h a p e d a r e a , t h e s e form 
the immediate bedrock formations, which 
are c l o s e to the sur f a c e i n many pl a c e s . 

Around t h i s s h i e l d - s h a p e d a r e a , i n a 
roughly cres'ential form, toward the south, 
e a s t , and west the l a t e r sedimentary de
p o s i t s have been placed i n sequence, be
ginnin g with the Cambrian sandstones and 
s h a l e s , and following with the Ordovician 
l i m e s t o n e s and sandstones, the S i l u r i a n 
s h a l e s and limestone, and i n a very small 
area the Devonian s h a l e . These l i e upon 
each o t h e r much as s h i n g l e s on a r o o f , 
except that the butt ends of the s h i n g l e s 
protrude upward, and qui t e d i s t i n c t i v e l y 
form the immediate bedrock formations i n 
the d i f f e r e n t portions of the s t a t e . 

S i n c e the land-forming p r o c e s s e s i n 
Wisconsin ceased e a r l y i n i t s g e o l o g i c a l 
l i f e , I t s s u r f a c e had been s u b j e c t e d to 
weathering and e r o s i o n many ages before 
even some o f the immediately contiguous 
t e r r i t o r y emerged from the seas. 

However, due to g l a c i a l a c t i o n , much 
o f the ma t u r e t o p o g r a p h y had become 

o b l i t e r a t e d , ancient drainage courses were 
blocked, and new ones were developed, and 
youthful s o i l p r o f i l e s were e s t a b l i s h e d 
i n many pl a c e s . 

About three fourths of the area of the 
s t a t e has been s u b j e c t to the i c e i n v a s i o n s 
o f the s e v e r a l g l a c i a l p e r i o d s , r a n g i n g 
from the Kansas and Nebraskan, through 
the I l l i n o i a n and the s e v e r a l Wisconsin 
s t a g e s , and w h i l e most o f the a r e a s o f 
the older g l a c i a t i o n have been overridden 
by t h a t o f the W i s c o n s i n s t a g e s , t h e r e 
are areas where the older g l a c i a l deposits 
a r e s t i l l e x p o sed. The w e s t e r l y and 
s o u t h w e s t e r l y one fo u r t h o f the a r e a o f 
the s t a t e was never influenced by g l a c i a 
t i o n , except t h a t a c o n s i d e r a b l e area i n 
the c e n t r a l p a r t o f the s t a t e was sub
merged under the waters o f a now e x t i n c t 
g l a c i a l l a k e . T h i s u n g l a c i a t e d a r e a i s 
known as the D r i f t l e s s Area. 

I n the f u r t h e r i n v e s t i g a t i o n o f pave
ment performance, not only was the bedrock 
geology o f the s t a t e taken i n t o account, 
but c o n s i d e r a t i o n was a l s o extended to the 
geology of the s o i l s , and the g e o l o g i c a l 
processes of t h e i r formaticxi, d e p o s i t i o n , 
modification, and development. 

I n t h e m a t t e r o f g l a c i a l s o i l s , 
T l i w a i t e s C i ^ ^ and others point out that the 
g e n e r a l g l a c i a l movement was l i k e t he 
f l a t t e n i n g o f a drop o f v e r y v i s c u o u s 
l i q u i d , and cover e d d i s t a n c e s o f a few 
m i l e s only, r a t h e r than one o f concepts 
which hold movements of masses o f s o i l s 
over great d i s t a n c e s by the i c e . 

S i n c e the s o i l s are the r e s i d u a formed 
by the decomposition o f rock, and s i n c e 
there were ages p r i o r t o the i c e i n v a s i o n s , 
during which the sur f a c e o f the e a r t h was 
s u b j e c t t o the w e a t h e r i n g i n f l u e n c e s 
c a u s i n g such decomposition, accompanied 
a l s o by erosion, the s o i l s i n a g i v e n 
region, even i n the g l a c i a t e d a r e a s , are 
the products of the bedrock of such area. 
G l a c i a l a c t i o n modified them to a degree 
by working them over and int e r m i x i n g with 
them the products o f g l a c i a l movement, 
such as rock f l o u r , rock fragments, and 

^ I t a l i c i z e d f i g u r e s i n p a r e n t h e s e s r e f e r 
t o t h e l i s t o f r e f e r e n c e s a t t h e end o f 
the p a p e r . 
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s i m i l a r m a t e r i a l . G l a c i a l e f f l u e n t de
p o s i t e d sands, g r a v e l s , s i l t s , c l a y s , and 
l a c u s t r i n e d e p o s i t s o f s i m i l a r m a t e r i a l s , 
some o f which were, w h i l e o t h e r s were n o t , 
covered by l a t e r g l a c i a l m a t e r i a l s . 

Windblown s o i l s d u r i n g g l a c i a l p e r i o d s 
and p o s t - g l a c i a l times d e p o s i t e d m a t e r i a l s 
upon t h e i c e s h e e t s , t h e g l a c i a l d r i f t , 
and upon the r e s i d u a l s o i l s i n t h e D r i f t -
l e s s A r e a s . These f o r m t h e s u r f i c i a l 
s o i l s found today i n many areas. 

C a l l i n g t o mind t h r o u g h e x p e r i e n c e s 
w i t h e x c a v a t i o n s i n t h e m a t e r i a l s , some 
o f the d e p o s i t i o n a l forms o f g l a c i a l s o i l s 
and s o i l s d e p o s i t e d by g l a c i a l e f f l u e n t 
p r o v i d e d t h e b a c k g r o u n d f o r t h e f u r t h e r 
e v a l u a t i o n o f o t h e r s o i l m a t e r i a l s . 

The l a r g e masses o f ground m o r a i n e s , 
d e p o s i t e d i n p l a c e by the g l a c i e r s w i t h o u t 
subsequent movement due t o g l a c i a l a c t i o n , 
c o n s i s t l a r g e l y o f u n a s s o r t e d t i l l . TTiis 
m a t e r i a l may be s i l t , c l a y , sands, pebbles, 
c o b b l e s , and b o u l d e r s , o f t e n i n t e r m i x e d 
w i t h each o t h e r . However, the d o m i n a t i n g 
f r a c t i o n s show a s t r o n g i n f l u e n c e o f t h e 
bedrock f o r m a t i o n s o f the p r o x i m a t e area. 

O c c a s i o n a l l y , s t r a t a o f sand o r g r a 
v e l o r s t r a t a o f c l a y o r s i l t a r e sand
w i c h e d between l a y e r s o f t h e t i l l , i n d i 
c a t i v e o f an outwash or o t h e r f l u v i a l de
p o s i t o f an e a r l i e r s t a g e o f g l a c i a t i o n 
o r f r o m a r e c e s s i o n a l s t a g e o f t h e same 
p e r i o d , w h i c h was l a t e r o v e r r i d d e n by a 
re-advance o f the i c e sheet. Such l a y e r s 
a r e q u i t e g e n e r a l l y w a t e r - b e a r i n g o r 
w a t e r - h o l d i n g s t r a t a . 

T e r m i n a l m o r a i n e s , o r r e c e s s i o n a l 
m oraines o f t e n are a p t t o be o f a r a t h e r 
g r a v e l l y n a t u r e , w i t h , however, a p o o r 
s o r t i n g o f t h e s e v e r a l m a t e r i a l s . These 
were p i l e d up a t t h e ends o f g l a c i a l i c e 
where i t s t o o d a t p o i n t s o f i t s f a r t h e s t 
advance and c o n t a i n , t h e r e f o r e , more o f 
t h e c o a r s e r m a t e r i a l , and were a l s o sub
j e c t e d t o a g r e a t degree t o t h e w a s h i n g 
a c t i o n o f t h e m e l t w a t e r f r o m t h e s t a g 
n a t i n g g l a c i e r s . 

V a l l e y s e x i s t i n g i n these moraines dur
i n g g l a c i a l t i m e s are now o f t e n found t o 
be f i l l e d w i t h windblown s i l t . 

M a t e r i a l s c a r r i e d by t h e m e l t w a t e r 
f o r m e d t h e g l a c i a l outwash and g l a c i a l 
l a k e d e p o s i t s . An e x a m i n a t i o n o f t h e s e 

d e p o s i t s shows good t o e x c e l l e n t s o r t i n g ; 
o f m a t e r i a l s w i t h r e s p e c t t o s i z e , a l - i 
t h o u g h most o f them a r e r a t h e r h i g h l y ; 
l a m i n a t e d i n t o s t r a t a o f d i f f e r e n t s i z e d ; 
m a t e r i a l s . As can be seen from F i g u r e 1, 
t h e s t r a t a f i c a t i o n o f outwash m a t e r i a l s ^ 
i s q u i t e r e a d i l y d i s c e r n i b l e , r a n g i n g ; 
o r c o n s i s t i n g o f s t r a t a o f sand and g r a v e l , 
o r s t r a t a o f c o a r s e r and f i n e r sands t o ' 
s t r a t a o f v e r y f i n e sand and s i l t . 

F i g u r e 1. 

I t has been r e p e a t e d l y o b s e r v e d t h a t 
s t r a t a o f f i n e sand o r s i l t o c c u r r i n g i n 
these d e p o s i t s , sandwiched between l a y e r s ; 
o f c o a r s e r m a t e r i a l s , and w h e t h e r t h e y 
have a m a n i f e s t c o n n e c t i o n t o an e x t e r i o r , 
s o u r c e o f m o i s t u r e o r n o t , i n v a r i a b l y , 
c o n t a i n s u b s t a n t i a l q u a n t i t i e s o f m o i s t u r e , ; 
up t o the s a t u r a t i o n p o i n t . • 

S t r a t i f i e d beach d e p o s i t s o f f i n e sand , 
and s i l t i n now e x t i n c t g l a c i a l l a k e s j 
y i e l d e d s i m i l a r evidence o f a comparable 
m o i s t u r e r e l a t i o n s h i p , the s i l t b e i n g t h e ' 
w e t t e r . 

Varved c l a y s c o n s i s t i n g o f r a t h e r t h i n 
a l t e r n a t i n g l a y e r s o f f i n e s i l t and c l a y 
are found i n l a c u s t r i n e d e p o s i t s . 

Among some o f the more r e c e n t d e p o s i t s 
composed o f overwash o r a l l u v i a l s o i l s 
from h i g h e r l y i n g areas, and subsequently 
d e p o s i t e d , a h i g h degree o f s t r a t i f i c a t i o n 
and m o i s t u r e d i f f e r e n t i a t i o n has been 
observed. 

The d e p o s i t i o n o f water-borne m a t e r i a l s 
i n t o s t r a t a takes place i n accordance w i t h 
Stoke's Law. The c o a r s e r m a t e r i a l s d r o p 
o u t i n t h e more t u r b u l e n t o r v i o l e n t 
medium, w h i l e t h e f i n e r ones are c a r r i e d 
i n suspension much l o n g e r or are c a r r i e d 
f a r t h e r . Since the amount o f water, even 
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from g l a c i a l effl-uent, was not constant, 
the v e l o c i t i e s v a r i e d , thereby c a u s i n g 
a l t e r n a t i n g stages of v a r i a b l e turbulence 
or v e l o c i t y , c r e a t i n g the s t r a t i f i c a t i o n 
i n these deposits. 

Comparable d i f f e r e n c e s e x i s t i n the 
s o i l s deposited i n bodies o f waters such 
as l a k e s . During stormy per i o d s c o a r s e 
material i s deposited, while the converse 
i s true under quiescent conditions. Deep 
w a t e r d e p o s i t i o n s a r e most a p t t o be 
s t r a t i f i c a t i o n s of f i n e m a t e r i a l , w h i l e 
along the beaches s t r a t a o f the h e a v i e r 
m a t e r i a l s are found. 

S i m i l a r to water-borne and d e p o s i t e d 
m a t e r i a l s , wind-borne m a t e r i a l s were 
deposited i n accordance with the p r i n c i p l e s 
of Stoke's Law. However, s i n c e the par
t i c l e s i z e i s much small e r and the volumes 
c a p a b l e o f b e i n g borne through the a i r 
at any given time are much l e s s than i n 
water-borne m a t e r i a l s , the s t r a t i f i c a t i o n 
i s apt to be quite i n s e n s i b l e , but i t can 
be postulated that i t e x i s t s . 

The element o f s t r a t i f i c a t i o n i n the 
s o i l s column may appear t o have been 
s t r e s s e d c onsiderably, and t h i s has been 
done because s t r a t i f i c a t i o n i s one of the 
most dominant f e a t u r e s d e t e r m i n i n g the 
p o s i t i o n o f u n d e r g r o u n d m o i s t u r e 
sources, s i n c e i t a c t s as an i n h i b i t o r to 
the f r e e i n t e r n a l drainage o f the s o i l s 
column. Whether or not they are manifest 
a t a l l t i m e s j t h e f i n e r s t r a t a , even 
though they o v e r l i e s t r a t a o f c o a r s e r 
m a t e r i a l , a r e p o t e n t i a l zones o f , o r 
approaching s a t u r a t i o n , the i n f l u e n c e o f 
which on the subgrade m a t e r i a l s i s depen
dent upon i t s r e l a t i v e p o s i t i o n to the 
grade l i n e . 

I n o r dinary methods of s o i l s s a n p l i n g 
t h i s s t r a t i f i c a t i o n i s o f t e n d e s t r o y e d , 
thereby y i e l d i n g a sample not t r u l y de
p i c t i n g the c h a r a c t e r i s t i c s o f the s o i l s , 
o r i t may not be r e c o g n i z e d , wherefore 
t e s t s on them may y i e l d r e s u l t s incom
p a t i b l e with the true conditions. 

F i g u r e 2 shows a s t r a t i f i e d f l u v i a l 
deposit, the s t r a t i f i c a t i o n of which might 
be d i f f i c u l t to detect by ordinary methods 
o f s o i l sampling, e s p e c i a l l y boring. 

In the D r i f t l e s s Area, the s o i l s under
l y i n g the wind-borne deposits where these 

e x i s t , and where not, the s u r f a c e s o i l s 
themselves a re the r e s i d u a l m a t e r i a l o f 
the bedrock, e i t h e r of the formation upon 
which they now l i e , or of the p r e v i o u s 
o v e r l y i n g formation now completely weath
e r e d , or a combination t h e r e o f . These 
r a n g e from the r e s i d u a l c l a y s o f the 
limestone formations, through the range of 
s i l t loams, loams and sandy loams of the 
s h a l e f o r m a t i o n s , to the pure r e s i d u a l 
sands of the sandrock formations. 

Figure 2. 

Many o f th e s e s i l t s a r e o f a r a t h e r 
uniform g r a i n s i z e , a f f o r d i n g p e r c o l a t i o n , 
but at a slow r a t e , and observations have 
been made, where these o v e r l i e the r e s i 
dual c l a y even on r i d g e l o c a t i o n s , of a-
sa t u r a t e d condition of the s i l t p r e v a i l i n g 
a t v a r i o u s depths below the s u r f a c e . I n 
o t h e r c a s e s , where th e s e s i l t s were of 
c o n s i d e r a b l e depth, they were s a t u r a t e d 
a t t h e low e r l e v e l s even though t h e y 
overlay a coarser m a t e r i a l . 

Another study or s u r v e y o f pavement 
performance was subsequently undertaken 
on the b a s i s o f the P e d o l o g i c a l C l a s s i 
f i c a t i o n o f the s o i l s , but c o r r e l a t i n g 
t h e s e c o n c u r r e n t l y w i t h the g e o l o g i c a l j 
background of the s o i l s , bedrock, and r e 
l a t e d f e a t u r e s . 

Being more cognizant o f the s o i l moist
ure r e l a t i o n s h i p s , i t was a l s o endeavored 
wherever p o s s i b l e t o e v a l u a t e t h e s e 
p o t e n t i a l s through c l u e s f u r n i s h e d by 
the c h a r a c t e r i s t i c vegetation, c u l t u r e , 
and s i m i l a r f eatures. 

T h i s i n v e s t i g a t i o n or survey, t a k i n g 
t h e s e f e a t u r e s i n t o c o n c u r r e n t account 
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w i t h the s o i l s c l a s s i f i c a t i o n as shown by 
th e P e d o l o g i c a l S o i l Maps, e s t a b l i s h e d 
some g e n e r a l i z e d though s i g n i f i c a n t d i f f e r 
e n t i a l s i n pavement performance. 

L o n g i t u d i n a l c r a c k i n g i n r i g i d pave
ments, h a v i n g a c e n t e r j o i n t , i s a l m o s t 
e n t i r e l y absent i n the s o i l s o f t h e D r i f t -
l e s s Area, except where t h e i n f l u e n c e o f 
t h e s o i l s d e p o s i t e d i n t h e now e x t i n c t 
g l a c i a l l a k e i s e x e r t e d . I n f l e x i b l e 
t y p e pavements i n t h i s a r e a t h e t u r t l e 
back c r a c k i n g u s u a l l y b e g i n s and i s more 
severe i n the c e n t e r o f the pavement even 
t h o u g h , as i n t h e case o f t h e f o r m e r l y 
used f e a t h e r edge t y p e o f base c o u r s e , 
the base i s t h i c k e r a t the c e n t e r than a t 
t h e e d g e s . I n t h e g l a c i a t e d a r e a t h e 
converse appears t o be the r u l e . I n t h e 
g l a c i a t e d a r e a l o n g i t u d i n a l c r a c k i n g i n 
pavements w i t h a l o n g i t u d i n a l c e n t e r j o i n t 
a p p e a r s t o be most d o m i n a n t i n t h e r e d 
c l a y g l a c i a l t i l l ; i n s o i l s o f c e r t a i n 
r e g i o n s o f the O l d e r D r i f t , t h e c a l c e r e o u s 
d r i f t i n t h e r e g i o n o f the N i a g a r a l i m e 
stones and Maquoketa s h a l e s , i t d i m i n i s h e s 
as t h e i n f l u e n c e o f t h e S t . P e t e r sand
s t o n e a f f e c t s t h e c a l c e r e o u s d r i f t ; and 
i t i s pr e s e n t t o some degree i n t h e s o i l s 
i n t h e r e g i o n s o f t h e i g n e o u s b e d r o c k . 
L o n g i t u d i n a l c r a c k i n g i s e n t i r e l y absent 
i n many o f the g l a c i a l outwash d e p o s i t s . 

The pumping o f r i g i d pavements i s a l - _ ^ 
most e n t i r e l y unknown i n the s o i l s o f t h e ' 
D r i f t l e s s Area, a l t h o u g h i n a few cases 
i n t h i s r e g i o n f i n e sands have been ex
t r u d e d t h r o u g h c r a c k s and j o i n t s . Pump
i n g i s a l s o q u i t e f o r e i g n t o t h e s o i l s 
o f the igneous g l a c i a l d r i f t . 

"D" c r a c k i n g , sometimes a t t r i b u t e d t o , 
t h e d o l o m i t i c c h a r a c t e r i s t i c s o f t h e 
agg r e g a t e s , has been found o n l y on s o i l s 
o f t h e c a l c e r e o u s g l a c i a l d r i f t , i n c l u d 
i n g t h e r e d c l a y t i l l , even though pave
ments o f d o l o m i t i c aggregates were b u i l t 
i n the o t h e r areas. 

Blow-ups o f r i g i d pavements w i t h o u t 
e x p a n s i o n j o i n t s h a ve been f o u n d t o 
a s s o c i a t e t h e m s e l v e s w i t h s o i l s c o n d i 
t i o n s . 

I n t h e c e n t r a l p a r t o f t h e s t a t e , i n 
the r e g i o n o f the O l d e r ( I l l i n o i a n ) D r i f t , 
t h e r e i s a l a r g e area i n which the s o i l s 
a r e c l a s s i f i e d i n t h e C o l b y ( S p e n c e r ) 

S e r i e s . The s o i l c o n s i s t s o f a w i n d -
borne s i l t o v e r l y i n g i n many p l a c e s t h e 
g l a c i a l t i l l d e r i v e d f r o m t h e t r a n i t i c 
r o c k w h i c h i t o v e r l i e s . The a r e a i n 
genera] i s q u i t e l e v e l t o g e n t l y r o l l i n g . 

Near t h e s o u t h e r n t e r m i n u s o f t h i s 
area t h e s o i l mantel over the bedrock i s 
r a t h e r t h i n , perhaps f o u r t o s i x f e e t i n 
t h i c k n e s s , and the area i s a l s o c l o s e t o 
t h e c o n t a c t between t h e g r a n i t i c r o c k s 
and t h e l o w e s t member o f t h e C a m b r i a n 
f o r m a t i o n s , t h e M t . Simon sandstone, which 
i s q u i t e porous and i s an a q u i f e r . 

Severe c o n d i t i o n s e x i s t i n t h i s area i n 
many years i n the e a r l y or middle p a r t o f 
the s p r i n g season, one o f whi c h i s shown 
i n F i g u r e 3, which i s a view o f a c o n c r e t e 
pavement c o v e r e d i n p l a c e s w i t h g r a v e l , 
d i s i n t e g r a t e d g r a n i t e , c i n d e r s , or what
e v e r m a t e r i a ] o f the n a t u r e i s a v a i l a b l e 
t o a s s i s t t r a f f i c i n g e t t i n g o v e r t h e 
p l a c e s where t h e pavement has f a i l e d due 
t o the almost f l u i d c o n d i t i o n o f t h e sub-
grade s o i l s which can be seen e x t r u d i n g 
and f l o w i n g from a l o n g t h e s i d e s o f t h e 
pavement. 

F i g u r e 3. 

Somewhat f a r t h e r t o t h e n o r t h i n t h i s 
same a r e a , where t h e i n f l u e n c e o f t h e 
c o n t a c t zone may not be as g r e a t and where 
t h e s o i l m a n t l e i s t h i c k e r , b u t o f t h e 
same c l a s s i f i c a t i o n , the predominant t y p e 
o f f a i l u r e c o n s i s t s g e n e r a l l y o n l y o f 
a l m o s t c o n t i n u o u s l o n g i t u d i n a l c r a c k i n g 
as shown i n F i g u r e 4. 

I n o t h e r p a r t s o f t h i s area, b u t i n s o i l s 
o f t h e same c l a s s i f i c a t i o n , where t h e y 
o v e r l i e p r e g l a c i a l r i d g e s i n the g r a n i t i c 
b e d r o c k , t h e r e a c t i o n o f t h e s e s o i l s i s 
v e r y moderate. 

I n the r e g i o n o f the c a l c e r e o u s g l a c i a l 
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Figure 4. 

d r i f t the inf luence o f i t s cha rac t e r i s t i c s 
on the s u r f i c i a l s o i l s i s shown i n the 
accompanying photographs. 

F i g u r e s 5i 6, and 7 show views o f 
pavements l a i d on s o i l s o f comparable 
c h a r a c t e r i s t i c s , namely, a l oe s s i a l s o i l 
o v e r l y i n g g l a c i a l d r i f t and developed 
under cond i t ions o f p r a i r i e cover. The 
s o i l s are c l a s s i f i e d as the C a r r i n g t o n 
S i l t Loams (Parr, U.S. Bureau o f S o i l s ) ; 
however, the u n d e r l y i n g d r i f t has char
a c t e r i s t i c s o f d i f f e r e n t natures. 

The pavements each have expans ion 
j o i n t s placed at 5 0 - f o o t i n t e r v a l s and 
longi tudina l j o i n t s , except the one shown 
i-n Figure 7, which also does not have the ' 
thickened edge. 

The pavement i n Figure 5 has developed 
10 t r ansve r se c r a c k i n g except i n ve ry 
o c c a s i o n a l s l abs and no l o n g i t u d i n a l 
cracking or other d i s t r e s s . In t h i s case 
i t i s l a i d on the t h i n d r i f t o f t he 
l l l i o n i a n stage i n southern Wiscons in , 
j v e r l y i n g the S t . Peter sandstone. The 
t e r r a in i s qui te r o l l i n g and the r e l a t i v e 
-opographic e l eva t i on o f the s i t e of the ' 
•oadway f a i r l y we l l elevated. The highway 
a r r i e s about 1,200 vehicles per day. 

In Figure 6 the pavement has developed 
ibout two transverse cracks i n each 50-
oot slab and some f a u l t i n g at the cracks 

'.nd j o i n t s , besides some d i s t r e s s at the 
i n t e r i o r corners and a s l i g h t amount o f 
i o n g i t u d i n a l c rack ing , a l though t h i s i s 
>f avery occasional and t rans ien t nature. 

In t h i s case the u n d e r l y i n g d r i f t i s 
11 the Wisconsin stage, also i n southern 
v i scons in , and i s de r i ved i n p a r t f rom 

the Lower Magnesian limestone and i n part 
from the St . Peter sandstone. The topo
graphy i s somewhat r o l l i n g . "Hiis highway 
ca r r i e s about 2,000 vehicles per day, o f 
which about s i x to e ight percent are heavy 
trucks engaged i n interurban hau l ing . 

In Figure 7 the view rather speaks f o r 
i t s e l f . The under ly ing d r i f t i s der ived 
l a rge ly from the Niagara limestone dur ing 
the Wisconsin stage o f g l a c i a t i o n . The 
t r a f f i c on t h i s road i s around 1,500 

Figure 5. 

vehicles per day. 
These general surveys were begun i n the 

f a l l o f 1942 and c a r r i e d on th rough a 
large pa r t o f 1943. Subsequent to tha t 
time f u r t h e r i n v e s t i g a t i o n s were made at 
i r r e g u l a r i n t e r v a l s , t o check upon some 
s p e c i f i c matter, or to study not only the 
presence o f f a i l u r e , bu t a l so i t s i n 
c idence , i t s c h a r a c t e r i s t i c s , and the 
manner o f i t s occurrence. 

Other c o n t r i b u t o r y fac to r s were given 
considerat ion. The commonly held concept 
o f the c a p i l l a r y movement o f moisture i n 
s o i l s f o r a long t ime, even before t h i s 
i n v e s t i g a t i o n , cou ld no t be assoc ia ted 
w i t h pavement performance, because pave
ments l a i d on s o i l s o f s o - c a l l e d h i g h 
c a p i l l a r y p r o p e r t i e s neve r gave any 
trouble i n the summer or f a l l o f the year, 
even though a man i f e s t water t a b l e was 
w e l l w i t h i n t he p u r p o r t e d h e i g h t o f 
c a p i l l a r y r i s e f o r the s o i l . A study o f 
a v a i l a b l e l i t e r a t u r e on s o i l - m o i s t u r e 
movements was undertaken, and from t h i s , 
and the obse rva t ion o f the pos i t i on o f 
moisture i n the s o i l s dur ing the processes 
o f making excavations, and the observation 
o f o ther n a t u r a l phenomena- r e l a t i n g to 
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moisture movements, a synthesis has been 
developed } y which moisture movements i n 
detr imental quan t i t i e s can be more reason
ably explained and understood, and which 
qui te apparently i s borne out through the 
s a t i s f a c t o r y func t i on ing over a period o f 
t ime, up to and over ten years, o f a sub
s t a n t i a l mileage of pavement o f both the 
r i g i d and f l e x i b l e types i n the s t a t e , 
under the severest condi t ions o f exposure 
to moisture movements i n and through the 
s o i l s , but which were b u i l t on f r e e l y 
d ra in ing permeable ba l l a s t courses. 

These studies , and the observations o f 
the d i f f e r e n t i a l s i n the spr ing break-up 
i n d i f f e r e n t years, associated w i t h cer
t a i n d i f f e r e n t i a l s i n the meteorological 
c o n d i t i o n s over the past twelve years, 
i n d i c a t e another s t r o n g l o n g - t i m e i n 
f luence on pavement performance, not so 
much as a f f e c t i n g the surface s t r u c t u r e 
d i r e c t l y , but i n d i r e c t l y through the v o l 
umes o f mo i s tu re i n the s o i l s and i t s 
proximi ty to the subgrade zone. 

From the combination o f a l l o f these 
c o n t r i b u t i n g elements some conclus ions 
have been drawn; some from d i r e c t obser
v a t i o n and diagnosis o f c o n d i t i o n s , and 
others from in fe rence based on the same 
f ac to r s . 

Figure 6. ' 

The sampling area was l a rge , so tha t 
the idiosyncracies due to e x o t i c l o c a l 
condit ions were more or less recognizable 
and do not have too great a bear ing on 
the f i n a l thes is . 

These features and other evidences o f 
pavement f a i l u r e and the probable causes 
and mechanics t h e r e o f w i l l be f u r t h e r 
described subsequently i n greater d e L i i l , 
but i n order to form a f u r t l i e r background 

some o f the o t h e r i n f l u e n c e s w i l l be 
treated wi th p r io r there to . 

M E T E O R O L O G I C A L I N F L U E N C E S 

For o rd inary highway engineering pur
poses the inf luence of the meteorological 
c o n d i t i o n s i s conce ived o f under the 

Figure 7. ' 

ra ther broad aspects o f general c l ima te . 
Thus i t i s cons idered t h a t i n c e r t a i n 
areas humid condit ions w i l l p r e v a i l , whi le 
i n others they may be considered as a r i d 
or semiarid. S i m i l a r l y , areas are spoke 
of as being subject to f r o s t condi t ions 
whi le others are r a r e l y , i f ever, exposed 
to f r eez ing temperatures, and So on, fo r 
the other phenomena associated w i t h climate 
i n general. 

While these broad d i s t i n c t i o n s do pre
v a i l , i t i s conceived that the d i f f e r ences 
generated by them are those o f degree, 
r a t h e r than t h a t they are fundamenta l . 
W i t h i n these broad c l i m a t i c zones there 
are d i f f e r e n t i a l s created by the immediate 
weather or meteorological condit ions which 
cont r ibu te subs t an t i a l l y to the performance 
evidenced by pavements i n a given year or 
period o f years, because they have a bear
i n g on the amount o f mois ture contained 
by the s o i l s , which i n turn i s a f ac to r i n 
the d i s p o s i t i o n o f f u r t h e r moisture made 
ava i lab le to them, or the quant i ty held by 
them, to come under the i n f l u e n c e o f the 
forces causing movements o f i t to the sub-
grade zones i n deleter ious q u a n t i t i e s . 

The forces causing these movements are 
a lso generated l a r g e l y by the meteoro
l o g i c a l cond i t ions , namely, the tempera
tures . 
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These c o n d i t i o n s i n Wiscons in are 
severe and are conceived to be such tha t 
the manifestat ions thereof become evident 
w i t h o u t the necess i ty o f t a k i n g r e f i n e d 
measurements. 

The mean annua] average p r e c i p i t a t i o n 
i s o f the order o f t h i r t y inches, ranging 
over a 56-yr . p e r i o d f rom a minimum o f 
2 1 . 4 1 t o 4 1 . 6 4 i n . The mean annual 
average temperature ranges from 39 K. i n 
the northern piart to 44 F. in the southern 
p a r t o f the s t a t e . Extreme ranges i n 
temperature o f from 54 below zero to 110 
above have been recorded. 

Tlie s t a t e i t s e l f l i e s on the d i v i d e 
between two of the great cont inenta l water
sheds, the Great Lakes-St. Lawrence River 
and the Mis s i s s ipp i River -Gul f o f Mexico 
d r a i nage b a s i n s . The many t r i b u t a r y 
watersheds to these, which o f t e n appear 
encroach upon each o the r ' s t e r r i t o r y be
cause o f t h e i r apparently leve l nature at 
t h e i r sources , g e n e r a l l y assure o f a 
copious amount o f mois ture i n the sub
surface reservoirs to provide the moisture 
which many times comes under the inf luence 
of the forces causing i t s movement. 

I t has been observed through the years 
tha t the so - ca l l ed annual sp r ing break
up does not occur w i t h equal i n t e n s i t y 
every year. During the past twelve-year 
p e r i o d there were three years i n which 
the break-up was exceedingly severe, so 
much so that i n ce r t a in areas o f the s ta te 
i t became necessary to close roads sur
faced w i t h concre te pavements, no t so 
much f o r the purpose o f saving the pave
ments, but because they became impassable 
to t r a f f i c . 

The subgrade s o i l s became almost f l u i d , 
and are o f t e n extruded along the side o f 
the pavement, as shown i n Figure 3. Trucks 
o f t en broke through the pavement slabs and 
became mired i n the subgrade s o i l s . F i g 
ure 8 shows another view o f a s i m i l a r 
c o n d i t i o n , where sect ions o f the broken 
slab had been p a r t l y pu l l ed out from the 
roadway, some o f the s o f t s o i l had been 
removed, and the en t i r e area covered w i t h 
sur fac ing material to keep t r a f f i c going. ' 

In other cases, ramps had to be b u i l t 
to the heaved areas so that t r a f f i c could 
ge t over them. The view i n F i g u r e 8 

Figure 8. 

p o r t r a y s to some ex t en t the he igh t a t 
tained by some o f these heaves. 

The e x t e n t t o which t h i s o c c u r r e d 
var ied from year to year. 

The meteoro log ica l cond i t i ons du r ing 
the three per iods f i r s t mentioned were 
q u i t e p a r a l l e l . These occurred i n the 
w i n t e r and the f o l l o w i n g sp r ing seasons 
o f 1935-1936, 1940-1941, and 1942-1943. 
The s n o w f a l l began r a t h e r e a r l y i n the 
w in t e r and, w i t h successive storms, con
siderable snow had accuimjlated. Tlie win
t e r s were marked w i t h almost cons tan t 
s u b f r e e z i n g tempera tures , ye t by l a t e 
w i n t e r n e a r l y a l l o f the snow had d i s 
appeared wi thout any appreciable surface 
r u n o f f . 

The blanket o f snow on the shoulders 
o f the road had prevented deep penetrat ion 
o f f r o s t , or ac t i ng as an in su la to r , per
m i t t e d the thawing o f the s o i l and the 
i n f i l t r a t i o n i n t o i t of the melt water o f 
the g radua l ly disappear ing snow. I t i s 
p a r t i c u l a r l y reca l led that by Washington's 
B i r t h d a y i n 1943 the snow had a lmost 
e n t i r e l y disappeared, wi thout any surface 
r u n o f f , and upon i t s disappearance the 
t u l i p s were found to be s p r o u t i n g . The 
d i s s i p a t i o n o f the snow i n t h i s manner 
provided a copious supply o f moisture i n 
the shoulder zones, from whence i t could 
r e a d i l y be conducted i n t o the subgrade 
zones under the pavements themselves, 
where i t f r o z e , w i t h the consequent ia l 
severe damage under t r a f f i c upon thawing. 

I n con t ras t to t h i s , the break-up i n 
the spr ing o f 1947 was r e l a t i v e l y l i g h t . 
Considerable snow had f a l l e n ear ly i n tlie 
win ter , and was on the ground when a Jan
uary thaw and r a i n brought about i t s rap
i d d i s s i p a t i o n , causing f loods i n ' a num-
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ber o f places i n the s ta te . 
Cold weather f o l l o w i n g t h i s f roze the 

s o i l t o a considerable depth, whereupon 
subsequent s n o w f a l l , even i n subs tan t ia l 
q u a n t i t i e s , coming l a t e r i n the w i n t e r , 
occasioned no extensive damage, because 
most o f t h i s was d i s s ipa ted through sur
face r u n o f f . 

The ra ther obvious c o r r e l a t i o n o f the 
s e v e n t y o f these cond i t i ons to the im
mediate me teo ro log i ca l i n f l u e n c e s gave 
r i s e to a considerat ion o f the p r o b a b i l i t y 
o f the o v e r a l l in f luence o f the meteoro
log i ca l condi t ions to pavement performance. 

The extensive and severe drought con
d i t i o n s o f the ea r ly part o f the 1930 de
cade are s t i l l w i t h i n general r e c o l l e c t i o n . 

L loyd L . Har ro ld , Ass i s tan t Engineer, 
U. S. Geological Survey, (2) reports that 
i n the 17-year per iod, 1920 to 1936, there 
were 13 years m 3 1 humid s ta tes , a f f e c t i n g 
f rom 5 to 62 percent o f the area, and 9 
years i n 5 semiarid s tates , a f f e c t i n g from 
10 to 100 percent o f the area, i n which 
t h e p r e c i p i t a t i o n was s u f f i c i e n t l y 
d e f i c i e n t t o class the same as drought 
condi t ions . 

I t i s qu i te d i s t i n c t l y remembered tha t 
through those years f requen t comment on 
the b id pr ices f o r contract work was made 
t o the e f f e c t t ha t the pr ices o f f e r e d by 
given bidders r e f l e c t e d the experiences 
o f the proceeding dry years, and tha t some 
o f them would be caught w i t h o u t hav ing 
s u f f i c i e n t l y taken i n t o account the con
tingency o f wet weather condi t ions , should 
they p reva i l i n the ensuing season. 

TTie f u l l e f f e c t o f t h i s was, however, 
v e i l e d because the drought pe r iod ended 
dur ing the depression o f the fore part o f 
the 1930 decade, and the t r a n s i t i o n i n t o 
the wet cyc le was c o i n c i d e n t w i t h eco
nomic recovery, which in f luenced p r i ces , 
and the ensuing war i n f l a t i o n o b l i t e r a t e d 
the p o s s i b i l i t y o f observing any t rends 
i n the p r i ce s t ructures due to changes i n 
the meteorological cycles . 

Economic cycles have been associated 
t o the meteorological cycles , because o f 
diminished income o f the a g r i c u l t u r e i n 
dus t ry , causing abandonment o f farms and 
migrations o f populat ion. 

Sidney Makepeace Wood (3), i n connection 

w i t h work on the f l u c t u a t i o n s o f the Great 
Lakes and shore l i n e e ros ion , has shown 
an a s soc ia t ion o f meteoro log ica l cond i 
t i o n s t o s o l a r r a d i a t i o n and p l ane t a ry 
cycles . 

The l a t t e r part o f the 1930 decade and 
the fo r epa r t o f the 1940 decade i n d i c a t e 
a departure from the dry condi t ions to a 
more manifest wet cyc le . 

While there appears to be seme contro
versy rega rd ing the c y c l i c a l recurrence 
o f given weather condi t ions , there i s some 
agreement w i th respect to the p e r i o d i c i t y 
o f the Bruckner (^i) cyc le . This general
l y sets f o r t h tha t warmer and d r i e r per
iods a l t e r n a t e w i t h per iods coo le r and 
we t t e r i n an o s c i l l a t o r y cycle o f about 
35 years from maximum to maximum. 

Tlie graphs on Char t No. 1 developed 
from the p r e c i p i t a t i o n records o f three 
Wisconsin U. S. Meteoro log ica l S t a t i ons 
have been constructed i n the manner i n 
d i c a t e d f o r the Bruckner c y c l e . The 
values shown f o r the i n d i v i d u a l years are 
the ten-year averages o f the f i v e years 
preceding and the f i v e years succeeding 
the p a r t i c u l a r year. 

Due to the manner i n which these values 
are determined, the s i g n i f i c a n c e o f the 
char t l i e s i n the analys is o f the trends 
o f the graphs rather than i n the i n d i v i 
dual values. 

Lines s loping upward from l e f t to r i g h t 
i n d i c a t e a general increase m the t rend 
o f p r e c i p i t a t i o n , even though there may 
be i n d i v i d u a l years w i t h i n the period when 
de f i c i enc ie s have occurred, and conversely 
a downward slope from l e f t t o r i g h t repre
sents per iods o f gene ra l l y accumulating 
de f i c i enc i e s o f p r e c i p i t a t i o n . 

The Milwaukee graph indicates a general 
accumulation from 1897 to 1916, w i t h de
f i c i e n c i e s generat ing qu i t e r a p i d l y from 
1916 to 1932, a f t e r which accumulations 
t a k e p l a c e a g a i n . The Madison graph 
fo l lows t h i s pat tern very c lose ly , except 
tha t the de f i c i enc ies extend somewhat be
yond 1932, and w i t h a lower ra te o f r e 
covery succeeding the low po in t . 

The EauClaire pat tern fo l lows the f i r s t 
two i n the e a r l i e r years , a f t e r which 
there i s a sharp drop i n d i c a t i n g a severe 
droughty period w i t h a subsequent s l i g h t 
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recovery and, except f o r a small peak, 
shows a r a t h e r u n i f o r m p e r i o d o f p re 
c i p i t a t i o n at about the mean leve l f o r the 
s t a t i on u n t i l 1926, which i s again f o l l o w 
ed by more de f i c i enc ie s , w i th a r ap id re
covery f o l l o w i n g 1932. 

The graphs f o r several other s t a t i ons 
f o l l o w s imi l a r trends. 

The s i g n i f i c a n c e o f these c y c l i c a l 
occurrences developed on t h i s bas i s i s 
tha t I t I S i n d i c a t i v e o f the f l u c t u a t i o n s 
o f m o i s t u r e i n t he n a t u r a l s t o r a g e 
rese rvo i r s , as manifested both i n the open 
r e s e r v o i r s , such as l akes , and i n the 
underground storage i n the s o i l s . 

The consideration o f cycl icalrecurrences 
o f meteorological condi t ions , even though 
there may be some controversy regard ing 
t he same, i s w o r t h y o f n o t e , because 
meteorological condit ions cont ro l and i n 
f luence the q u a n t i t y o f mois ture i n the 
s o i l and i t s subsequent movements. 

During drought periods o f some extent 
the underground r e s e r v o i r s o f h io i s tu re 
are dep le ted , accompanied by a general 

dehydrat ion o f the s o i l i n the s u r f i c i a l 
zones. I t has been observed, i n excava
t ions made on highway construction- dur ing 
the he igh t o f the drought pe r iod i n the 
e a r l y pa r t o f the 1930 decade, t h a t the 
s o i l had been dehydrated to depths o f 15 
o r 20 f t . , as evidenced by the b l o c k y 
nature o f the excavated m a t e r i a l . 

A d d i t i o n a l moisture, becoming a v a i l 
able to the s u r f i c i a l zones under these 
circumstances, w i l l r a p i d l y be absorbed 
and d iss ipa ted , through perco la t ion , i n t o 
the body o f the s o i l , l eav ing but l i t t l e 
i n the subgrade zone to cause dele ter ious 
reactions i n the pavement. 

On the other hand, dur ing per iods o f 
ample mois ture , the s o i l throughout i t s 
body, as we l l as i n the s u r f i c i a l zones, 
I S at I t s mo i s tu r e -ho ld ing capac i ty , so 
f u r t h e r a b s o r p t i o n and p e r c o l a t i o n i s 
retarded or i n h i b i t e d , w i t h consequential 
react ions i n the pavements. 

The period from the middle twenties to 
the l a t t e r t h i r t i e s was marked by ra ther 
extensive inves t iga t ion and development o f 
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fundamental highway or pavement design 
fea tu res . Since t h i s was l a r g e l y dur ing 
the per iods o f de f i c i enc ie s o f moisture 
i n the s o i l s , these developments were 
i n f l u e n c e d by these c o n d i t i o n s ; and the 
conclusions drawn thereon t h e r e f o r e , no 
d o u b t , r e f l e c t these c o n d i t i o n s t o a 
greater or lesser degree. 

The problems evidenced o f l a t e by the 
pumping and f a u l t i n g o f pavements, and 
t h e i r general decrec ia t ion , are generated 
t o a large degree by the general ly changed 
meteorological cond i t ions , w i t h the con
sequent greater q u a n t i t i e s o f moisture i n 
the s o i l s rendering them more susceptible 
t o deformation under load, rather than to 
inc rease i n the number o f heavy loads 
a lone . Th i s should be i n d i c a t i v e t h a t 
some fundamental changes i n design pre
cepts would be i n order. 

M O I S T U R E I N THE S O I L S AND I T S MOVEMENTS 

I n the considerat ions involved i n the 
performance o f pavements, and the f ac to r s 
t o be r e so lved i n f o r m u l a t i n g precepts 
f o r t h e i r design, there are some tha t can 
be determined w i t h reasonable accuracy 
because t h e i r proper t ies are more or less 
f i x e d . I l l u s t r a t i v e o f these , i n the 
element o f the s o i l s , are determinations 
o f gra in size and d i s t r i b u t i o n , s t ruc tu re , 
c e r t a i n so i l -mois ture r e l a t i o n s , s t rength 
or bearing values as r e l a t ed to , and under 
the condi t ions o f , the t e s t , and s i m i l a r 
p roper t ies . 

The quan t i t y o f moisture tha t w i l l be 
present, and the manner in which i t occurs 
under condi t ions o f actual f i e l d exposure, 
i s a v a r i a b l e , not on ly w i t h respect t o 
l o c a t i o n , but also w i t h respect to d i f f e r 
ent periods at the same l o c a t i o n . 

I t has been p o i n t e d o u t t h a t the 
meteorological condi t ions have a bear ing 
or i n f luence upon the quan t i t y and pos i 
t i o n o f m o i s t u r e m the s o i l s . Other 
s tud ie s and observat ions o f p o s i t i o n o f 
mo i s tu re m the s o i l s , and o f pavement 
performance, i n d i c a t e t h a t the subsur
face conformations are a ra ther c o n t r o l 
l i n g element, associated w i t h the poten
t i a l o f the presence o f moisture m the 
subgrade zones, to cause harmful e f f e c t s 

upon the pavements b u i l t on them. 
While I t may be poss ib le to make de

te rminat ions i n the f i e l d o f the q u a n t i 
t i e s o f moisture present i n the s o i l s a t 
given l o c a t i o n s , such de terminat ions by 
and large would r e f l e c t only the i imiedi-
ate values under the p r e v a i l i n g meteoro
log i ca l condi t ions . EXie to the v a r i a b i l i t y 
o f a l l o f the elements involved, and con
d i t i o n s generated by the meteoro log ica l 
in f luences and subsurface conformations. 
I t appears d o u b t f u l , at the present t ime, 
as to whether the p o t e n t i a l presence o f 
moisture i n detr imental quan t i t i e s i n the 
subgrade zone can be a r r i v e d a t more 
d e f i n i t e l y or exact ly than through i n f e r 
e n t i a l methods based on the synthesis o f 
a l l o f the elements and forces invo lved , 
and c o n t r i b u t o r y t o the presence and 
movement o f moisture i n the s o i l s . 

The movement o f mois ture through the 
s o i l s can and does take place i n a l l three 
dimensions, namely, downward, upward, and 
l a t e r a l l y , the d i r e c t i o n o f the movement 
being c o n t r o l l e d by the forces a c t i v a t i n g 
the movement. 

The upward movement o f mois ture has 
commonly been a s soc ia t ed w i t h a f o r c e 
termed " c a p i l l a r i t y , " and i s described as 
being qui te p a r a l l e l to the c a p i l l a r y r i s e 
o f f l u i d s i n tubes having bores o f small 
d i a m e t e r . References t o i t se t f o r t h 
t h a t r i s e s o f mois ture t o cons iderab le 
heights , but at slow ra tes , take place i n 
very f i n e grained s o i l s such as clays; to 
lesser he ights , but a t more rap id ra tes , 
t h r o u g h s i l t s and ve ry f i n e sands o f 
i n t e r m e d i a t e g r a i n s i z e s , and q u i t e 
n e g l i g i b l e both as to ra te and height m 
mater ia ls f a l l i n g i n the range of coarser 
grain sizes, such as sand. 

Demonstrations o f t h i s can be e f f e c t e d 
by the exposure o f the bottom o f a de
hydra ted column o f s o i l t o a source o f 
moisture, and perhaps measurable quant i 
t i e s and heights o f r i s e can be ascer ta in
ed. 

However, except for a narrow f r i n g e at 
the contact between the s o i l and the source 
o f mois ture , the q u a n t i t i e s o f moisture 
ra i sed through the s o i l s , under the i n 
f luence o f t h i s presumed f o r c e , are i n 
s u f f i c i e n t to cause harmful resu l t s i n the 
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subgrade zones. 
Observat ions o f t h i s have been made 

d u r i n g the course o f e x c a v a t i o n s , i n 
b o r i n g s , and i n the c o n d i t i o n s o f road 
surfaces .dur ing the warmer seasons o f the 
year, where these l i e upon s o i l s o f high 
c a p i l l a r y proper t ies , and have a manifest 
water t ab l e but a small d i s t ance below 
the surface o f the roadway. 

On an occas ion , b o r i n g s which were 
made th rough a c l a y s o i l t o an a q u i f e r 
located about s i x f e e t below the surface 
ind ica ted a ra ther s t i f f and f i r m , though 
damp, c o n d i t i o n t o a d i s t ance o f about 
s i x o r n i n e inches above the water-bearing 
s t ra tum, w i t h i n which small distance the 
s o i l s were sa tura ted . Tlie water i n t h i s 
stratum was under head, since, upon pene
t r a t i n g to I t , the water rose i n the boring 
to w i t h i n a short distance o f the surface. 
Borings made a year apart at the same l o 
cations yielded almost i d e n t i c a l r e su l t s . 
The q u a n t i t y o f moisture i n t h i s column 
was a t about 22 percent, which i s approxi
mately the "Optimum" moisture content f o r 
t h i s s o i l . 

Studies made f o r a g r i c u l t u r a l purposes 
o f the so-ca l led c a p i l l a r y r i s e , to deter
mine i t s e f f e c t upon p lan t l i f e , general ly 
ind ica te tha t i t i s i n s u f f i c i e n t to pre
vent the w i l t i n g o f p lan ts , which i s borne 
ou t by the more r a p i d w i l t i n g o f the 
shor t - rooted p lan ts . 

Bouyoucous (5), summarizing c e r t a i n 
t e s t s on the c a p i l l a r y r i s e o f moisture 
i n s o i l s under f i e l d c o n d i t i o n s , sets 
f o r t h t h a t the r e s u l t s y i e l d e d by the 
method used showed t h a t , when the water 
t a b l e d i d n o t r i s e t o wet the s o i l by 
very close prox imi ty , the actual c a p i l l a r y 
r i s e was very slow, very small i n t o t a l 
amount o f moisture moved, and extremely 
l i m i t e d i n height o f movement. 

On the other hand, i t i s known through 
observat ions and experience t h a t d e t r i 
mental upward movements o f mois tu re do 
take p lace , and observa t ions have been 
made where these have occurred, not only 
through s o i l s possessing so-cal led h igh ly 
c a p i l l a r y p r o p e r t i e s , but a l so through 
noncapi l la ry mater ia l s . 

Several p r o j e c t s had been constructed 
by p lac ing layers o f porous sand upon the 

e a r t h grade. These ranged between the 
p r o j e c t s f rom 12 t o 18 inches i n t h i c k 
ness. I n order to " s t a b i l i z e " the upper 
s u r f a c e o f these l i f t s , a l a y e r o f a 
s i l t y o r s i l t y clay s o i l several inches i n 
thickness was placed upon them, upon which 
6- inch base courses o f s t a b i l i z e d crushed 
s tone or crushed g rave l aggregate were 
b u i l t , which i n t u r n supported a lH t o 
2 - i n c h dense graded b i tuminous su r f ace 
course. I t was but a mat ter of- a couple 
years be fo re the mats had a l l bu t com
p l e t e l y f a i l e d , and the base course mat
e r i a l had become contaminated to a large 
degree w i t h the under ly ing s o i l ma t e r i a l , 
i n d i c a t i n g i t s change o f s t a t e f r o m a 
f i r m to a very p l a s t i c or p a r t i a l l y f l u i d 
s t a t e . 

Other cases have been seen, upon i n 
v e s t i g a t i o n , where the lower po r t ions o f 
s t a b i l i z e d gravel or crushed stone base 
courses placed d i r e c t l y upon porous l i f t 
courses, and p ro tec ted from surface i n 
f i l t r a t i o n by dense b i t u m i n o u s mats , 
contained f r ee moisture t o the extent that 
water f lowed out o f them when the sides 
o f the t e s t hole were d i s t u r b e d , w h i l e 
the u n d e r l y i n g sand was o n l y s l i g h t l y 
damp. I n one case the u n d e r l y i n g l i f t 
course was crushed l i m e s t o n e , maximum 
size three inches, w i t h i n s u f f i c i e n t f i n e 
mate r ia l t o f i l l the large voids between 
the rock. 

These demonstrations have been observ
ed i n w i d e l y separated p o r t i o n s o f the 
s t a t e , but on ly toward the e a r l y middle 
p a r t o f the s p r i n g o f the year . Whi l e , 
i n areas o f the l a t i t u d e s o f Wisconsin, 
these condi t ions may be loose ly associa
ted w i t h f r o s t a c t i o n , i t must be con
s i d e r e d t h a t , i n o r d e r t o have f r o s t 
a c t i o n , moisture must be present because 
d r y s o i l s , l i k e o t h e r d r y m a t e r i a l s , 
do not f reeze , wherefore f r o s t a c t i on i s 
but the supplemental r e s u l t o f a previous 
accumulation o f mois ture . These accumu
l a t i o n s w i l l take place i n the subgrade 
zone, because the escape o f t h i s moisture 
i n t o the atmosphere i s i n h i b i t e d by the 
presence o f an impervious su r f ace , such 
as a pavement. 

The te rm " c a p i l l a r i t y , " o r b e t t e r , 
" c a p i l l a r y capaci ty" i n the f i e l d o f A g r i -
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c u l t u r a l Science, i s used t o denote the 
quant i ty o f moisture tha t can be re ta ined 
by a s o l ] , against the force o f g r a v i t y , 
under condi t ions otherwise p e r m i t t i n g o f 
f r e e i n t e r n a l dra inage. Th i s denotes a 
s t a t e or c o n d i t i o n , ra ther than a f o r ce , 
and the f u r t h e r use o f tha t term i n t h i s 
d i scuss ion s h a l l be i n t e r p r e t e d i n tha t 
l i g h t . 

Tl i i s can be considered to be a condi 
t i o n o f e q u i l i b r i u m between the fo rces 
a c t i n g on the m o i s t u r e , which tend t o 
cause or s tay i t s movement, arfd no f u r 
ther movement w i l l take place imless the 
e q u i l i b r i u m i s d i s tu rbed , or other forces 
act upon i t t o cause fu ther movement. 

That f i l m s o f mois ture surround s o i l 
p a r t i c l e s i s a q u i t e g e n e r a l l y accepted 
concept. Tliere i s also general acceptance 
w i t h regard to some o f the proper t ies o f 
t h i s f i l m m o i s t u r e . For example, the 
f i l m s o f mois ture sur rounding the s o i l 
p a r t i c l e are b u i l t up o f l ayers , such as 
the l a y e r s o f an o n i o n , but b l e n d i n g 
r a t h e r i n s e n s i b l y w i t h each o the r . The 
moisture on the outer layers o f the f i l m 
i s qu i t e r e a d i l y removed, and freezes at 
-4 C. T i a t which i s i n immediate contact 
w i t h the s o i l p a r t i c l e cannot be removed 
by a fo rce many times t h a t o f the fo rce 
o f g r a v i t y , and w i l l not f reeze at tem
peratures above -78 C. I t i s also known 
t h a t f i n e p a r t i c l e s o f s o i l w i l l ho!d 
r e l a t i v e l y th icker f i l m s o f moisture, and 
w i t h greater t enac i ty , than do the coarser 
p a r t i c l e s o f s o i l s . I t has a l s o been 
found tha t , on p a r t i c l e s o f the same s ize , 
the thickness o f the f i l m varies w i th the 
chemical composition o f the s o i l s . 

These phenomena indica te tha t there i s 
some force w i t h i n or surrounding the s o i l 
p a r t i c l e which causes the moisture to ad
here to I t . Whether t h i s force i s caused 
by e l e c t r i c a l energy or by molecular a t 
t r a c t i o n , or i s derived from other source^ 
i s not too mater ia] or c r i t i c a l i n these 
considerat ions; however, some o f the a t 
tendant phenomena are not e n t i r e l y c l a r i 
f i e d by the general concept alone. 

Ed le f sen and Anderson (6) adopt the 
i dea o f an a d s o r p t i v e f i e l d o f f o r c e 
surrounding the s o i l p a r t i c l e which holds 
the mois ture against the s o i l p a r t i c l e s 

under pressure, s e t t i n g f o r t h t h a t such 
idea i s not r a d i c a l , since p r a c t i c a l l y a l l 
explanations o f adsorptive phenomena use 
some such concept. Such f i e l d o f fo rce 
acts i n a manner analogous t o the force 
o f g r a v i t y o f the e a r t h . In accordance 
w i t h Newton 's i nve r se - squa re law, the 
fo rce o f g r a v i t y o f the ear th var ies i n 
v e r s e l y , as the square o f the d i s t ance 
from I t s center. S i m i l a r l y , the adsorptive 
f i e l d o f f o r c e sur rounding a s o i l par
t i c l e i s e f f e c t i v e i n some inverse r a t i o . 
While t h i s has not been measured, i t has 
been postula ted by various i n v e s t i g a t o r s 
t h a t t h i s r a t i o v a r i e s f rom an inverse 
square to an inverse f i f t h o f the distance 
from the center. 

Such v a r i a t i o n could perhaps be account
ed f o r by the d i f f e r e n c e i n chemical com
pos i t i on o f various s o i l s . 

However, f o l l o w i n g up on t h i s concept, 
I t can r e a d i l y be seen t h a t the f i l m 
moisture i n imnediate contact w i t h a small 
p a r t i c l e o f s o i l b e i n g under extreme 
pressure cannot be removed by a f o r c e 
many times tha t o f g r a v i t y , or f rozen at 
temperatures above -78 C. , w h i l e , p r o 
gressing outwardly through the f i l m , the 
pressure h o l d i n g i t d i m i n i s h e s t o the 
p o i n t where i t i s almost f r ee water, and 
freezes at temperatures only s l i g h t l y be
low the f r eez ing po in t . 

S i m i l a r l y , the pressure per u n i t on a 
f i l m surrounding a large p a r t i c l e o f s o i l 
i s cons ide rab ly less than on t h a t su r 
rounding a small p a r t i c l e , which accounts 
a t leas t i n pa r t f o r the lower mois ture-
ho ld ing capaci t ies o f the coarser grained 
m a t e r i a l s , and the g r e a t e r ease w i t h 
which such moisture can be removed from 
the coarser s o i l s . 

For the sake of s i m p l i c i t y , t h i s force 
w i l l be designated as the surface energy 
o f the s o i l p a r t i c l e s . 

A t the c o n d i t i o n o f s o i l - m o i s t u r e 
e q u i l i b r i u m or c a p i l l a r y c a p a c i t y , the 
sur face energy o f the s o i l p a r t i c l e s i s 
s a t i s f i e d , so that the p a r t i c l e s are sur
rounded w i t h f i l m s o f moisture and ho ld , 
suspended between them, pendular moisture, 
held there by the surface tension o f the 
water . Since the span or space between 
two small p a r t i c l e s i s less than the span 
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between two larger p a r t i c l e s , the force o f 
su r face tens ion i s no t extended over as 
great a distance, hence a r e l a t i v e l y great
e r volume o f water i s he ld by t h i s force 
i n f i n e g ra ined s o i l s then t he re i s i n 
s o i l s o f greater gra in s ize . 

At the condi t ion o f e q u i l i b r i u m , there
f o r e , the o n l y f o r c e t e n d i n g t o cause 
f u r t h e r downward movement i s the force o f 
g r a v i t y , and t h i s i s conceived to be i n 
s u f f i c i e n t to overcome the combined e f f e c t 
o f the surface energy and the forces o f 
surface tension, hence there i s a s t a t i c 
cond i t i on , and to d i s t u r b t h i s some other 
f o r c e must be app l i ed i f movement i s t o 
be i n i t i a t e d . 

This may be occasioned by a hydros ta t ic 
pressure exer ted by a d d i t i o n a l moisture 
appl ied a t the surface. I n ce r t a in s o i l s , 
such as the s i l t y clays o f ra ther densely 
graded c o n s t i t u t i o n , or c lays o f a p l a t y 
s t r uc tu r e , add i t iona l moisture may become 
a v a i l a b l e to t h e i r s u r f a c e , as through 
cracks or other f i s sures i n pavements, at 
a f a s t e r r a t e than at which the hydro
s t a t i c head d e v e l o p e d can f o r c e the 
moisture through the e q u i l i b r i u m , wherefore 
the added moisture competes f o r space i n 
the s u r f i c i a l zones o f the subgrade s o i l s , 
s w e l l i n g these, so to say, w i t h the con
sequent formation o f the s l u r r y under the 
ac t i on o f t r a f f i c , w i t h consequent pump
i n g and f a u l t i n g . 

A d e m o n s t r a t i o n o f the p e r c o l a t i o n 
ra te through s o i l s was made by Nelson and 
Muckenhirn (7) i n conducting f i e l d t es t s 
on the r a t e o f i n t a k e o f water or f i e l d 
percola t ion rates on four Wisconsin s o i l s , 
which shows a ra te o f intake ranging from 
one t o three and one-half inches o f water 
d u r i n g the f i r s t hours , and then drops 
o f f very r a p i d l y , so t h a t a t the end o f 
about s i x hours t h i s ranges f rom about 
o n e - f o u r t h inch t o one i n c h . The r a t e 
o f one i nch was s u s t a i n e d i n the s o i l 
hav ing an i n i t i a l r a t e o f three and one-
h a l f inches, up to about 22 hours, a f t e r 
which I t cont inued at a steady ra te o f 
about one -ha l f inch per hour. The s o i l 
w i t h the i n i t i a l r a t e o f one i n c h per 
hour dropped to about one- four th inch at 
the end o f s ix hours, and a f t e r ten hours 
c o n t i n u e d a t a r a t h e r s teady r a t e o f 

four hundredths o f an inch per hour. The 
two o t h e r s o i l s r e a c t e d i n a p a r a l l e l 
manner i n a range between these. 

On the other hand, should the s o i l be
come dehydrated due to a general deple t ion 
o f the moisture i n the underground storage 
reservoi rs and other causes , as occasioned 
by p ro t rac ted dry meteorological periods 
o r d e f i c i e n c i e s o f p r e c i p i t a t i o n , o f t e n 
accompanied by f i s s u r i n g i n the s o i l s , 
t h e r e w i l l be an absence o f pendu la r 
mois tu re , and perhaps o f f i l m mois tu re , 
accompanied by u n s a t i s f i e d surface energy 
o f s o i l p a r t i c l e s extending to greater or 
lesser depths, dependent upon condi t ions . 
A d d i t i o n a l mois ture becoming a v a i l a b l e 
i s r a p i d l y absorbed and dispersed v e r t i 
c a l l y by the combined e f f e c t o f the force 
o f g r a v i t y and u n s a t i s f i e d surface energy 
o f under ly ing p a r t i c l e s , and to some extent 
l a t e r a l l y by the l a t t e r f o r c e s , which 

continues as a d d i t i o n a l moisture becomes 
a v a i l a b l e , u n t i l the c o n d i t i o n o f e q u i 
l i b r i u m has been re-es tabl i shed. 

Under the dehydrated c o n d i t i o n s and 
reac t ions , i n s u f f i c i e n t moisture w i l l be 
r e t a i n e d i n the subgrade zone, so as t o 
eventual ly r e s u l t i n pumping,displacement 
o f s o i l t o cause f a u l t i n g , or to a l low a 
deformation o f the s o i l , w i t h consequent 
d i s t ress i n the pavement. 

There i s , however, ano the r s e t o f 
forces , extraneous to the s o i l s themselves, 
which have a major inf luence on the move
ments o f moisture i n the s o i l s . They w i l l 
a s s i s t i n downward p e r c o l a t i o n , cause 
r i s e s o f moisture from subsurface sources 
i n d e t r i m e n t a l q u a n t i t i e s , and under 
c e r t a i n c o n d i t i o n s cause l a t e r a l move
ments i n , o r i n the p r o x i m i t y o f , the 
subgrade zones. These movements are i n 
duced by and f o l l o w the d i r e c t i o n o f the 
f l o w o f conduct ion cu r r en t s o f heat i n 
the s o i l s . 

These forces or movements perhaps re 
mained unrecognized because o f a concept 
t ha t movements generated by these forces 
were so le ly associated wi th f r o s t a c t i on . 

However, the app l i ca t ion o f the Studies 
o f Stephen Taber (8), i n the mat te r o f 
m o i s t u r e movements i n the s o i l s under 
condi t ions conducive t o f r e e z i n g , i s i n 
d i c a t i v e tha t these forces and movements 
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are a l so a c t i v e t o a g rea te r or lesser 
degree, dependent upon temperature d i f 
f e r e n t i a l s , even though the process i s 
not ca r r ied through t o the u l t ima te frozen 
cond i t i on . 

When there i s a d i f f e r e n t i a l i n tem
perature between two substances there w i l l 
be a f low o f heat from the warmer t o the 
cooler medium, never the reverse. When, 
there fore , the atmospheric temperature i s 
lower than t h a t o f the e a r t h , heat i s 
r a d i a t e d away f rom i t s s u r f a c e . Th i s 
l o s s o f heat a t the su r face w i l l cause 
conduction currents o f heat t o r i s e through 
the s o i l s i n the e f f o r t t o m a i n t a i n a 
c o n d i t i o n o f t empera tu re e q u i l i b r i u m 
throughout i t s mass. According to Taber, 
these currents carry w i t h them moisture i n 
the form o f f i n e f i l m s or f i laments under 
h igh t ens ion , but t h a t t h i s movement i s 
no t due t o c a p i l l a r i t y , because there i s 
no f ree surface or meniscus. 

That t h i s movement i s not due to ce r t a in 
ra ther prevalent concepts o f c a p i l l a r i t y 
I S borne out by p r ev ious ly c i t e d obser
v a t i o n s , made where moisture r i s e s took 
place f rom u n d e r l y i n g sources through a 
r a t h e r heavy l a y e r (18 i n . ) o f coarse 
Sand, i n t o a s i l t y c lay layer , about four 
t o SIX inches i n th ickness , placed upon 
t h i s sand layer , to provide what was then 
thought t o be a s t ab le layer upon which 
t o construct a gravel base course. 

Other evidence o f t h i s can be observed 
i n the f r e e z i n g t a k i n g p lace i n sands 
which apparen t ly were q u i t e d ry be fo re 
f r eez ing , and which y i e l d a very wet con
d i t i o n upon thawing. 

Whether t h i s moisture r ises i n the form 
o f f i l m s or f i l aments , or as vapor, or as 
molecular moisture , i s not too c r i t i c a l . 
The concept o f t h i s movement as being one 
o f moisture i n the molecular s ta te y ie lds 
perhaps the most s a t i s f a c t o r y explanation 
o f many o f the phenomena associated w i t h 
i t . 

The v e l o c i t i e s o f the molecules making 
up the mass o f a substance are no t con
s t a n t , nor are they u n i f o r m . The large 
proport ion o f them v ibra te at what can be 
termed an average r a t e . On e i the r side 
o f t h i s there are propor t ions whose r a t e 
I S very slow, and others whose motion i s 

ve ry r a p i d . The r a t e s o f movement are 
also dependent upon condi t ions o f tempera
ture and pressure. 

In a mass o f water or m o i s t u r e , the 
r a p i d l y moving molecules are more sensi 
t i v e t o a change i n cond i t i ons than the 
s lower moving ones, and w i l l leave the 
parent body i n a vapor or molecular phase 
upon a change i n condi t ions . As the d i f 
f e r e n t i a l condi t ions become more pronoun
ced, the g rea t e r w i l l be the number o f 
molecules a f f e c t e d thereby. 

V i s i b l e man i f e s t a t i ons o f t h i s move
ment may be seen i n the ground fog occur
r i n g i n s c a t t e r e d areas d u r i n g a coo l 
evening f o l l o w i n g a warm day, or i n the 
r e l a t i v e l y t h i n layer o f recondensed vapor 
o v e r l y i n g the surfaces o f open water i n 
the winter t ime when there has been a sharp 
drop i n temperature, and s i m i l a r l y by the 
d r y i n g o f wet pavements accompanying a 
r a p i d , sharp drop i n temperature i n the 
w i n t e r t i m e ; whi le w i t h a s l i g h t o r grad
ual drop an i c y cond i t i on on the surface 
W i l l occur. 

This movement i s f u r t h e r demonstrated 
i n the mechanical r e f r i g e r a t i o n u n i t s by 
the dehydra t ion t a k i n g place i n c e r t a i n 
a r t i c l e s o f food s tored i n them. Leafy 
v e g e t a b l e s , such as l e t t u c e , c e l e r y , 
cabbage, e t c . , w i l l w i l t when s to red m 
these wi thout being placed i n a receptacle 
c o n t a i n i n g wa te r ; meat, cheese, e t c . , 
e spec ia l ly when s l i c e d , w i l l d ry out and 
become unpa la tab le ; and d u r i n g the pro
cess, accumulat ions o f i c e con t inue to 
grow on the c o o l i n g element o f the r e 
f r i g e r a t o r , even though t h e r e i s no 
p h y s i c a l connect ion between i t and the 
food substances. 

When t h i s movement takes p l a c e i n 
s o i l s under ly ing a pavement, the moisture 
cannot escape because o f the impervious-
ness o f the pavement, and thus w i l l con
t inue to accumulate i n the immediate sub-
grade s o i l s . The volume tha t w i l l accumu
l a t e m t h i s manner i s dependent upon 
the q u a n t i t y o f moisture a v a i l a b l e , the 
c o n s t i t u t i o n or s t r a t i f i c a t i o n o f the s o i l , 
or bo th , and the degree and d u r a t i o n o f 
the temperature d i f f e r e n t i a l . 

Accumulations o f moisture whose move
ment was induced by t empera tu re d i f -
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f e r e n t i a l s have been observed at the i n t e r 
face between the top o f base courses and 
the bottom of bituminous surfaces. Holes 
dug through dense bituminous surfaces t o 
the dense graded grave l , or crushed stone 
base under ly ing them, i n the f a l l o f the 
year gave evidence o f the existence o f an 
almost sa tu ra t ed t h i n l aye r o f the ag
gregates o f the top o f the base course. 
The observa t ions made i n examining the 
mat I t s e l f showed no i n d i c a t i o n s t h a t 
t h i s moisture had penetrated through the 
su r face from s u r f i c i a l sources, because 
the mater ia l i n the mat was dense, hard, 
and d r y . 

The moisture having access to the sub-
grade zones and which, as i n d i c a t e d , may 
even penetrate through dense graded base 
courses, may be from several sources. 

A s o i l a t or near i t s c a p i l l a r y capacity 
w i l l have l o o s e l y he ld mois tu re m the 
outside rims o f the f i l m s surrounding the 
s o i l p a r t i c l e s , besides conta in ing a cer
t a i n amount o f f r e e pendular m o i s t u r e . 
Being a t or near the surface o f the sub-
grade, I t may mig ra t e upward t o a f f e c t 
the subgrade q u i t e r e a d i l y , even w i t h 
temperature d i f f e r e n t i a l s o f lesser de
gree. 

Free water, e i t h e r as ground water or 
i n water bearing s t r a t a w i t h i n the l i m i t s 
o f the i n f l u e n c e o f the f o r c e s o f heat 
conduction, w i l l provide p r o l i f i c sources 
o f moisture. 

Accumulations o f snow p i l e d upon the 
shoulders, and vrfiich are d iss ipated w i t h 
o u t a p p r e c i a b l e r u n o f f , as p r e v i o u s l y 
r e f e r r e d t o , form an i n s u l a t i n g b lanke t 
on the shoulders, so tha t any f r o s t i n the 
shoulders w i l l be thawed out from below, 
opening the s o i l so t h a t the mel t water 
from the snow can penetrate i n t o i t , and 
since there i s a great temperature d i f f e r 
e n t i a l between the pavement, on account 
o f i t s being kept f r e e o f snow, and the 
shou lde r zone, which causes a f l o w o f 
heat f rom the shoulder t o the pavement,' 
conducting w i t h i t moisture from the melt 
water. In the densely graded s o i l s , such 
as s i l t y c l ays and c l a y s , the movement 
l a t e r a l l y i s n o t conceived t o be very 
r a p i d , so i t f reezes before reaching the 
c e n t e r o f the pavement. Upon thawing 

t h e r e w i l l be a c o n s i d e r a b l e m o i s t u r e 
d i f f e r e n t i a l across the w i d t h o f h a l f 
the pavement, causing considerable v a r i a 
t i o n i n the bearing va lue o f the s o i l , 
w i t h consequent l o n g i t u d i n a l c r a c k i n g 
under load. 

I n the porous s i l t s , however, t h i s 
movement i s more r a p i d , and whem coming 
from both sides o f the pavement w i l l cause 
concentrat ions along the center , causing 
center breaks i n r i g i d pavements, and the 
preva len t t u r t l e b a c k c rack ing a long the 
c e n t e r o f b i t u m i n o u s pavements, even 
though the base unde r ly ing these i s con
s iderably th i cke r i n the center than along 
the edges. (Old type f ea the r edge base 
c o n s t r u c t i o n ) . Th i s type o f f a i l u r e i s 
qu i t e coomon i n the D r i f t l e s s Area, whi le 
i n the g l ac i a t ed regions the f a i l u r e s o f 
bi tuminous surfaces more o f t e n s t a r t a t 
the edges and progress toward the center . 

Many f a i l u r e s i n pavements have been 
ascribed t o a cause commonly r e f e r r e d to 
as f r o s t a c t i o n . Th i s can be considered 
t o be somewhat o f a vague d e s c r i p t i o n 
c o v e r i n g a m u l t i p l i c i t y o f c o n d i t i o n s . 
Freezing can be conceived t o be a negative 
r e s u l t , consequent t o the loss o f heat, 
ra ther than as a p o s i t i v e f o r c e . 

I n order to have f r eez ing i n the s o i l s , 
m o i s t u r e must be p r e s e n t , because d ry 
s o i l s cannot f r eeze . Mois ture w i l l ac
cumulate i n the s o i l s , however, due to the 
f o r c e s p r e v i o u s l y d e s c r i b e d , and when 
s u f f i c i e n t loss o f heat has been sustained, 
t h i s moisture w i l l change from the l i q u i d 
t o the s o l i d s t a t e . I n some s o i l s t h i s 
w i l l c rea te no r e a d i l y man i f e s t ed d i s 
turbance, because most o f the expansion 
i n v o l v e d i n the change f rom the l i q u i d 
water to the s o l i d ice i s taken up i n the 
i n t e r s t i t i a l pore space. I n other s o i l s 
the f r eez ing w i l l generate segregated ice 
c r y s t a l s or lenses, as described by Taber 
(8)' These occupy space and create pres
sure, r e s u l t i n g m a ra ise o f the surface 
o f t he pavement. Such r a i s e may be a 
m a t t e r o f s e v e r a l inches and be q u i t e 
un i fo rm, w i t h a gradual t r a n s i t i o n between 
areas o f va ry ing l i f t , so tha t i t i s not 
p e r c e p t i b l e except a t br idge abutments, 
r a i l r o a d c r o s s i n g s , o r o t h e r f e a t u r e s 
which are no t s i m i l a r l y a f f e c t e d , o r i t 
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may a f f e c t only areas o f l i m i t e d dimen
sions, but w i t h appreciable r i s e r e s u l t 
ing i n bumps of greater or lesser sever i ty 
i n the pavements. Such areas o f d i f f e r 
e n t i a ] heave may Lie due to e i t he r a change 
i n the c o n s t i t u t i o n o f the s o i l , or a 
d i f f e r e n c e i n the moisture a v a i l a b l e to 
s o i l s o f the same c h a r a c t e r i s t i c s . Other 
than the r i d i n g d i scomfor t , and at times 
the a c t u a l l y dangerous cond i t i on created 
by the d i f f e r e n t i a l heaves, and the con
sequent pavement cracking or breakage due 
to the sharpness o f such ra ises , the l i f t 
occasioned by sucK f reez ing of i t s e l f does 
no p a r t i c u l a r damage as long as the ground 
i s f rozen, l)ecause o f the almost u n l i m i t 
ed bearing inherent to the frozen s o i l . 

The thawing of the accumulated f rozen 
water i n the s o i l s i s the element which 
creates the condit ions h igh ly detr imental 
t o the pavements and roadway s u r f a c e s . 
The large volumes o f water created by the 
m e l t i n g i c e are impounded between the 
pavement and the under ly ing, s t i l l f rozen, 
zone. 

This moisture cannot escape v e r t i c a l l y 
or l a t e r a l l y when i t i s thus impounded i n 
most s o i l s , and dependent upon the quan t i ty , 
w i l l cause f a i l u r e iranging f rom s l i g h t 
cracking to complete des t ruc t ion o f sec
t ions o f pavements, because o f the almost 
f l u i d consistency o f the s o i l generated by 
t h i s water. 

Figure 9 shows a view where a spot o f 
t h i s cond i t i on has broken through to the 
s u r f a c e . When these occur i n i s o l a t e d 
spots they are o f t e n r e f e r r ed to as f r o s t 
b o i l s ; however, i n many cases i t i s not 
alone t h a t i s o l a t e d spots are thus a f 
fec ted . 

Such condit ions i n Wisconsin general ly 
preva i l f o r a number o f weeks, u n t i l the 
under lying frozen s t r a t a have thawed com
p l e t e l y , p e r m i t t i n g o f downward percola
t i o n o f the excess water, ass is ted by a 
r e v e r s a l i n the f l o w o f t empera tu res 
usual 1y beginning at those times. 

I n the foregoing i t has been endeavored 
to develop and o u t l i n e some of the p r i n c i 
ples and phenomena of moisture movements 
i n the s o i l s , and the i n f l u e n c e o f the 
meteorological cond i t ions , both upon the 
quan t i t y o f moisture present i n i t s sub-

Figure 9. 

sequent movements. The app l i ca t ion o f these 
p r i n c i p l e s to the study o f pavement per
formance, together w i t h the considerat ion 
o f the c h a r a c t e r i s t i c s o f the s o i l s and 
o f the e f f e c t o f the energy o f moving 
loads imparted to the s o i l s through the 
pavements, y i e l d s what appears t o be a 
r a t i o n a l and l o g i c a l basis upon which a 
diagnosis o f the performance o f pavements 
can be b u i l t , and which has been found to 
be applicable from place to place, so that 
i t should y i e l d a background upon which 
fu tu r e design premises can be establ ished. 

I n the f o l l o w i n g i t w i l l be endeavored 
t o associa te pavement performance w i t h 
these f e a t u r e s , i n accordance w i t h the 
observations and studies made thereof , i n 
conjunct ion w i t h the c o r r e l a t i o n o f s o i l s 
t o t h e i r geological background and e n v i 
ronment. 

PAVEMENT PERTORMANCE 

The pavements b u i l t i n the S ta te o f 
Wisconsin i n 1920 and e a r l i e r were o f the 
thickened center type, usual ly 6 or 7 i n . 
t h i c k a t the edges, and 8 i n . t h i c k i n 
the center, wi thout a l ong i t ud ina l center 
j o i n t , and had 1/4 i n . expansion j o i n t s 
a t i n t e r v a l s o f 50 f t . During 1921 and 
1922 the same general type o f pavement 
was b u i l t , except t h a t the expans ion 
j o i n t s were omitted; the omission o f which 
was continued through 1924. However, the 
year o f 1923 saw the i n t r o d u c t i o n o f the 
long i tud ina l center j o i n t , formed by means 
o f f u l l depth deformed metal p la tes w i t h 
!4 i n . square s t ee l t i e bars spaced f o u r 
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f e e t on centers . In the subsequent d i s 
cuss ion , whenever l o n g i t u d i n a l c rack ing 
i s r e f e r r e d t o , i t s h a l l always connote 
such c r a c k i n g i n pavements h a v i n g the 
l o n g i t u d i n a l c en t e r j o i n t . T h i s year 
also saw the beginning o f the use o f the 
th i ckened edge s e c t i o n , which has been 
used c o n t i n u a l l y s ince then up t o , bu t 
l io t i nc lud ing 1946. 

I n about 1925 the f i r s t venture w i t h 
dowels across the t ransverse expansion 
j o i n t s was made. The concept o f load 
t r a n s f e r was unknown, and f o u r M i n . 
square rods about 4 f t . long were placed 
across each j o i n t to a i d m prevent ing one 
s l ab f rom r i s i n g over i t s ne ighbor , by 
s l i d i n g on the j o i n t m a t e r i a ] , which had 
been observed i n a number o f cases. This 
design was c a r r i e d through 1925. I n 1926 
and 1927 a comparable des ign was used, 
except tha t expansion j o i n t s were e l imina 
t e d on pavement p laced when the atmos
phe r i c temperature was g e n e r a l l y above 
60 F. 

A large mileage o f pavements was b u i l t 
w i t h the foregoing types o f design, these 
years being among the most a c t i ve i n the 
h i s t o r y o f pavement c o n s t r u c t i o n i n the 
s t a t e . 

I n 1928 expansion j o i n t s were again 
i n s t a l l e d , H i n . a t approximately 5 0 - f t . 
i n t e r v a l s . Th i s year a l s o saw the i n 
c e p t i o n o f the use o f dowels across the 
t ransverse j o i n t s on the p r i n c i p l e s ex
pressed as l o a d t r a n s f e r . These >vere 
usua l ly 3/4 i n . round s tee l rods, painted 
and greased to break bond, w i t h a socket 
on one end to permit o f movement when the 
pavement expanded. These dowels were 
p l a c e d a t 1 5 - i n . i n t e r v a l s , which was 
subsequently reduced t o 12 i n . 

Dur ing t h i s and the ensuing years up 
t o 1946 expansion j o i n t s were used. There 
was a heterogeneous v a r i e t y o f spacing o f 
these, w i t h and w i t h o u t t ransverse con
t r a c t i o n j o i n t s . These ranged from 'A i n , 
j o i n t s eve ry 30 t o 50 f t . t o 3 / 4 - i n . 
and l - m . j o i n t s a t spacings ranging from 
90 to 120 f t . 

When these spacings were over 30 fee t , 
the s labs were d i v i d e d by means o f con
t r a c t i o n JO- s to y i e l d slab lengths not 
i n excess o f 25 or 30 f t . The expansion 

j o i n t m a t e r i a l s used were o f the f e l t 
asphalt premolded type, cork, rubber, and 
asphalt impregnated f i b e r . On a few jobs 
redwood boards were used, and there were 
a lso a few experimental i n s t a l l a t i o n s o f 
the a l l metal a i r c e l l , water seal type. 
C o n t r a c t i o n j o i n t s u s u a l l y were o f the 
impressed type , the groove thus formed 
being f i l l e d w i t h asphal t j o i n t f i l l i n g 
m a t e r i a l , heated and poured i n t o the space. 

The slab cross sect ion was o f the t h i c k 
ened edge type , 9 i n . a t the edges and 

i n . a t the center , except f o r work on 
the heavier t r a v e l l e d roads, where these 
dimensions were 10and 8 i n . r e spec t ive ly . 
The t r a n s i t i o n f rom the th i ckened edge 
through the several years ranged between 
2 and 4 f t . 

The aggregates cons i s t ed l a r g e l y o f 
g rave l s and sand, w i t h a few jobs us ing 
coarse aggregate produced from ledge rock, 
usua l ly limestone. 

I n the nor thern par t o f the s ta te the 
coarse aggregates were l a r g e l y g r a v e l s 
formed out o f the c r y s t a l l i n e or igneous 
rock, such as grani tes , r h y o l i t e s , porphyry, 
basa l t , and s i m i l a r substances, the f i n e 
aggrega te b e i n g p r e d o m i n a n t l y q u a r t z 
mixed w i t h some o f the igneous m a t e r i a l . 

I n the southern pa r t o f the s ta te the 
coarse aggregates were gravels formed out 
o f the Niagara, Galena-Trenton or Lower 
Magnesian l i m e s t o n e f o r m a t i o n s , w i t h 
sands having large percentages o f quartz , 
supplemented by the d o l o m i t i c m a t e r i a l , 
w h i l e , i n areas i n the c e n t r a l p a r t o f 
the s t a t e , there were mixtures o f these 
two basic types. 

These aggregates g e n e r a l l y are f r e e 
from f o r e i g n or d e l e t e r i o u s substances, 
y i e l d i n g concrete having f l e x u r a l strengths 
o f be t t e r than 750 p s i . , and compressive 
strengths w e l l over 3,000 p s i . i n 28 days, 
f o r the o r d i n a r y paving m i x t u r e s , w i t h 
1.25 bar re l s o f cement per cu, y d . , which 
was the cement f a c t o r used f o r q u i t e a 
number o f yea r s , bu t which was l a t e r 
raised to 1.35 f o r more or less adminis t ra
t i v e reasons. 

The service record o f a l l o f the pave
ments shows tha t there i s s u b s t a n t i a l l y 
no f a i l u r e or d i s i n t e g r a t i o n a t t r i b u t a b l e 
so le ly to the fac to r o f the aggregates or 
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the cements t h a t were used. There i s 
a c t u a l l y only a por t ion o f one j o b , a few 
miles i n length , where the d i s i n t e g r a t i o n 
o f the concrete cou ld be a t t r i b u t e d t o 
cha rac te r i s t i c s o f the aggregate, and t h i s , 
as c lose ly as can be ascertained, was due 
t o a contamination o f the aggregate w i t h 
residual mater ia l from the i r o n formation, 
and which could not be removed by washing. 

Innumerable cores were taken from these 
pavements through the years, and tested at 
ages o f f rom s i x t o n ine months, con
s i s t e n t l y showed compressive s t r e n g t h s 
i n the range o f from 4,000 to 6,000 p s i . 

The f o r e g o i n g b r i e f l y and g e n e r a l l y 
o u t l i n e s the p r i n c i p l e features o f pave
ment design and I t s const i tuent mater ia l s . 
I t I S not considered necessary to go i n t o 
g r e a t e r d e t a i l i n these , because these 
e l e m e n t s , w i t h t he e x c e p t i o n o f t he 
expansion j o i n t s , have no grea t bear ing 
on the performance and c o n d i t i o n o f the 
pavements. 

I t w i l l be essayed i n the f o l l o w i n g t o 
o u t l i n e some o f the common f a i l u r e s i n 
pavements, t o g e t h e r w i t h the prohable 
causes o f f a i l u r e , based on observations 
o f t h e i r incidence and other manifestat ions 
o f t h e i r cha rac t e r i s t i c s . 

Transverse Cracking - This i s no doubt 
the most common type o f f a i l u r e . Trans
ve r se c r a c k i n g i s a f u n c t i o n o f s l a b 
l e n g t h , t h i ckness , l oad , and s o i l con
d i t i o n s . T e m p e r a t u r e s t r e s s e s , o r 
s t r e s s e s induced by expansion o r con
t r a c t i o n o f the s lab have but an i n s i g 
n i f i c a n t e f f e c t upon the occurrence o f 
transverse cracks. This i s evidenced by 
the occur rence o f cracks m pavements 
b u i l t wi thout transverse j o i n t s , located 
i n areas where the s o i l s upon which they 
l i e are not adversely a f f ec t ed by moisture, 
and i n some instances where the loads are 
n o t severe even though the s o i l s are 
adversely a f f ec t ed by moisture. 

Observations o f crack i n t e r v a l s ranging 
from 50 to 60 f t . up to as high as 180 f t . 
have been made on pavements now about 20 
y r . o f age b u i l t wi thout transverse j o i n t s . 

Some of t h i s cracking had occurred, no 
doubt, and such observations had been made, 
s h o r t l y a f t e r the pavement had been placed. 

due to i n i t i a l shrinkage i n tha concrete 
wh i l e set was t ak ing place. In seme cases 
t h i s occurred a t about 5 0 - f t . i n t e r v a l s , 
i n others a t around 75 f t . , and up to the 
distances c i t e d before . 

Other o b s e r v a t i o n s on pavements i n 
s e r v i c e a lmost 20 y r . where t r ansverse 
j o i n t s had been placed a t i n t e r v a l s o f 
from 50 to 75 f t . , show tha t many o f such 
slabs s u f f e r e d no in termedia te c racking . 

On the other hand, there are innumer
able places, even on s u b s t a n t i a l l y r e i n 
f o r c e d pavements ( 5 8 - l b . mesh - No. 4 
wires a t 6 - i n . centers i n both d i r e c t i o n s ) 
where i n t e r m e d i a t e c r a c k i n g has t aken 
place i n most o f the s labs , on pavements 
w i t h transverse j o i n t spacing i n the range 
o f from 25 to 50 f t . On pavements w i t h 
5 0 - f t . spacings s u b s t a n t i a l numbers o f 
slabs have at least two transverse cracks. 

On f o u r - l a n e , d i v i d e d highways the 
r ight-hand lanes, which carry the greatest 
v o l u m e o f t h e s l o w e r - m o v i n g heavy 
vehic les , s u f f e r f a r more from transverse 
c r a c k i n g than do the l e f t - h a n d l a n e s , 
which are used more g e n e r a l l y o n l y f o r 
ove r t ak ing passing maneuvers. Th i s has 
been o b s e r v e d on a pavement o f t h i s 
n a t u r e , 10 m . t h i c k a t the edges, w i t h 
an 8 - i n . c en t e r t h i c k n e s s , r e i n f o r c e d 
as above descr ibed, w i t h j o i n t spacings 
o f 30 f t . , \»4iere i n less than 10 y r . time 
about 80 percent o f the slabs i n the r i g h t 
hand h a l f ha4 transverse cracks, w i t h but 
r e l a t i v e l y few o f these cracks extending 
t h rough t o the con t iguous h a l f o f the 
s lab on the l e f t hand s i d e . Qaite par
a l l e l obse rva t ions were made on s i n g l e 
pavements, o f o therwise comparable de
s ign and age, on which the heavy t r a f f i c 
was l a r g e l y x i n i d i r e c t i o n a l . 

Other observations which ind ica te tha t 
t ransverse c r a c k i n g i s l a r g e l y a s o i l -
load f u n c t i o n are the i n t e r m i t t e n t sections 
on the same road where c r a c k i n g and no 
c r a c k i n g occurs , and many t imes these 
sect ions conform very c l o s e l y t o changes 
i n s o i l types, as shown on the s o i l maps, 
or other under lying cond i t ions . 

The s o i l c o n d i t i o n s i n the subgrade 
u n d e r l y i n g the s l ab are no t u n i f o r m or 
constant throughout the year, or i n suc
cessive years. Under some o f these con-
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d i t i o n s the s o i l w i l l permit o f d e f l e c t i o n 
i n the s l a b under l o a d , o f s u f f i c i e n t 
magnitude to permit o f r u p t u r e . I t has 
been observed tha t many times t h i s crack
i n g I S preceded by a permanent rhythmic 
waviness m the pavement before the cracks 
even show up, i n d i c a t i n g t h a t some de
formation has taken place. 

Careful examination o f many slabs d i s 
closed c rack ing on the su r f ace , i n what 
could be termed the i n c i p i e n t s tage. A 
f i n e h a i r l i n e crack, barely percept ib le , 
w i l l s t a r t e i t h e r a t t h e edge o f the pave
ment and extend pa r t ways t o the center, 
or i t may s t a r t a t the center on one side 
o f the road and extend p a r t way to the 
edge. Eventual ly t h i s w i l l extend across 
the h a l f or f u l l width o f the pavement. 

The examination o f cracks which appear 
t o have opened up or become wide , i n a 
g r e a t many i n s t a n c e s , i s m e r e l y t he 
s u r f i c i a l s p a l l i n g at the crack edges due 
t o t h e i r impinging upon each other dur ing 
d e f l e c t i o n under load. 

In other cases, espec ia l ly on pavements 
w i t h expansion j o i n t s , the t r ansve r se 
c r a c k s a c t u a l l y open up . S i m i l a r l y , 
transverse cont rac t ion j o i n t s i n pavements 
w i t h expansion j o i n t s w i l l open up. This 
i s due to the f a c t t h a t when expansion 
takes place the e n t i r e s e c t i o n between 
expansion j o i n t s acts as a u n i t , and w i l l 
extrude the expansion j o i n t m a t e r i a l ; even 
wood ex t rudes t o a degree. When con
t r a c t i o n takes place , each s l ab , formed 
by a j o i n t or crack, acts as an i n d i v i d u a l 
e n t i t y , caus ing the crack or j o i n t t o 
open up, p r o v i d i n g a space f o r the pro
l i f i c i n f i l t r a t i o n o f moisture and d e t r i -
t a l matter . 

S u b s t a n t i a l l y a l l o f the expansion 
j o i n t s examined i n the survey had closed 
to the degree so tha t the opening remain
i n g even i n subzero weather, was less than 
the thickness o f a 10-cent piece, where 
i t had previously been from 'A t o 1 i n . i n 
w i d t h . 

Another type o f transverse cracking i s 
due t o a s h r i n k a g e i n the s o i l s upon 
which the pavements l i e . Observations o f 
t h i s have been made bo th on r i g i d and 
f l e x i b l e type pavements i n the win te r t ime, 
when the s o i l s are f r o z e n . Cracks or 

f i s s u r e s appear i n the shou lde r s and 
shoulder slopes on both sides o f the road
way, and are c o i n c i d e n t w i t h cracks or 
f i s s u r e s i n the pavement. These have 
been observed to occur at i n t e r v a l s spaced 
as c losely as about f i f t y f e e t . 

The pavement or base course, or both , 
f r o z e n s o l i d l y t o the subbase or s o i l , 
f o r m an i n t e g r a l mass. L o n g i t u d i n a l 
f i s s u r e s , between the edge o f the pave
ment and the shoulders have been observ
ed t o be a t t imes concu r r en t w i t h the 
transverse f i s s u r i n g . 

Under c e r t a i n exposures, when c o l d 
temperatures set i n , there w i l l be a de
hydrat ion o f the s o i l , due to the escape 
o f mois ture whose movement was induced 
by the fo rces o f heat conduc t ion , and, 
i f t h i s m o i s t u r e i s no t r ep l aced f rom 
subsurface sources or by p r e c i p i t a t i o n , 
a shrinkage o f the s o i l w i l l take place, 
c a u s i n g a r u p t u r e o f the s o i l a t the 
c r i t i c a l loca t ions . 

Longi tudina l Cracfeing -Under l ong i t ud ina l 
c racking , as shown i n Figure 4, i t i s to 
be understood tha t t h i s d i scuss ion con
cerns i t s e l f only w i t h c rack ing o f t h i s 
type t h a t occurs on pavements w i t h a 
l ong i t ud ina l center j o i n t , and the term 
s l a b i s cons idered t o be one h a l f the 
w i d t h o f a t w o - l a n e pavement, o r one 
t r a f f i c lane. 

Th i s type o f c r a c k i n g i s a f u n c t i o n 
r e l a t e d t o the s o i l - m o i s t u r e - l o a d r e l a 
t i onsh ip s , ra ther than to temperature or 
r e s t r a i n e d warp ing s t resses w i t h i n the 
s l a b i t s e l f , as has been se t f o r t h on 
occasion. This i s manifested by the i n 
cidence o f i t s occurrence , both by i t s 
p o s i t i o n w i t h i n the s l ab i t s e l f , by the 
s o i l s upon which i t occurs, and by c e r t a i n 
observations made. W i t h i n the s l ab i t s 
p o s i t i o n may vary f rom a l i n e a long the 
end o f the t i e bars e x t e n d i n g between 
c o n t i g u o u s s labs t o a l o c a t i o n w i t h i n 
about 2M t o 3 f t . f rom the edge. 

With respect to s o i l types, i t i s very 
common on s o i l s o f the Colby ( a l so known 
as Spencer) s e r i e s , which are l o c a t e d 
g e n e r a l l y i n the r e g i o n o f the O lde r 
( I I l i n o i a n ) D r i f t , cons i s t ing o f a loess ia l 
cover ing over d r i f t formed o f the g r a m -
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t i c rocks , and a l s o o n s o i l s o f the c a l -
cereous g l a c i a l d r i f t . Ch the l a t t e r i t 
i s q u i t e common when the d r i f t had i t s 
o r i g i n f r o m the N i a g a r a l i m e s t o n e o r 
Maquoketa shales, and appears t o a much 
lesser degree when the d r i f t i s a mixture 
o f the lower Magnesian limestone and St . 
Peter sandstones. These s o i l s are classed 
l a rge ly as the Miami and Carr ington (Parr) 
s e r i e s . I t i s very common a l s o on the 
Red Clay g l a c i a l d r i f t , which i s a r e 
worked l acus t r i ne depos i t . Long i tud ina l 
c r a c k i n g i s not q u i t e as predominant on 
the counterpart o f the Miami s o i l s i n the 
r eg ion o f the c r y s t a l l i n e rocks , namely 
the Kennan ser ies . 

I t i s seldom found on the s o i l s o f the 
D r i f t l e s s Area, or on many o f the g l a c i a l 
outwash deposi ts . 

I t s presence i n urban areas v^ere f u l l 
wid th cons t ruc t ion , cons i s t ing o f t r a f f i c 
and park ing lanes w i t h curb and g u t t e r , 
I S qu i t e n e g l i g i b l e , even on many o f the 
s o i l s where t h i s i s predominantly present 
under r u r a l exposures. 

The cause o f t h i s c rack ing i s a d i f 
f e r e n t i a l mois ture content i n the s o i l s 
between the edge and the cen te r o f the 
pavement, deve lop ing a d i f f e r e n t i a l i n 
b e a r i n g power. The s o i l s i n which i t 
occurs have greater resistance to moisture 
movement, because o f e i t h e r t h e i r f i n e r 
g r a i n s i ze , s t r u c t u r e , or g rada t ion , and 
are l a r g e l y s i l t s , s i l t y c lays , and c lays . 
The s o i l s i n which i t i s absent have a 
g r e a t e r p o r o s i t y due t o l a r g e r or more 
u n i f o r m g r a i n s i z e , even though some o f 
them are predominantly s i l t s , so tha t a 
u n i f o r m i t y o f bea r ing i s main ta ined , or 
when they possess s u f f i c i e n t i n t e r n a l 
f r i c t i o n , such as sands, so tha t d i f f e r e n 
t i a l s i n moisture are not s i g n i f i c a n t . 

Cracking o f t h i s k i n d i s induced by a 
d i f f e r e n t i a l i n the mois ture content i n 
the s o i l s u n d e r l y i n g the s l a b , and may 
occur accompanying the f r eez ing o f these 
s o i l s , as a supplemental consequence o f 
f r eez ing , or at times when f r eez ing i s not 
a c o n t r i b u t i n g element. 

I t has been observed, d u r i n g per iods 
when the ground i s f rozen, tha t the edges 
o f the pavement are r a i s e d so t h a t i n 
cases they are higher than the e l eva t i on 

o f the cen te r l ine , i n d i c a t i v e o f a higher 
moisture content, w i th consequeat greater 
expansion or l i f t o f the s o i l along the 
edges than a t the c e n t e r . When t h i s 
mois ture content d iminishes a t a r a t h e r 
uni form ra te from the edge t o the center, 
the l i f t or r i s e o f the pavement i s grad
u a l , and whi l e the edges may be substan
t i a l l y h i g h e r no breakage i n the s l ab 
takes p l a c e . On the o t h e r hand, when 
there i s a ra ther abrupt change through
out the width o f the slab, the edges w i l l 
r i s e , as w i l l a p o r t i o n o f the s lab , and 
the balance w i l l not conform to the r i s e , 
w i t h consequent l o n g i t u d i n a l breakage 
along the l i n e o f change o f moisture con
t en t . 

While i t I S not always the case, the 
source o f the moisture i s o f t e n from the 
slow d i s s i p a t i o n o f snow on the shoulders 
o f the road, me l t i ng wi thou t appreciable 
surface r u n o f f . I h i s moisture has access 
t o the subgrade, where i t f r eezes , the 
penetrat ion l a t e r a l l y being contingent on 
the c o n s t i t u t i o n o f the s o i l s . 

Upon t h a w i n g , the areas h a v i n g the 
most mois ture w i l l sus ta in the g rea tes t 
losses i n bearing, w i t h consequent break
age under load. The f i r s t observation o f 
the cause o f t h i s breakage was i n 1936 on 
a pavement l a i d upon the red clay g l a c i a l 
d r i f t about f i v e years previous t o t h a t 
t ime, and which had s u f f e r e d no d i s t r e s s 
o f t h i s k i n d u n t i l then. The w i n t e r o f 
1935-1936 was one o f severe snowfa l l , and 
the l o c a t i o n o f the cracks th roughout 
t h i s p r o j e c t could q u i t e r e a d i l y be as
sociated w i t h places where excessive d r i f t 
i n g o f snow had very l i k e l y occurred. 

I n urban exposures, snow i s p i l e d on 
impervious surfaces , or even on the per
v ious grass p l o t s between the curb and 
the walk . Even though some p e r c o l a t i o n 
o f melt water w i l l take place, which w i l l 
be induced under the pavement, i t s pene
t r a t i o n w i l l r a r e l y exceed the w i d t h o f 
the parking lanes, w^icharenot subjected 
t o the r e p e t i t i o n o f heavy loads as are 
the t r a v e l l e d lanes , wherefore even i f 
some loss i n bearing i s sustained the con
sequent e f f e c t s are not too ser ious. 

Mesh reinforcement o f the type described 
a r r e s t s the appearance o f l o n g i t u d i n a l 
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cracks t o some degree, or a t lea s t u n t i l 
the members become over-stressed and f a i l . 
Since the Wisconsin p r a c t i c e has been t o 
use mesh having equivalent members m both 
d i r e c t i o n s , and was placed about two inches 
below the surface o f the pavement, the 
f a c t o r s o f area o f s t e e l , l o c a t i o n and 
arrest o f cracking, are i n d i c a t i v e o f the 
cantilever beam type of f a i l u r e , r e s u l t i n g 
i n l ongitudinal cracking. 

Occasionally cracks of t h i s type have 
been observed t o s t a r t a t a transverse 
crack or j o i n t and extend only part ways 
along the sl a b . I n these cases, such 
i n c i p i e n t cracks are more v i s i b l e than 
s i m i l a r beginnings of transverse cracks. 

I n a g r e a t many cases a f t e r these 
cracks have formed there i s also a fu r t h e r 
t i l t i n g of the outside part of the slab, 
to a greater or lesser degree, causing a 
f a u l t along the crack; t h a t side o f the 
crack on the o u t s i d e p a r t o f the s l a b 
r i s i n g above the p o r t i o n o f the s l a b 
toward the center of the pavement. 

Long i t u d i n a l cracking i n many o f the 
s o i l s i s a forerunner o f the f u r t h e r almost 
complete de s t r u c t i o n o f the slab, caused 
by the subsequent increased amount o f 
transverse cracking i n the outer p o r t i o n 
of the slab, probably because of i t s dim
inished width, 

Lxjngitudinal cracking has r a r e l y been 
observed on o l d 9 or 1 0 - f t . pavements 
subsequently widened by a s t r i p on e i t h e r 
side, although i n a few cases the widen
in g s t r i p s have suffered severe transverse 
breakage. The f u l l freedom of the widen
i n g s t r i p s permits them t o conform to the 
bearing o f the s o i l , the hi n g i n g t a k i n g 
place along the j o i n t rather than that i t 
becomes necessary f o r the pavement t o 
produce a j o i n t for i t s e l f by cracking o f 
t h i s type. 

Pumping and Faulting - These two types o f 
pavement f a i l u r e can be considered t o 
gether, since they are o f t e n concurrent 
or complimentary t o each other. I n e i t h e r 
event they have a common cause, namely, 
the combination o f moisture i n the s o i l 
and the progressive d e f l e c t i o n o f the slab 
under moving loads, and whether the u l t i 
mate r e s u l t I S pumping or f a u l t i n g depends 

to a large degree upon the q u a n t i t y o f 
moisture i n the s o i l . 

Pumping I S conceived t o be the expul
sion o f a f l u i d s l u r r y o f s o i l and water 
through a crack or j o i n t under the i n 
fluence o f a moving load. While pumping 
predominantly takes place on the densely 
structured or graded s o i l s , such as s i l t y 
clays and clays, i t has been observed to 
some extent on some sands, but r a r e l y , i f 
ever, i n the s i l t s o f the D r i f t l e s s Area, 
where the grain size of the s o i l s i s pre
dominantly i n the coarse s i l t f r a c t i o n . 

F a u l t i n g can be described as the con
d i t i o n observed where one face of a j o i n t 
or crack i s higher than the other. I t i s 
almost u n i v e r s a l l y the case that the side 
o f the crack or j o i n t on the near side 
toward approaching t r a f f i c i s higher or 
above the f a r side. Wherefore, on opposite 
sides o f the road, the high and low sides 
appear reversed. Faulting occurs i r r e g a r d -
less o f whether the j o i n t contains load 
t r a n s f e r devices or dowels or not. I n 
f a c t , instances have been observed where 
a l l o f the dowels through the j o i n t (3/4-
i n . round s t e e l rods spaces 12 inches on 
centers) had broken at the j o i n t . 

Faulted cracks and j o i n t s are v i s i b l y 
q u i t e obvious, as we l l as evident by the 
thump o c c u r r i n g when r i d i n g over them. 
The f a c t t h a t the near side of the f a u l t 
I S high can be observed when r i d i n g over 
the road, where i t appears that the l e f t 
hand s i d e o f the road i s cracked t o a 
gre a t e r degree than the r i g h t side, be
cause the view i s against the high side 
of the f a u l t , while on the r i g h t hand side 
I t i s over the high side of the f a u l t . 

This I S portrayed i n the view shown 
by Figure 10. Figure 11 shows a close-up 
of a fa u l t e d j o i n t . 

FVimpingand f a u l t i n g , as before stated, 
are the consequence o f a s o i l - m o i s t u r e -
load combination. I t has been observed, 
i n f o l l o w ing heavily loaded trucks, during 
a r a i n s t o r m t h a t f r e e water pumps or 
s q u i r t s q u i t e f r e e l y out o f the cracks 
and j o i n t s as the wheels of the vehicle 
pass over them. This, however, does no 
serious damage, since no s o i l i s c a r r i e d 
w i t h the expelled water, and on some roads 
where t h i s was observed no supplementary 



BLECK - PAVEMENT PERFORMANCE 45 

pumping of s o i l and water was evidenced 
l a t e r on, nor were any consequential e f 
f e c t s i n evidence, which would i n d i c a t e 
that no movement of s o i l took place. The 
reason for t h i s i s very l i k e l y that a f t e r 
the a c t u a l r a i n f a l l ceased the remaining 
water i n the subgrade was exhausted from 
the subgrade zone, through downward per
c o l a t i o n , l e a v i n g an i n s u f f i c i e n t quantity 
to form a s l u r r y , or even to render the 
s o i l s u f f i c i e n t l y p l a s t i c to be d i s p l a c e d 
under load. 

On the other hand, on s o i l s where down
ward p e r c o l a t i o n i s i n h i b i t e d due to the 
texture of the s o i l , or because i t s natural 

Figure 10. 

m o i s t u r e - h o l d i n g c a p a c i t y i s s a t i s f i e d , 
the e x c e s s moisture remaining under the 
s l a b i s not drained o f f , and may penetrate 
o n l y the very s u r f i c i a l p o r t i o n of the 
subgrade zone, which, under a g i t a t i o n and 
v i b r a t i o n induced by t r a f f i c , w i l l create 
a t h i n l a y e r of a s l u r r y of s o i l and water, 
quite f l u i d i n consistency. 

In the colder climates such s l u r r y may 
a l s o be the r e s u l t of a c c r e t i o n s of moist
ure from s u b s u r f a c e sources i n the sub-
grade at i t s i n t e r f a c e with the pavement, 
where i t f r e e z e s . Upon s l i g h t thawing an 
e x c e s s of water w i l l be i n these s o i l s , 
c r e a t i n g the same condition. 

As heavy t r a f f i c passes over the pave
ment the pavement i s deflected, which de
f l e c t i o n i s c a r r i e d forward under the 
load, f o r c i n g ahead of i t portions of t h i s 
s l u r r y under considerable pressure. When 
a crack or j o i n t i s reached, t h i s s l u r r y 
i s e j e c t e d f o r c i b l y upward and out of the 
f i s s u r e , u s u a l l y before the wheel passes 
over the opening, with a secondary surge 

F i g u r e 11. 

i n t o the opening a f t e r the wheel has passed 
over i t , part of the s l u r r y from the for
ward s l a b having been passed i n t o the void 
formed by the e j e c t i o n o f the s l u r r y from 
the back s l a b . T h i s i s i n p a r t due to 
the p a r t i a l vacuum, which perhaps forms 
upon e j e c t i o n and r e c o v e r y of the s l a b , 
and i n part from the pressure on the s l u r r y 
tinder the forward s l a b . 

Figure 12. 

The views on F i g u r e s 12 and 13 were 
taken of a pavement where severe pumping 
was o c c u r r i n g . T h i s pavement was b u i l t 
i n 1937, with j o i n t s at t h i r t y - f o o t cen
t e r s , and was l a i d on the red c l a y g l a c i a l 
t i l l s o i l . A t r e n c h was c a r e f u l l y ex
cavated i n the shoulder, t a k i n g care not 
to remove the s o i l immediately contiguous 
t o the s l a b u n t i l the major p o r t i o n of 
the trench was completed, upon which the 
s o i l next to the s l a b was c a r e f u l l y shaved 
o f f . A t h i n l a y e r of s l u r r y was found 
on top of the subgrade s o i l , below which 
the s o i l for another q u a r t e r i n c h or so 
was somewhat p l a s t i c . Under t h i s the 
s o i l was firm. I t can be seen i n F i g u r e 
12 t h a t the forward s l a b i s a p p a r e n t l y 
unsupported f o r a d i s t a n c e of 4 f e e t or 
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Figure 13. 

more, and the back s l a b for about one h a l f 
t h a t d i s t a n c e . Upon the passage of the 
f i r s t heavy v e h i c l e , the s l u r r y and s o f t 
s o i l extruded sideways, with the r e s u l t s 
shown i n Figure 13. 

There w i l l be times during these s o i l -
moisture c o n b i n a t i o n s when there i s i n 
s u f f i c i e n t moisture to a c t u a l l y cause a 
s l u r r y , because the excess may have been 
pumped out, or the s o i l may have been able 
to absorb i t to a degree, but there w i l l 
be enough moisture i n i t t o cause i t to 
become q u i t e p l a s t i c , i n the sense t h a t 
i t w i l l deform or move quite r e a d i l y under 
load. Under these conditions, s l i ^ t i n 
crements of the s o i l w i l l be moved f o r 
ward under the p r o g r e s s i v e d e f l e c t i o n 
caused by a moving load, u n t i l a crack or 
j o i n t i s reached, where such forward move
ment i s a r r e s t e d , and the s o i l w i l l e i t h e r 
move up i n t o the f i s s u r e , or b u i l d up 
under the end of the s l a b , gradually r a i s 
i n g i t by a wedge-like a c t i o n , c r e a t i n g 
t h e r i s e on the end of the n e a r s l a b , 
thereby generating the f a u l t . J o i n t s o f 
f e l t a s p h a l t c o n s t r u c t i o n sandwiched be
tween t h i n sheet metal p l a t e s have been 
removed, and upon removal i t was found 
that the f e l t had been extruded and l o s t , 
w h i l e the remaining space was p a r t i a l l y 
f i l l e d with s o i l . When i t i s considered 
that the average pavement s l a b weighs only 
about 3/4 p s i . of s u r f i c i a l a r e a , i t i s 
r e a d i l y c o n c e i v a b l e t h a t n o t too much 
force i s necessary to r a i s e i t s end. 

A t h i c k e n e d edge pavement of 10-8-10 
i n . r e i n f o r c e d with 58-lb. mesh, and hav
i n g j o i n t s a t i n t e r v a l s of 30 f t . , was 
b u i l t i n 1936, and c o n t i g u o u s s e c t i o n s 
about a year or two e a r l i e r . T h i s pave
ment, upon completion, was considered to 

be the smoothest b u i l t t h a t year i n the 
s t a t e , according to roughometer measure
ments. A f t e r about four years i t develop
ed extreme waviness, accompanied by t r a n s 
v e r s e c r a c k i n g . S u b s e q u e n t l y t h i s was 
followed by pumping and f a u l t i n g . Being 
one pavement of a dual d i v i d e d highway^ 
the extreme d i s t r e s s was onlyonone lane, 
nanely, the one used by the slower moving 
heavy v e h i c l e s . F a u l t i n g of as much as 
3/4 to 1 i n . i s conmcai, and permanent de
f l e c t i o n s at the c e n t e r s of the s l a b s of 
a s much as 0.15 t o 0.2 f t . have been 
measured. 

The pavement c u r r e n t l y , b e i n g o n l y 
about 10 y r . o l d , i s i n s e r i o u s need o f 
heavy r e s u r f a c i n g i f i t s remaining value 
i s to be salvaged. 

Upon removal of a s e c t i o n of t h i s pave
ment i n both d i r e c t i o n s from an expansion 
j o i n t to the c r a c k s which had formed, i t 
was found t h a t a l l o f the dowel b a r s , 
placed a t 12-in. c e n t e r s , were broken a t 
the j o i n t . The c o n c r e t e u n d e r t h e 
dowel bars i n the s l a b i n the near s i d e 
toward approaching t r a f f i c had been brok
en down i n t o s m a l l p i e c e s , and had be
come mixed up with the subgrade s o i l ex
truded upward i n t o and between the broken 
pi e c e s , to a g r e a t e r degree than the break
down of the lower p a r t of the s l a b shown 
i n Figure 14, which i s a view of the face 
of the c r a c k , again on the s i d e of t h a t 
s l a b n earest approaching t r a f f i c . 

F i g u r e 15 and 16 show the breakdown 
along the center j o i n t under the l e f t hand 
sid e of the pavement, as w e l l as the d i s 
i n t e g r a t i o n i n the t r i a n g u l a r area at the 
i n t e r s e c t i o n of the c e n t e r j o i n t and the 
t r a n s v e r s e j o i n t . These spaces were par
t i a l l y f i l l e d with s o i l . 

F i g u r e s 17 and 18 show the c o n d i t i o n 
along the center j o i n t , on the l e f t hand 
s i d e of the pavement, but under the f a r 
s l a b . While there a p p a r e n t l y i s a l a c k 
o f support, the pavement i s not broken 
down. 

As t h i s area was being removed a t h i n 
l a y e r of s l u r r y of s o i l and water im
m e d i a t e l y u n d e r l a i d the pavement, under 
which the s o i l was very firm, s u f f i c i e n t l y 
so t h a t when the s l u r r y was removed the 
i m p r i n t s of the f e e t of the workmen were 
not d i s c e r n i b l e . 
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A l l of the t i e bars across the center 
j o i n t at t h i s l o c a t i o n were a l s o broken. 

Taking the case of the breakdown of the 

not a v e r s t r e s s e d and remains i n t a c t . 
These extreme c o n d i t i o n s p r e v a i l on 

Figure 14. 

lower part of the pavement under the dow
e l s a t the j o i n t and a t the c r a c k , as 
shown i n Figure 14, and along the center 
j o i n t , as shown i n Figures 15 and 16, when 
loads pass over the pavement there i s a 
d e f l e c t i o n downward under the load, with 
an accompanying r i s e i n the pavement for
ward of the load, which, t o g e t h e r w i t h 
the build-up caused by the a c c r e t i o n o f 
s o i l c a u s i n g a f a u l t , generates extreme 
s h e a r i n g or v e r t i c a l t e n s i l e s t r e s s e s i n 
the lower part of the pavement, generated 
by the r e s i s t a n c e to movement o f f e r e d by 
the dowels, t i e bars, or aggregate i n t e r 
l o c k , w i t h the consequent r u p t u r e and 
breakdown. 

A f t e r the load passes over the crack or 
j o i n t , the immediate d e f l e c t i o n i s down
ward; and, s i n c e there i s no build-up of 
s o i l under the pavement, the pavement i s 

•5? 

Figure 16. 

about 15 mi. of t h i s highway where i t 
p a s s e s through s o i l s c l a s s i f i e d i n the 
C a r r i n g t o n s e r i e s , which c o n s i s t of a 
l o e s s i a l c o v e r i n g o v e r the c a l c a r e o u s 
g l a c i a l d r i f t , and whose development was 
under conditions of p r a i r i e cover, i n d i 
c a t i v e i n t h i s s t a t e of a higher moisture 
exposure, than i f the development had been 
under c o n d i t i o n s of f o r e s t c o ver. The 
t e r r a i n i s q u i t e l e v e l , and the l o e s s i a l 

Figure 15. 

Figure 17. 

cover r a t h e r deep, so t h a t , i n both c u t 
and f i l l s e c t i o n s , the pavement r e s t s 
p r i m a r i l y on these l o e s s i a l s o i l s . 

Where t h i s pavement passes onto the 
Miami s o i l s , the counterpart of the Car-
ringtons, but developed under f o r e s t cover, 
and i n t o the more r o l l i n g t e r r a i n to the 
north, the condition i s not n e a r l y as s e r 
i o u s , even though t h a t pavement i s now 
a p p r o a c h i n g 20 y r . of s e r v i c e , and the 
t r a f f i c volumes a r e f u l l y 50 percent 
g r e a t e r . 
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vanced stage of t h i s type of f a i l u r e , which 
has a l s o attacked the l i p curb along the 
edge of the pavement. 

. ; Figure 18. 

I h i s i s q u i t e d e f i n i t e l y i n d i c a t i v e 
that loads are not the s o l e elements con
t r i b u t i n g to pavement f a i l u r e . 

"D" Cracking - T h i s type of f a i l u r e be
gins with a s l i g h t f i s s u r i n g a t a corner, 
between the edge or c e n t e r j o i n t o f a 
pavement and a crack or j o i n t , and grad
u a l l y develops along the crack or j o i n t , 
and moves p r o g r e s s i v e l y away therefrom i n 
e i t h e r d i r e c t i o n , as w e l l as a l o n g the 
edge or c e n t e r j o i n t to form a p a t t e r n 
roughly i n the shape of the l e t t e r "D". 
At the corners t h i s f i s s u r i n g i s c l o s e l y 
spaced, and g e n e r a l l y on a 45 degree angle 
a c r o s s the corner, while along the crack 
or j o i n t i t p a r a l l e l s the same, with the 
f i s s u r e s a l s o c l o s e l y spaced. I n both 
cases there i s a d d i t i o n a l f i s s u r i n g normal 
to the main l i n e s . 

I n the i n i t i a l s t a g e s these f i s s u r e s 
a p p e a r t o be f i l l e d w i t h a s u b s t a n c e 
obtained e i t h e r from the s o l u t i o n of some 
o f the c o n s t i t u e n t s of the cement or o f 
the aggregates. The view shown i n Figure 
19 i s one of the succeeding stages where 
t h i s substance has p a r t i a l l y disappeared, 
and open f i s s u r i n g has begun. Fig u r e 20 
d e p i c t s a v e r y advanced s t a g e where, 
through the a c t i o n of moisture, f r e e z i n g 
or t r a f f i c , or a combination o f t h e s e , 
d i s i n t e g r a t i o n had s e t i n , accompanied by 
a loosening and l o s s of aggregate. T h i s 
had p r o g r e s s i v e l y worked i n t o the s l a b and 
away from the crack or j o i n t , l e a v i n g the 
pavement remaining i n t a c t i n the shape of 
a wedge, the t h i n n e s t p a r t being a t the 
crack or j o i n t . 

F i g u r e 21 i s another view of an ad-

Fif 19. 

Being of a progressive nature, t h i s i s 
a s e r i o u s type of f a i l u r e i n pavements. 

The causes of t h i s type of f a i l u r e have 
n o t as y e t been f u l l y e v a l u a t e d , but 
through the a s s o c i a t i o n of the l o c a t i o n s 
of i t s occurrence i t can be s e t f o r t h that 
i t i s a condition r e l a t e d to s o i l - m o i s t u r e 
combinations and loads r a t h e r than the one 
a s s o c i a t e d with the m a t e r i a l s used i n the 
c o n s t r u c t i o n of the pavement. Whether or 
not A i r E n t r a i n i n g Cement w i l l minimize 
t h i s type of f a i l u r e cannot be f o r e c a s t 
a t t h i s time, s i n c e t h i s type of f a i l u r e 
has not been observed i n pavements l e s s 
than ten or twelve years of age. 

Figure 20. 

At one time i t was thought t h a t t h i s 
type of f a i l u r e was inherent to pavements 
c o n s t r u c t e d w i t h d o l o m i t i c a g g r e g a t e s . 
However, i t was found that the character
i s t i c s o f the foundation s o i l s a r e the 
i n f l u e n c e s r e s p o n s i b l e f o r the f a i l u r e 
r a t h e r than the type of aggregates used 
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Figure 21. 

i n the c o n s t r u c t i o n , because i t has been 
found that i t occurs only i n s o i l s of the 
c a l c a r e o u s g l a c i a l d r i f t or s o i l s whose 
parentage was o f a calcareous nature. 

T h i s type of f a i l u r e i s v i r t u a l l y absent 
i n pavements i n the D r i f t l e s s Area and i n 
those l a i d on s o i l s of c r y s t a l l i n e rock 
o r i g i n . 

I t has been observed that t h i s type of 
f a i l u r e i s quite coimion on pavements l a i d 
on s o i l s of the calcareous g l a c i a l d r i f t 
but t h a t when these pavements b u i l t of 
the same m a t e r i a l s pass onto the s o i l s of 
the D r i f t l e s s Area or onto s o i l s of the 
Cambrian D r i f t the f a i l u r e ceases to ex
i s t . 

Figure 22. 

The f a i l u r e has been found i n pavements 
b u i l t of igneous a g g r e g a t e s , g r a n i t e , 
b a s a l t , r h y o l i t e , and s i m i l a r substances, 
where they l a y on the red c l a y g l a c i a l 
d r i f t , which i s of calcareous o r i g i n . 

Another s t r i k i n g demonstration of the 
i n f l u e n c e of the s o i l - m o i s t u r e i n f l u e n c e 
on t h i s type of f a i l u r e has been found on 
s e v e r a l contiguous s e c t i o n s of the same 

highway constructed i n 1922 and 1923 with 
d o l o m i t i c aggregates from the same geo
l o g i c a l formation. The pavement was con
s t r u c t e d without transverse j o i n t s of any 
k i n d , except c o n s t r u c t i o n j o i n t s a t the 
end of a day's run. 

The w e s t e r l y four or f i v e miles of t h i s 
s e c t i o n are l a i d on s o i l s i d e n t i f i e d as 
the Clyde S e r i e s , c o n s i s t i n g of a c o l l u v i a l 
s o i l formed i n the lower l y i n g areas from 
the overwash o f the calcareous g l a c i a l 
d r i f t . 

Figure 22 shows a view of t h i s s e c t i o n , 
where "D' c r a c k i n g and consequent blowups' 
have occurred a t i n t e r v a l s of around 250 
to 300 f t . 

Figure 23. 

The next s e c t i o n l i e s on s o i l s c l a s s i 
f i e d as the Miami S e r i e s , c o n s i s t i n g 
l a r g e l y of the ground moraine of the c a l 
c a r e o u s g l a c i a l d r i f t mantled to some 
extent with a windborne s o i l . 

S u b s t a n t i a l l y l e s s f a i l u r e o f t h i s 
k i n d has o c c u r r e d i n the 25 y r . of i t s 
s e r v i c e on t h i s s e c t i o n . 

The s e c t i o n contiguous to t h i s to the 
e a s t l i e s on g l a c i a l outwash s o i l s , l a r g e 
l y sand and gravel with but a t h i n wind-
borne mantle, and which are c l a s s i f i e d i n 
the Fox and Waukesha S e r i e s . 

A t y p i c a l view of t h i s 25 yr. old sec
t i o n some 6 or 7 mi. i n length, shown i n 
F i g u r e 23 shows t h a t " D " c r a c k i n g and 
blowups are v i r t u a l l y non-existent on i t . 

The three s e c t i o n s are so located that 
t r a f f i c on them i s almost i d e n t i c a l . 

The views shown i n F i g u r e s 19 and 20 
were taken of pavements l y i n g on the red 
c l a y l a c u s t r i n e d e p o s i t s i n the now ex
t i n c t g l a c i a l Lake Wisconsin, while t h a t 
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shown i n F i g u r e 21 i s one of a pavement 
l y i n g i n the red c l a y g l a c i a l d r i f t , a l l 
of which s o i l s are of calcareous parentage. 

Blowups - Hiese are conceived to be the 
b u c k l i n g , accompanied by a c r u s h i n g o f 
the c o n c r e t e , due to compressive f o r c e s 
generated by the r e s t r a i n t of the expan
sion i n pavements b u i l t without expansion 
j o i n t s . While t h i s phenomenon has been 
observed i n pavements without p r o v i s i o n 
for expansion, i t has a l s o taken place to 
a l e s s e r degree, i n pavements having ex
pansion j o i n t s placed at r e l a t i v e l y c l o s e 
i n t e r v a l s , of the order of 50 f t . or there
abouts. 

The e a r l y r e c o l l e c t i o n s of these blow
ups d u r i n g the y e a r s when pavements had 
been b u i l t without such j o i n t s , are t h a t 
they g e n e r a l l y o c c u r r e d when h i g h tem^ 
p e r a t u r e s were immediately preceded by 
p r e c i p i t a t i o n . 

Blowups have and do occur. The e v i 
dence secured by the i n v e s t i g a t i o n of the 
performances of pavements, however, e s t a 
b l i s h e s that the simple f a c t o r o f r e s t r a i n 
ed expansion i s not the i n i t i a l cause of 
blowups. A s i m p l e computation o f the 
compressive s t r e s s e s induced by r e s t r a i n e d 
expansion develops t h a t these seldom ex
c e e d about 1,200 p s i . , which l e a v e s a 
f a c t o r of s a f e t y of around three to f i v e , 
or more, i f the i n c r e a s e s i n compressive 
s t r e n g t h due to age are taken i n t o account. 
I f other c o r r e c t i o n f a c t o r s , such as sub-
grade f r i c t i c m , volumetric expansion, e t c . 
are a p p l i e d , some computations have been 
se e n where t h i s s t r e s s was reduced to 
about 600 p s i . 

Actual i n v e s t i g a t i o n shows that there 
i s a s u b s t a n t i a l mileage of the pavements 
w i t h o u t expansion j o i n t s , b u i l t i n the 
1921-1924 and i n the 1926-1927 p e r i o d s , 
which are s t i l l e n t i r e l y f r e e from blow
ups. The evidence s e c u r e d p o i n t s q u i t e 
c o n c l u s i v e l y t h a t the s o i l - m o i s t u r e con
d i t i o n s a r e primary f a c t o r s i n c a u s i n g 
t h i s phenomenon. 

F i g u r e 23 shows a t y p i c a l view of a 
pavement b u i l t w ithout expansion j o i n t s 
l y i n g on g l a c i a l outwash m a t e r i a l s pro
v i d i n g adequate subdrainage, cm which no 
blowups had o c c u r r e d i n about 25 y r . of 
s e r v i c e . 

Figure 24 shows another pavement, i n a 
d i f f e r e n t s e c t i o n of the s t a t e , which was 
b u i l t on t h e P l a i n f i e l d s a n d s ( a l s o 
g l a c i a l outwash) i n 1927. The pavement 
has no expansion j o i n t s , and no blowups 
have o c c u r r e d over d i s t a n c e s of s e v e r a l 
m i l e s where the l o c a t i o n o f the highway 
i s c l o s e to the terminal moraine. F a r t h e r 
a l o n g o n t h i s same highway, the s o i l s t i l l 
being outwash sand, contains a small per
centage of s i l t to c l a s s i f y i t as a sandy 
loan, and i s f a r t h e r away from the terminal 
m o r a i n e ; and, w i t h a m a n i f e s t h i g h e r 
ground water t a b l e , some impingement has 
occurred between the edges of s l a b s formed 
by c r a c k s or j o i n t s , n e c e s s i t a t i n g the 
c u t t i n g o f t r a n s v e r s e r e l i e f t r e n c h e s 
through the pavement to preclude a c t u a l 
blowups. 

On another j o b , i n a s t i l l d i f f e r e n t 
s e c t i o n of the s t a t e , the pavement was 
b u i l t i n 1924 on the Poygan s o i l s , a s o i l 
s i m i l a r to the C l y d e s , but d e r i v e d from 
the r e d c l a y g l a c i a l t i l l . No blowups 
have o c c u r r e d on t h i s pavement i n over 
20 y r . of s e r v i c e . 

Blowups a r e a l s o q u i t e uncommon i n 
pavements l a i d on the g l a c i a l d r i f t de
r i v e d from the c r y s t a l l i n e rocks. 

Innumerable f u r t h e r examples could be 
c i t e d . 

Figure 24. 

Blowups can perhaps be d i v i d e d i n t o 
two c l a s s e s . The f i r s t occurs a t c r a c k s , 
or at j o i n t s without other f u r t h e r pre
v i o u s d i s i n t e g r a t i o n o f the pavement, 
the o t her i s consequent to the d i s i n t e 
g ration caused by "D" cracking. 

The former i s due i n i t i a l l y to some 
subgrade disturbance, such as a n o n f i i l l y 
r e c o v e r e d s l i g h t f r o s t h e a v e , qr a 
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" s w e l l " taking place in the subgrade s o i l , 
a t the crack or j o i n t , due to an i n f i l 
t r a t i o n of moisture, e i t h e r of which would 
l i f t the locus out of the true a x i a l plane, 
when, upon subsequent pressure due to the 
expansive e f f o r t upon a r a i s e i n tempera
ture, the force i s out of the a x i a l plane, 
with consequent u p l i f t and rupture. 

On the l a t t e r type, the pavement hav
i n g d i s i n t e g r a t e d to the wedge-shaped 
edge at the crack or j o i n t , the expansive 
e f f o r t w i l l force one or the other edges 
over the contiguous wedge, with the r e 
s u l t a n t rupture. 

Figure 25. 

An example of t h i s i s shown i n Figure 
25. On the f a r s i d e of the view, the 
"blowup" had occurred on a previous occas
i o n , on the near s i d e , j u s t s h o r t l y be
f o r e the view was taken, w h i l e i n the 
center i t had not as yet occurred. 

Rhythmic Waviness - T h i s i s a c o n d i t i o n 
of rather uniformly spaced i r r e g u l a r i t i e s 
i n the surface of r i g i d pavement, causing 
a p e r i o d i c v e r t i c a l swaying i n the v e h i c l e s 
t r a v e l l i n g over the pavement. T h i s may 
e i t h e r be permanent or t r a n s i t o r y . The 
permanent type was touched upon i n the 
p r e v i o u s d i s c u s s i o n , as being due to a 
permanent d e f l e c t i o n at the center of the 
s l a b , g e n e r a l l y accompanied by f a u l t i n g 
at the j o i n t s . 

On the t r a n s i t o r y type, i t has been 
repeatedly observed that the condition i s 
not always of equal i n t e n s i t y at al 1 times, 
nor does i t occur on a l l s e c t i o n s of the 
same highway a t the same time. I n a l l 
observations made, regardless of the time 
of year, i t was found, with only one or 

another rare exception, that the pavement 
at the j o i n t i s high, while the center of 
the s l a b may perhaps be at i t s o r i g i n a l 
e l e v a t i o n . I n other words, the c r e s t s of 
the waves are a t the j o i n t s , w h i l e the 
cusps are at the center of the s l a b . 

The c o n d i t i o n i s g e n e r a l l y p r e v a l e n t 
only on pavements w i t h j o i n t s , p a r t i c u 
l a r l y those with dowelled j o i n t s . I t has 
r a r e l y , i f ever, been observed on pave
ments b u i l t without j o i n t s , and no r e 
c o l l e c t i o n of the c o n d i t i o n i s made of 
i t s occurrence on pavements with j o i n t s , 
but without dowels. 

The c o n d i t i o n has been o b s e r v e d on 
s o i l s of a l l types. 

One n o t a b l e o b s e r v a t i o n on a 15-mi, 
s e c t i o n of pavement i s that i t gets wavy 
n e a r l y every f a l l , and remains t h a t way 
u n t i l l a t e the f o l l o w i n g s p r i n g . Other 
r e c u r r e n t observations on many roads have 
been t h a t , on the same day, on the same 
road, one passes from smooth to wavy sec
t i o n s and v i c e v e r sa. The two conditions, 
t h e i n t e r m i t t e n t o c c u r r e n c e o f t h i s 
phenomena, and the f a c t that the pavement 
i s always high at the j o i n t s , no matter 
what the temperatures are, should i n d i 
c a t e t h a t the d i f f e r e n t i a l l e n g t h e n i n g 
or shortening between the top and bottom 
of the s l a b , due to d i f f e r e n c e s i n tem
perature a t these l o c a t i o n s , has but an 
i n s i g n i f i c a n t b e a r i n g on the occurrence 
of t h i s waviness. 

This waviness i s more apt to be caused 
by a d i f f e r e n t i a l i n the moisture content 
i n the subgrade s o i l , being h i g h e r a t a 
j o i n t , than a t some d i s t a n c e from i t . 
T h i s may p a r t i c u l a r l y he the case when 
the s o i l i s at or near i t s moisture-hold
ing c apacity, when i t w i l l absorb the i n -
f i l t e r e d m o i s t u r e , w h i c h c a u s e s some 
s w e l l i n g i n the s o i l , r a i s i n g the s l a b 
at the j o i n t . During cool or cold weather, 
the j o i n t s not having the same i n s u l a t i n g 
p r o p e r t i e s as the s l a b , or because the 
s l a b away from the j o i n t s t i l l r e t a i n s 
h e a t p r e v i o u s l y absorbed, there w i l l be 
g r e a t e r movement of moisture from lower 
zones to the upper zones of the subgrade 
a t the j o i n t s , i n c r e a s i n g the m o i s t u r e 
content of the s o i l i n that l o c a t i o n , with 
consequent swe l l of the s o i l and u p l i f t of 
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the pavement. When t h i s m o i s t u r e sub
sequently freezes, the waviness w i l l r e 
main u n t i l t h a w i n g s e t s i n , and t h e 
moisture has receded to r e s t o r e the normal 
condition. 

The only c a s e s of a r e v e r s a l of t h i s 
c o n d i t i o n , namely, where the j o i n t s were 
low, were observed through a region where 
the pavement r e s t e d on a subgrade composed 
l a r g e l y of fine sandy m a t e r i a l , i n a zone 
of a permanently high water table, so that 
c o n s i d e r a b l e s a t u r a t i o n of the sand was 
encountered. I n t h i s c o n d i t i o n , some of 
the subgrade material was undoubtedly ex
truded through the j o i n t s by an a c t i o n 
s i m i l a r to pumping; and not being a p l a s t i c 
s o i l , was hot replaced with material moved 
up to the j o i n t under load d e f l e c t i o n s 
from r e g i o n s n e a r e r the center of the 
s l a b s . 

Other Types of Failure - There are a sub
s t a n t i a l number of f a i l u r e s under c e r t a i n 
s o i l c o n d i t i o n s , where r e c t a n g u l a r s e c 
t i o n s of one or the other side of the cen
te r j o i n t break down and s e t t l e to a de-

j Figure 26. 

gree. Some of these are shown i n F i g u r e 
26 and i n the background view i n F i g u r e 
27. T l i i s would be i n d i c a t i v e of a great
e r m o i s t u r e c o n t e n t i n the s o i l s a long 
the c e n t e r l i n e than a l o n g the edges, 
w i t h consequent l o s s of b e a r i n g power. 
In the p a r t i c u l a r region of the view shown 
i n F i g u r e 27 the s o i l i s a sandy loam, 
which o v e r l i e s the Eau C l a i r e s h a l e s as a 
very t h i n mantle, and i n t h i s region these 
s h a l e s are a q u i f e r s . In t h i s case a l s o , 
the grade l i n e was not l i f t e d s u f f i c i e n t -

Figure 27. 

l y high to permit f u l l d r a i n a g e of the 
sandy loam subgrade. 

S i m i l a r types of f a i l u r e s have been 
observed on s o i l s i n the s i l t ranges. 

While many i n t e r i o r corner breaks have 
been observed, g e n e r a l l y of the nature de
s c r i b e d under Pumping and F a u l t i n g , ex
t e r i o r corner breaks, even i n nonthickened 
edge pavements, are conspicuous by t h e i r 
absence, even under the most adverse s o i l 
c onditions. 

Frost Heave and Frost Li-ft - These pheno
mena are soil-moisture-temperature functicms 
r a t h e r than pavement f a i l u r e s , and the 
mechanics t h e r e o f w i l l be d i s c u s s e d at 
greater length under the caption of "Sub-
base C o u r s e s . " However, some comment on 
t h e i r occurrence w i l l be included at t h i s 
time. 

Hie region of t h e i r most severe occur
r e n c e , and consequent most d e t r i m e n t a l 
e f f e c t s on pavements, i s i n the f l a t 
phase of the Colby (Spencer) s i l t loam 
s o i l s i n the c e n t r a l p a r t of the s t a t e . 
These s o i l s c o n s i s t of a windborne mat
e r i a l d e posited on the g l a c i a l d r i f t of 
g r a n i t i c rock o r i g i n i n the region of the 
Older D r i f t , or where the windborne s i l t 
i s d e p o s i t e d d i r e c t l y on the g r a n i t i c 
bedrock. I n t h i s r e g i o n t h e r e i s a l s o 
the contact between the g r a n i t i c rocks and 
the water-bearing Mt. Simon sandstone or 
Eau C l a i r e s h a l e s of the lower Cambrian 
formations, and i n some c a s e s the d r i f t 
o v e r l i e s these l a t t e r formations. 

Tlie s u r f i c i a ] s o i l s and the d r i f t are 
r a t h e r t h i n , ranging from a few f e e t to 
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10 or 12 f t . i n thickness over these rock 
formations. The igneous g r a n i t e s being 
highly impervious, and the lower Cambrian 
formations being aquifers, provides a 
condition where copious supplies o f moisture 
are a v a i l a b l e t o come w i t h i n the forces 
generated by heat conduction, w i t h t h e i r 
subsequent freezing. 

The condition i s extended somewhat to 
the north where the l a t e Wisconsin Glacial 
D r i f t overrode the e a r l i e r d r i f t , but i n 
rather t h i n formations. 

Severe conditions o f d i f f e r e n t i a l f r o s t 
heave are also found i n some of the sandy 
loam outwash s o i l s where they form but 
t h i n mantles over these lower Cambrian 
formations. 

D i f f e r e n t i a l heaves are also d i s t r i 
buted through the g l a c i a l d r i f t of the 
Wisconsin period i n both the igneous and 
c a l c a r e o u s d r i f t and i n the red c l a y 
g l a c i a l t i l l , as w e l l as i n many sand 
formations. These are due to d i f f e r e n t i a l 
s t r a t i f i c a t i o n o f the s o i l on one hand, 
and to d i f f e r e n t i a l s i n available moisture 
on the other hand. 

D i f f e r e n t i a l f r o s t heaves are q u i t e 
uncommon i n the D r i f t l e s s Area, even 
though most of these s o i l s are predomi
nantly i n the s i l t f r a c t i o n . Appreciable 
uniform f r o s t l i f t i s also not noticeable 
i n t h i s area, because of the porosity o f 
the s o i l s allowing room for the expansion 
of the moisture upon freezing. However, 
the consequent e f f e c t s upon thawing are 
quite p a r a l l e l t o those where freezing i s 
accompanied by appreciable l i f t o f the 
grade l i n e . 
Types of Failures Not Mentioned - There 
may also be other types of pavement f a i l 
ure whichwerenot mentioned, because they 
are not prevalent m Wisconsin; however. 
I t may be possible to also associate some 
of these t o the conditions of t h e i r sub
surface exposures, which, i f p o s s i b l e , 
would provide at least another step toward 
the s o l u t i o n o f the problems generated 
by them. 

SOILS REACTIONS 

The study of pavement performance re
lated t o the s o i l s and associated i n f l u 

ences I S i n d i c a t i v e o f some r e a c t i o n s 
that take place which are not recognizable 
through tests of, and on, the s o i l s . 

These t e s t s , i n the l a b o r a t o r y or m 
the f i e l d , are useful tools for the deter
mination o f some of the c h a r a c t e r i s t i c s 
and po t e n t i a l reactions o f the s o i l s . The 
l i m i t a t i o n s o f such t e s t s , however, are 
t h a t they i n d i c a t e or y i e l d r e s u l t s r e 
presentative only of t h e i r properties under 
the conditions o f the t e s t , and no assur
ance I S obtained t h a t these c o n d i t i o n s 
w i l l p r e v a i l under the p a r t i c u l a r c i r 
cumstances of exposure to which they w i l l 
be subjected under actual service. 

The s o i l s , c o n s i d e r e d g e n e r i c a l l y 
through a l l the ranges o f gram size, ex
h i b i t c e r t a i n properties i n t h e i r reaction 
t o moisture. Sands are q u i t e unstable 
when dry, but w i t h given moisture contents 
are quite f i r m . I n the coarser size ranges 
they are very permeable and are not af
fected seriously by t h e i r moisture content. 
Approaching the f i n e r end of the grada
t i o n band t h e i r permeability diminishes, 
accompanied by an i n c r e a s e i n t h e i r 
m o i s t u r e - h o l d i n g p r o p e r t i e s , and w h i l e 
they are more s u s c e p t i b l e t o s w e l l or 
b u l k i n g under c e r t a i n moisture contents, 
t h e i r load-bearing properties are not too 
s e r i o u s l y impaired vhen confined. 

Soils i n the s i l t family, when of u n i 
form grain size, are possessed o f permea
b i l i t y , although t h i s i s r a t h e r slow. 
Comparisons o f pavement performance on 
s o i l s i n t h i s category, when o f r a t h e r 
u n i f o r m g r a i n s i z e , are i n d i c a t i v e o f 
y i e l d i n g f a i r support for r i g i d pavements 
b u t are s u b j e c t t o ready d e f o r m a t i o n 
under the more concentrated loads imparted 
through f l e x i b l e type pavements. 

S o i l s i n the c l a y range, because o f 
t h e i r minute grain size and pi aty s t r u c t u r e , 
causing overlapping o f the pore spaces be
tween other p a r t i c l e s , o f f e r s u b s t a n t i a l 
resistance to percolation. 

Within these basic types are mixtures 
o f the several classes i n f l u e n c i n g the 
basic types proportionately. 

Within the mass o f any volume of s o i l 
the space i s f i l l e d w i t h p a r t i c l e s o f 
s o i l , a i r , and water, i n varying propor
tions. 
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In terms of the proportion o f moisture, 
when a deficiency of moisture e x i s t s the 
pendular moisture between contiguous s o i l 
p a r t i c l e s iray be l a c k i n g , and the f i l m 
moisture surrounding the s o i l p a r t i c l e s 
diminished so that u n s a t i s f i e d f i e l d s o f 
force or u n s a t i s f i e d surface energy ex
i s t s surrounding the s o i l p a r t i c l e s . I n 
the e f f o r t to e s t a b l i s h e q u i l i b r i u m the 
s o i l p a r t i c l e s endeavor to a t t r a c t the 
remaining f i l m moisture from contiguous 
p a r t i c l e s to themselves, thereby generat
ing t e n s i l e forces w i t h i n the s o i l s body, 
which I S cumulative between contiguous 
p a r t i c l e s to the point where, m c e r t a i n 
s o i l s types, the cumulative t e n s i l e forces 
from opposite di r e c t i o n s cause fissures to 
form at the c r i t i c a l locations. Such f i s 
sures may be both v e r t i c a l and horizon
t a l . A f t e r i n i t i a l f i s s u r i n g , the r e 
s t r a i n t o f f e r e d by the forces a c t i n g i n 
opposite d i r e c t i o n s i s diminished, and 
the cumulative e f f e c t o f ,the tension i n 
the zones between f i s s u r e s w i l l tend t o 
cause these to become wider and more open. 

In s o i l s , p a r t i c u l a r l y those approach
i n g the coarser g r a i n s i z e s , where the 
forces of surface energy are not as dom
i n a n t , the d e h y d r a t i o n o f the s o i l s 
causes some shrinkage, but t h i s i s con
ceived to usually be dissipated v e r t i c a l l y , 
tending to cause o f condition approaching 
the maximum dry density of the s o i l . 

Under the circumstances attendant t o 
a d e f i c i e n c y i n moisture under n a t u r a l 
c o n d i t i o n s , s o i l s o f the coarser g r a i n 
s i z e s tend t o become u n s t a b l e , i f not 
confined, while those i n the f i n e r ranges 
or graded s o i l s become hard and n o t 
susceptible to deformation or displacement. 

Under these conditions, also, ̂ .hey w i l l 
r e a d i l y absorb moisture, d i s p l a c i n g the 
excess o f contained a i r , and because o f 
t h i s w i l l evidence no untoward reactions 
i n pavements constructed on them as long 
as the s o i l moisture proportions remain 
below the so-called c a p i l l a r y capacity o f 
the s o i l . 

When the s o i l s are at t h e i r n a t u r a l 
moisture-holding capacities under condi
tions permitting of free i n t e r n a l drainage, 
or c a p i l l a r y capacity, an optimum (not 
necessarily the so-called Proctor optimum) 

condition i s conceived t o p r e v a i l . This 
can be considered the condition o f equi
l i b r i u m between the s o i l moisture and a i r 
d i s t r i b u t i o n i n the mass. The s o i l i s 
f i r m and not r e a d i l y susceptible t o de
formation under ordinary loadings, which 
i s q u i t e manifest d u r i n g c o n s t r u c t i o n 
operations, when the construction t r a f f i c 
causes neither r u t t i n g or dusting i n the 
surfaces o f the earth runways being used. 

When i n t h i s c o n d i t i o n , however, the 
s o i l s do not r e a d i l y absorb or dispose 
of additional moisture becoming available 
t o them, and excessive moisture contents 
i n given zones w i l l r e a d i l y be established 
as a d d i t i o n a l moisture seeks e n t r y i n t o 
the body o f the s o i l s . 

Under such conditions the excess moisture 
competes for space w i t h the occupants o f 
the mass. A i r i s f u r t h e r displaced, and 
the s o i l p a r t i c l e s tend to be bouyed apart 
from the previous intimate contact w i t h 
each other. Freezing tends toward further 
separation o f the s o i l p a r t i c l e s due to 
the expansive f o r c e o f m o i s t u r e when 
freezing. Upon thawing, a dispersion o f 
the s o i l p a r t i c l e s throughout the melt 
water can be conceived t o be e x i s t e n t , 
y i e l d i n g but very l i t t l e , i f any, support
ing value. 
. The extreme conditions consequent upon 

f r e e z i n g were observed i n the c o n d i t i o n 
o f s t a b i l i z e d base courses, constructed 
under optimum moisture contents, out o f 
crushed and graded g r a v e l s or crushed 
ledge rock, t o d e n s i t i e s of around 135-
145 pcf. 

Upon c u t t i n g a hole through the dense 
graded bituminous surfaces l y i n g on these, 
l a t e m A p r i l or e a r l y i n May, the' pre
viously dense base, course, which rang 1 ike 
concrete when h i t w i t h a hammer before 
the mat was placed, was found t o be loose 
enough to permit easy removal of the base 
course m a t e r i a l , and .a p i c k c o u l d be 
d r i v e n i n t o i t t o a depth o f s e v e r a l 
inches with very l i t t l e . e f f o r t . . 

Moisture e n t e r i n g these base courses 
from subsurface sources under the i n 
fluence o f the forces of heet conduction, 
when low atmospheric temperatures p r e v a i l , 
cannot esqape bec.ause o f the impervious 
bituminous surface.-This;moisture freezes 
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and, due to the expansive force of t h i s 
moisture upon freezing, disrupts the dense 
s t r u c t u r e o f the base course, leaving i t 
loose and r e l a t i v e l y unconsolidated upon 
thawing. No p a r t i c u l a r harm accrued t o 
the surface, however, even under repeated 
a p p l i c a t i o n s o f heavy loads, except i n 
one case where the base course contained 
a c e r t a i n amount o f clay, i n which case 
some f i s s u r i n g or t u r t l e back c r a c k i n g 
occurred i n the r e l a t i v e l y t h i n bituminous 
surface o v e r l y i n g i t , as also i n another 
case where the mat was less than one inch 
t h i c k . TTie s l i g h t movement inherent m 
the base course i n being reconsolidated 
under t r a f f i c , a f t e r the moisture had 
d r a i n e d o u t , was s u f f i c i e n t t o cause 
f i s s u r i n g i n t h i s t h i n mat. 

Further observations on base courses 
during t h i s period o f the year disclosed 
free water hanging i n the lower p o r t i o n 
o f the base courses even though these 
o v e r l a y g r a n u l a r m a t e r i a l s which were 
merely damp. I n one case the lu i d e r l y i n g 
material was a coarse sand, i n another a 
c o a r s e l y , c r u s h e r - r u n , crushed stone, 
w i t h rather open voids. 

Whether, under the conditions o f excess 
moisture, the ultimate severity engendered 
by f r e e z i n g took place or not, the d i s 
persed condition o f the s o i l under excess 
m o i s t u r e c o n d i t i o n s i s one o f degree 
rather than of essence. 

Lacking the i n t i m a t e contact between 
contiguous g r a i n s , and moisture i n ex
cess qua n t i t i e s being readily displaceable, 
the s o i l s are rendered s u s c e p t i b l e t o 
deformation and displacement, the amount 
and character o f which i s contingent on 
the c h a r a c t e r i s t i c s and c o n s t i t u t i o n o f 
the s o i l s , and on the c h a r a c t e r i s t i c s o f 
the pavement i t s e l f . 

Deformations or disglacements of the 
s o i l s under r i g i d type pavements are mani
f e s t e d by tr a n s v e r s e and l o n g i t u d i n a l 
cracking, pumping, f a u l t i n g , displacement 
o f s l a b s , and s i m i l a r f e a t u r e s . I n 
f l e x i b l e type pavements these are mani
fested by t u r t l e back cracking, r u t t i n g 
with or without upward displacement of the 
areas contiguous to the r u t s , and complete 
breaks through the pavement and base 
course. 

I t I S not only the magnitude o f the 
loads imposed upon the pavement, but also 
the frequency o f the incidence o f these 
loads, t h a t i s a potent f a c t o r i n the 
u l t i m a t e performance o f the pavement. 
The infrequent application of loads w i t h 
i n legal l i m i t s , under many conditions of 
excess moisture i n the s o i l s , may r e f l e c t 
no p a r t i c u l a r harm i n the pa"ement, where 
a frequent incidence o f these loads w i l l 
progressively lead t o the dest r u c t i o n of 
the pavement. 

This i s manifested by the condition of 
pavements l y i n g on s o i l s conducive to de
trimental reactions, but on which the i n 
cidence o f heavy loads i s quite infrequent, 
and by the difference i n the condition of 
contiguous pavement lanes where the flow 
of heavy t r a f f i c i s l a r g e l y u n i d i r e c t i o n a l . 

Moving t r a f f i c or loads traversing the 
pavement impart energy to the pavement, 
which i n part i s transmitted through the 
pavement t o the underlying s o i l s . This 
causes a v i b r a t i o n or a g i t a t i o n m the 
s o i l s , t e n d i n g t o b r i n g the dispersed 
p a r t i c l e s i n t o contact w i t h each other, 
with a consequent displacement o f moisture. 
Since t h i s moisture cannot be dispersed 
downward or l a t e r a l l y , i t s tendency w i l l 
be t o come t o the surface, generating a 
s t i l l greater loss o f sustaining power at 
the c o n t a c t between the s o i l and the 
pavement or base course. The action, and 
the consequent r e s u l t , can be described 
as being q u i t e p a r a l l e l t o th a t o f tap
ping a moist area of s o i l w i t h the soles 
of the shoes, or tapping a moist s o i l pat 
wit h the fingers or palm of the hand, dur
i n g which moisture i s brought t o the sur
face. 

When loads causing t h i s r e a c t i o n are 
i n f r e q u e n t l y applied, the time i n t e r v a l 
between successive loads p e r m i t s the 
moisture brought up to recede i n t o the 
body o f the s o i l , thereby m a i n t a i n i n g 
some semblance o f supporting value. On 
the other hand, the frequent incidence of 
loads o f t h i s magnitude w i l l tend to keep 
t h i s moisture at the contact between the 
pavement or base course and the subgrade, 
or t o give r i s e t o accretions of moisture 
i n t h i s zone, w i t h the consequent dimin
i s h i n g bearing power o f the s o i l s . I n 
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t h i s l i g h t , the factor o f t e n spoken of as 
f a t i g u e i n the pavement i n r e a l i t y i s 
f a t i g u e o f the s u p p o r t i n g medium, the 
r e s u l t s o f which a r e r e f l e c t e d i n the 
pavement i t s e l f . 

Base courses of porous m a t e r i a l with 
f i n e i n t e r s t i t i a l pore space i n c o n t a c t 
with subgrades under these conditions may 
tend to absorb po r t i o n s of t h i s moisture 

. to a l l e v i a t e the u l t i m a t e r e s u l t . However, 
i f the pore space i s l a r g e , the s l u r r y , 
when formed, may i n t r u d e i n t o the base 
course m a t e r i a l s , tending to separate the 
c o n t a c t between the i n d i v i d u a l aggregate 
p a r t i c l e s , thereby destroying t h e i r s t a b 
i l i t y or load t r a n s m i t t i n g p r o p e r t i e s . 

P a s s i n g mention had been p r e v i o u s l y 
made on the i n f l u e n c e of s t r a t i f i c a t i o n 
i n the s o i l s column. S t r a t i f i c a t i o n o f 
any s o r t i n the s o i l s column a c t s as an 
i n h i b i t o r toward the free i n t e r n a l d r a i n 
age of the s o i l , due to the d i f f e r e n c e s 
i n the f o r c e of the s u r f a c e energy s u r 
rounding the s o i l p a r t i c l e s . 

S t r a t a of f i n e r grained m a t e r i a l s , due 
to t h e i r higher moisture-holding p o t e n t i a l s . 
w i l l hold moisture a g a i n s t the a c t i o n o f 
g r a v i t y , and prevent the p e r c o l a t i o n from 
them i n t o u n d e r l y i n g s t r a t a of c o a r s e r 
m a t e r i a l s ; or, because o f t h e i r moisture-
h o l d i n g p o t e n t i a l b e i n g s a t i s f i e d , w i l l 
i n h i b i t p e r c o l a t i o n from o v e r l y i n g s t r a t a 
o f c o a r s e r m a t e r i a l . 

S t r a t a o f c o a r s e r m a t e r i a l , under 
topographic i n f l u e n c e s conducive thereto, 
w i l l a c t as a q u i f e r s to keep the moisture-
holding p o t e n t i a l s of the f i n e r m a t e r i a l s 
s a t i s f i e d . 

F i g u r e 28 shows a n o t h e r v i e w of a 
r a t h e r h i g h l y s t r a t i f i e d waterborne de
p o s i t , which would cause trouble to pave
ments l a i d on i t , even though a sample of 
i t s e c u r e d from o r d i n a r y b o r i n g s , when 
tested , would show the c h a r a c t e r i s t i c s of 
a s o - c a l l e d A-2 n o n p l a s t i c s o i l . 

Hie u l t i m a t e e f f e c t upon the s o i l s i n 
the subgrade zone of s t r a t i f i c a t i o n i n the 
s o i l s column depends upon the degree of 
s t r a t i f i c a t i o n , i t s proximity to the sub-
grade zone, and the expected temperature 
d i f f e r e n t i a l s between the atmosphere and 
the earth, which control the magnitude of 
the forces generated by head conduction. 

I n l i k e manner, the accumulations of 
moisture over impervious bedrock forma-

Figure 28. 

t i o n s , or water-bearing rock formations, 
are s e n s i t i v e to the f o r c e s of heat con
duction. 

I t has been s t a t e d by Taber (8) t h a t , 
under severe conditions, the i n f l u e n c e of 
t h e s e f o r c e s may e x t e n d t o as much a s 
15 f t . below the s u r f a c e . 

The c o n d i t i o n s accompanying s e v e r e 
f r o s t r e a c t i o n s can be c o n s i d e r e d to be 
s p e c i a l problems i n v o l v i n g p r o v i s i o n s f o r 
i n s u l a t i o n , d i s p o s a l o f r e l a t i v e l y copious 
volumes of moisture, be s i d e s the f a c t o r s 
o f b e a r i n g ; t h e s e w i l l be d w e l t upon 
s e p a r a t e l y i n g r e a t e r d e t a i l under the 
d i s c u s s i o n on Subbase Courses. 

Hie topographical conformation of the 
t e r r a i n may or may not have an i n f l u e n c e 
on the r e a c t i o n of the s o i l s ; however, of 
i t s e l f , topographic p o s i t i o n of a g i v e n 
s i t e i s not c o n c l u s i v e w i t h r e s p e c t to 
the e f f e c t upon the s o i l s . 

Some of the worst conditions have been 
e n c o u n t e r e d on h i g h r i d g e l o c a t i o n s , 
w i t h s i d e s l o p e s f a l l i n g s t e e p l y away 
from the proximate highway l o c a t i o n ; while 
i n the more gentle topography comparable 
s o i l s gave l e s s trouble. 

Ch the other hand, the converse i s a l s o 
true. 

R e l a t i v e l y l e v e l a r e a s c o n s t i t u t i n g 
r a t h e r f l a t d i v i d e s between main drainage 
courses, with t r i b u t a r y streams apparently 
e n c r o a c h i n g g e o g r a p h i c a l l y upon e a c h 
o t h e r ' s t e r r i t o r y , are u s u a l l y c o n t r i 
butory to s u b s t a n t i a l volumes of moisture 
in the subsurface s o i l s . 
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I n general, however, i t has been found 
t h a t the conditions of surface drainage, 
without the concurrent consideration o f 
subsurface conditions, are seldom s i g n i 
f i c a n t o f what can be expected under the 
surface. 

PAVEMENTS 

Hie problem of developing methods where
by thicknesses o f pavements and o t h e r 
s t r u c t u r a l features may be determined has 
been the subject o f an extensive amount 
of work and research. A number of methods 
have been developed which, or modifications 
of which, are i n more or less common usage. 
S i m i l a r l y , extensive work has been done, 
both i n the f i e l d and i n the laboratory, 
t o a s c e r t a i n means whereby the bearing 
power and other properties of s o i l s could 
be evaluated. Tljese features have been 
extensively reported and discussed i n the 
l i t e r a t u r e . 

For the design o f f l e x i b l e type pave
ments, 22 d i f f e r e n t formulae or methods 
are presented and discussed i n the 1945 
Proceedings o f the Highway Research Board. 
A review of some of these discloses t h a t , 
f o r the same values o f l o a d and s o i l 
bearing power, thicknesses varying several 
hundred percent from each other are de
veloped. 

For the design o f r i g i d pavements, the 
so-called Corner Load Theory, the Wester-
gaard Analysis, and adaptations o f modi
f i c a t i o n s o f these are i n more or less 
general use. These lay emphasis on the 
f l e x u r a l stresses generated i n pavements 
under wheel loads, or to combinations of 
wheel loads and temperature d i f f e r e n t i a l s 
w i t h i n the s l a b , and a t times though 
somewhat a r b i t r a r i l y , attempt to i n t r o 
duce the factor of subgrade support. 

Slab lengths, under these precepts o f 
design, are proportioned on the basis o f 
temperature c r i t e r i a , and p r o v i s i o n i s 
made to take care of expansive movements 
i n the pavements. Devices f o r the trans
f e r o f load across slab ends have been 
developed and used. The feature" o f ag
g r e g a t e - i n t e r l o c k i s c r e d i t e d w i t h load 
transfer a b i l i t y across cracks or j o i n t s . 
The t h i c k e n e d edge c r o s s s e c t i o n i s 

c r e d i t e d w i t h being a balanced design 
w i t h respect to stresses at the corners, 
edges, and i n t e r i o r areas, vrfiereby econ
omies i n the d i s t r i b u t i o n o f m a t e r i a l s 
can be affected. 

Hiere i s an extensive mileage o f pave
ment under service which can be accepted 
as proof o f the t h e o r i e s i n v o l v e d , and 
the assumptions made i n the development 
o f these design p r a c t i c e s and formulae. 
TTjere i s also, however, an equal, i f not 
g r e a t e r , mileage which can be used as 
proof of an opposite contention. 

Serious e x t e r i o r comer breakage was 
found to be highly infrequent i n pavements, 
even i n those o f non-thickened edge de
s i g n . F a i l u r e s a t i n t e r i o r corners, i n 
pavements o f the thickened edge design, 
and.provided with load transfer dowels i s , 
on the other hand,' q u i t e common i n many 
pavements. T r a n s v e r s e c r a c k i n g has 
frequently been observed t o s t a r t a t the 
center o f a pavement and progress to the 
edge, as well as s t a r t i n g at the edge and 
working inward. 

The h a b i t u a l l a c k o f l o n g i t u d i n a l 
cracking i n c e r t a i n areas, and i t s pre
valence i n others, even i n pavements with 
f u l l depth l o n g i t u d i n a l j o i n t s , indicates 
t h a t the causes o f t h i s type o f f a i l u r e 
must be s p u ^ t f o r elsewhere than i n tem
perature stresses. 

Pavements i n urban areas with curb and 
g u t t e r and p a r k i n g lanes are g e n e r a l l y 
found t o be i n s u b s t a n t i a l l y b e t t e r con
dition., thmi r u r a l pavements,notwithstand
i n g t h a t c i t y pavements often carry more 
and heavier loads than do t h e i r r u r a l 
neighbors. 

I f the o v e r - a l l f a c t o r s c o n t r i b u t i n g 
t o pavement performance are taken i n t o 
account on the basis o f the c o n d i t i o n s 
under which t y p i c a l performance i s mani
fested, and the mechanics of f a i l u r e are 
analyzed i n the evidence of the character
i s t i c s of the f a i l u r e and the conditions 
under which i t occurs, the problems re
solve themselves p r i m a r i l y i n t o considera
t i o n s o f loads as r e l a t e d t o the s o i l -
moisture r e l a t i o n s h i p s of the supporting 
medium, and the d i s t r i b u t i o n o f these 
loads over the supporting medium, without 
excessive d e f l e c t i o n or deformation i n 
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medium. I f , therefore, the manifestations 
of pavement performance are associated to 
the c o n d i t i o n s o f t h e i r subsurface ex
posure, i t can be established t h a t reac
t i o n s o f t e n a t t r i b u t e d t o other causes 
e i t h e r do riot occur or are q u i t e i n s i g 
n i f i c a n t i n t h e i r extent. 

The a p p l i c a t i o n o f loads to the sup
p o r t i n g medium o f r i g i d type pavements 
can be conceived to be required to be done 
i n a manner that w i l l not cause appreciable 
concentrations of load on the supporting 
medium or, as can be s t a t e d i n another 
manner, must be d i s t r i b u t e d as uniformly 
as possible over s u f f i c i e n t area o f the 
supporting medium t o develop a r e a c t i o n 
throughout, which w i l l be equivalent to 
the load imposed. 

Concentrations of stress w i l l be im
posed upon the supporting medium i f the 
pavement i s allowed to d e f l e c t under load. 
With deflections under load, movements or 
displacement o f the u n d e r l y i n g medium 
w i l l be encouraged or engendered. These 
may consist of a v e r t i c a l compression o f 
the s o i l , or a l o n g i t u d i n a l displacement 
inherent to the wavelike progress of the 
d e f l e c t i o n under the moving load, or both. 

While I t may not be possible to absolutely 
i n h i b i t a l l d e f l e c t i o n , the more the de
f l e c t i o n IS minimized the less concentra
t i o n of load w i l l be made e f f e c t i v e upon 
the s o i l , w i t h a consequent lesser de
formation i n i t . 

Since a r i g i d pavement i s supported 
over I t s e n t i r e area, and since the pave
ment tends to minimize the deformation 
of the s o i l through the r e s t r a i n t i t im
poses on the upward v e r t i c a l pressure 
exerted by the s o i l i n the process of i t s 
deformation, i t can be conceived to be a 
s t a t i c a l l y indeterminate s t r u c t u r e whose 
functioning does not lend i t s e l f to ready 
mathematical analysis. 

Also, due to the inherent character
i s t i c s o f a r i g i d pavement, i t i s per
haps more proper to consider the loadings 
on a lane or axle load basis, r a t h e r than 
on an i n d i v i d u a l wheel load basis, a l 
though e i t h e r way would not be too c r i t i 
c a l , however, f o r the purposes o f i l 
l u s t r a t i o n of some of the foregoing, lane 
or axle loadings w i l l be used. 

I f an axle load i s considered t o be 
30,000 l b . , consisting of the legal load
i n g o f 20,000 l b . plus a 50 percent i n 
crease f o r impact, shock o f sudden ap
p l i c a t i o n o f load, frequency o f a p p l i 
c a t i o n , and occasional overloads, spread 
over a lane width of ten f e e t , supported 
by a s o i l conceived of y i e l d i n g a bearing 
value or r e s i s t a n c e t o deformation o f 
f i v e pounds per square inch, an area of 
6,000 sq. i n . or about 40 sq. f t . would 
be necessary to s u s t a i n t h i s load, or a 
length o f lane o f four f e e t . On the other 
hand, i f t h i s s o i l w i l l only s u s t a i n a 
load o f two pounds per square i n c h , an 
area o f 100 sq. f t . or 10 l i n e a r f t . o f 
lane length w i l l be required t o support 
such load. 

From t h i s comparison i t can be seen 
th a t as the supporting power of the s o i l 
increases l e s s e r areas o f support are 
required, which perhaps accounts f o r , at 
l e a s t i n p a r t , the r e l a t i v e l y secondary 
c o n s i d e r a t i o n extended t o the b e a r i n g 
power o f the s o i l i n most of the design 
theories or methods i n vogue f o r the de
terminations o f thicknesses and general 
s l a b design f o r r i g i d pavements, which 
i n t u r n very l i k e l y have been developed 
and investigated under conditions lacking 
the extreme l o s s o f b e a r i n g value en
countered i n actual s e r v i c e , even though 
t h i s lack o f bearing may appear only i n 
rather t h i n layers i n the s u r f i c i a l zones 
of the subgrade s o i l s . 

Due t o the c o m p l e x i t i e s i n v o l v e d , a 
d i r e c t approach toward a s a t i s f a c t o r y de
termination o f thicknesses o f r i g i d pave
ments may be d i f f i c u l t o f s o l u t i o n , and 
w h i l e the f o l l o w i n g demonstration may 
appear t o be r a t h e r elementary, i t i s 
presented t o f u r t h e r i l l u s t r a t e some o f 
the p r i n c i p l e s involved. 

I f the d e f l e c t i o n o f a 7-in. slab i s 
calculated f o r a span o f four feet and a 
30,000-lb. load, by the simple d e f l e c t i o n 
formula, a value o f about 0.005 i n . i s 
developed. For a span of ten feet, f o r a 
comparable d e f l e c t i o n , a thickness of 16 
i n . would be necessary. The d e f l e c t i o n o f 
a slab 12 i n . t h i c k f o r a span o f 10 f t . 
I S about 0.015 i n . , as computed by t h i s 
method. 
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Whether the d e f l e c t i o n ought not exceed 
the f i r s t value or whether 0.015 i n . can 
be t o l e r a t e d i s a matter than has not as 
y e t been r e s o l v e d . However, the ex
perience gained through the s e r v i c e o f 
o l d pavements which were l a t e r resurfaced 
with three to f i v e inches of e i t h e r Port
land cement concrete or bituminous con
c r e t e t o produce a gross th i c k n e s s o f 
around 12 i n . i s i n d i c a t i v e t h a t q u i t e 
s a t i s f a c t o r y r e s u l t s are a t t a i n a b l e w i t h 
such thickness. This might be i n d i c a t i v e 
that the r e s t r a i n t against deformation of 
the s o i l engendered by the 12-in. slab 
would be s u f f i c i e n t t o minimize the de
f l e c t i o n to less than the 0.015 determined 
by the simple computation. 

Whether s o i l s conditions such as pro
duce r e s u l t s r e q u i r i n g greater thicknesses 
o f pavement can be ascertained by t e s t 
methods or whether they can only be eval
uated through experience w i t h the per
formance o f pavements on s o i l s o f the 
same c o n s t i t u t i o n , mode o f d e p o s i t i o n , 
g e o l o g i c a l i n f l u e n c e s and s i m i l a r i n 
fluences i n the area, i s a matter t h a t 
requires f u r t h e r study. 

The incidence o f f a i l u r e s , however, 
such as l o n g i t u d i n a l cracking, i n t e r i o r 
corner breaks, f a i l u r e along the center 
j o i n t , and the genera] absence of e x t e r i o r 
breaks, would i n d i c a t e t h a t , where these 
f a i l u r e s d i d not occur, the e x t r a edge 
thickness was wasted m a t e r i a l , but where 
they d i d occur the central portions o f the 
slab were too t h i n and should at least be 
more equal t o the edge thicknesses, i n 
d i c a t i n g a slab design o f uniform t h i c k 
ness throughout. 

The f o r e g o i n g has concerned i t s e l f 
l a r g e l y w i t h the thickness o f the r i g i d 
pavements. The prevalence of transverse 
cracks at i n t e r v a l s o f about 15 f t . , even 
when the o r i g i n a l slab length was only of 
the order o f 30 f t . , whether r e i n f o r c e d 
or not, i s i n d i c a t i v e that slab length i s 
a s t r u c t u r a l feature r e l a t e d to deflections 
and loads, rather than one o f temperature 
stresses, The premise i s therefore made 
t h a t d e f l e c t i o n o f the slab must be ar
rested by a break i n i t s l e n g t h , which, 
i f I t I S not, w i l l o f I t s own accord pro
vide such break. 

Whether the comparison i s d i r e c t l y 
applicable or not, the r e l a t i v e s t i f f n e s s 
o f a slab can be i l l u s t r a t e d by the length 
over r a d i u s o f g y r a t i o n ( l / r ) formula 
used i n column design. 

This follows i n , a l i n e a r r a t i o i n d i r 
e c t p r o p o r t i o n t o the l e n g t h o f s l a b . 
Thus, for an element of a slab 12 i n . wide, 
and 7 i n . t h i c k , and 15 f t . long, the l / r 
r a t i o I S 90, f o r one 30 f t . long i t i s 
180; and for 50 f t . , 300. 

I n order to more f u l l y i l l u s t r a t e the 
p r i n c i p l e s involved, and the r e l a t i v e re
action o f a paving slab, the pavement can 
be conceived to be a board thrown across 
a mud puddle. 

I f t h i s IS a r e l a t i v e l y long board, the 
weight of a man stepping on one end of i t 
w i l l tend to s l i g h t l y sink the end of the 
board i n t o the mud and r a i s e i t o f f the 
ground i n the center. Hopping on the end 
o f I t w i l l whip I t ,up and down i n the 
center, splashing the mud i n both d i r e c t i o n s 
l a t e r a l l y from i t . As the man advances 
toward the center, the ends tend to r i s e 
and the board under the man sinks q u i t e 
deeply i n t o the mud as he reaches the 
center, and may break i f i t i s t h i n enough, 
and the man i s of s u f f i c i e n t weight. I f 
t h i s board i s c u t i n h a l f and the two 
pieces used, the sinking i s not nearly as 
great at the ends or center, nor i s i t 
nearly as possible to whip the board up 
and down, and the danger o f i t s breaking 
i s minimized. 

Since r i g i d pavements are composed of 
an e l a s t i c material, the s i t u a t i o n and re
action i s no doubt qu i t e analogous. 

The study o f the performance of pave
ments shows, as p r e v i o u s l y i n d i c a t e d , 
t h a t there i s a s u b s t a n t i a l amount of 
transverse cracking i n slabs only 30 f t . 
long, and whether reinforced or not, even 
on good subgrades composed of m a t e r i a l s 
such as sand or gravel. In order to pre
clude the i r r e g u l a r i t y of such cracks w i t h 
supplemental s p e l l i n g , these cracks may 
be predetermined by the i n s t a l l a t i o n o f 
planes of weakness at i n t e r v a l s o f 15 or 
20 f t . 

P rovisions f o r expansive movement of 
the pavement, except when necessary to i n 
sulate other v e r t i c a l structures protrud-
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i n g through the pavement, i s not o n l y 
unnecessary, but a c t u a l l y detrimental to 
the pavement. As has been pointed out 
p r e v i o u s l y , the f o r c e s c r e a t e d by r e 
s t r a i n e d expansion are o f a r e l a t i v e l y 
low o r d e r , w e l l w i t h i n t h e u l t i m a t e 
strength o f the material, and these j o i n t s 
do close up a f t e r a pe r i o d o f s e r v i c e , 
p e r m i t t i n g o t h e r cracks and j o i n t s t o 
open up. 

TTiese openings provide places f o r the 
i n f i l t r a t i o n s o f water onto the subgrade, 
thereby p r o v i d i n g , i n many cases, the 
moisture necessary to cause pumping, f aul t -
ing, and other f a i l u r e . 

The prevention o f blowups i s a function 
r e l a t e d to the subgrade materials, rather 
than one o f co n t r o l w i t h i n the slab i t 
s e l f by the i n t e r p o s i t i o n o f spaces t o 
permit o f l o n g i t u d i n a l movement of the i n 
d i v i d u a l slabs formed thereby. 

I f the pavement i s of adequate t h i c k 
ness, as rel a t e d t o the subgrade support, 
dowel bars or other load transfer devices 
are q u i t e unnecessary; i f i t i s o f i n 
s u f f i c i e n t t h i c k n e s s t h e y are q u i t e 
valueless, and may at times even be de
t r i m e n t a l , causing severe f a i l u r e i n the 
pavement, as described previously under 
f a u l t i n g and pumping. Other means o f 
p r o v i d i n g so-called load t r a n s f e r , such 
as p i e r s under the j o i n t s or t h i c k e n i n g 
the edge under the j o i n t , may only be the 
cause o f t r a n s f e r o f the d i s t r e s s away 
from the j o i n t t o the point contiguous to 
the support. 

L o n g i t u d i n a l l y the s l a b should be 
l i m i t e d t o widths o f an order o f around 
ten f e e t t o perhaps a maximum o f 15 f t . 
With the v a r i a t i o n s i n the conditions o f 
the s o i l , even on good subgrades, some 
v a r i a t i o n i n support can be expected. A 
preformed crack or longi t u d i n a l j o i n t w i l l 
p ermit o f some movement o f the slab t o 
conform i t s e l f t o i t s support, where, i f 
t h i s were not provided, the conformation 
would be accomplished w i t h a r e s u l t a n t 
meandering, ragged crack. 

Tie bars across such j o i n t do not serve 
to transfer load t o the companion slab, as 
can be seen from the substantial amount o f 
f a i l u r e a long t h e c e n t e r l o n g i t u d i n a l 
j o i n t s . I n many cases they act to r e s t r a i n 

a s l i g h t movement of the slab necessary t o 
permit i t s e l f to conform to the subgrade 
c o n d i t i o n , and thereby be a cause f o r 
lo n g i t u d i n a l cracking i n the slab. Hiere 
i s evidence t o i n d i c a t e t h a t f a u l t i n g 
along the l o n g i t u d i n a l j o i n t w i l l take 
place when t i e bars are omitted, and when 
the heavy loads are l a r g e l y u n i d i r e c t i o n a l . 
There i s a l s o evidence t h a t t h i s has 
occurred i n pavements provided w i t h t i e 
bars operating under the same conditions. 
I n t h i s case, t i e bars were a c t u a l l y 
found to be broken, and the concrete under 
them disintegrated. I n other cases, where 
the loading was uniform on both lanes, and 
the pavement was b u i l t on a good subgrade, 
no evidence o f f a u l t i n g was found even 
though t i e bars were not used. 

Observations have also been made o f 
the f a i l u r e o f tongue and groove j o i n t s 
used w i t h o u t t i e bars under d i s s i m i l a r 
conditions of loading o f contiguous lanes. 
This was i n the nature o f a crack p a r a l l e l 
t o the j o i n t and th r e e or fo u r inches 
d i s t a n t from i t , and wi t h f u r t h e r service 
the concrete between the crack and j o i n t 
w i l l spall out. 

As has been pointed out, r i g i d pave
ments are not p a r t i c u l a r l y s e n s i t i v e t o 
subgrade s o i l reactions except when these 
g i v e b e a r i n g values i n the low ranges. 
On the other hand, f l e x i b l e type pave
ments are considered t o be more d i r e c t l y 
i n fluenced by the bearing values o f the 
s o i l s because o f the d i f f e r e n c e i n the 
manner i n which the loads are transmitted 
t o the subgrade through f l e x i b l e pave
ments and t h e i r base courses. F l e x i b l e 
pavements are considered t o consist o f a 
bituminous surface course r e s t i n g on a 
base o f graded aggregate, such as gravel 
or crushed stone, or s i m i l a r materials. 

While a r i g i d pavement can be con
s i d e r e d analogous t o a board or plank 
d i s t r i b u t i n g the load, a f l e x i b l e pave
ment can be considered i n the l i g h t o f a 
series o f blocks, each o f which must i n 
d i v i d u a l l y carry the load without assis
tance from the contiguous blocks. I n t h i s 
l i g h t , t h e r e f o r e , i t may be more proper 
t o consider the loadings on the basis o f 
i n d i v i d u a l wheel loads, r a t h e r than on 
the basis o f axle loads, as i n the case 
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of r i g i d pavements. 
There have been, as previously stated, 

quite a number of methods or formulae pro
posed through which d e t e r m i n a t i o n s o f 
t h i c k n e s s might be made. These y i e l d 
q u i t e variable r e s u l t s , and frcm a study 
of the l i t e r a t u r e i t i s seen t h a t there 
i s not too much agreement between those 
who have endeavored to use the same method 
i n d i f f e r e n t places. A given method may 
be charged w i t h y i e l d i n g both overdesign 
and underdesign. 

Hie f a c t that a given method may pro
duce e i t h e r overdesign or underdesign i s 
q u i t e understandable, and perhaps q u i t e 
l o g i c a l . S o i l s , when tested i n the labor
a t o r y or m the f i e l d , may y i e l d q u i t e 
comparable r e s u l t s . However, i n the l i g h t 
o f the influences o f the meteorological 
and subsurface c o n d i t i o n s i n d i f f e r e n t 
l o c a l i t i e s , the s o i l s under service condi
t i o n s i n the one l o c a t i o n may not have 
sustained the loss i n bearing value i n 
dicated under the conditions of the t e s t , 
w h i l e i n another l o c a t i o n , even though 
the s o i l s had measurably comparable 
c h a r a c t e r i s t i c s , t h e i r actual r e a c t i o n 
was considerably more severe than the t e s t 
might indicate. 

I t has also been pointed out t h a t the 
presence of a base course may modify the 
condition o f the subgrade s o i l s , i f i t i s 
somewhat pervious, t o permit o f the ab
s o r p t i o n o f moisture extruded from the 
subgrade s o i l s , due to displacement of i t 
under load, thereby diminishing the loss 
of bearing o f the s o i l . 

The observations made on base courses 
of high density would indicate that such 
density i s not necessary, or perhaps not 
even desirable, i f the material i s other
wise stable or r e s i s t a n t t o displacement 
under t r a f f i c . 

The lower p o r t i o n o f the base course 
may preferably have a greater proportion 
o f f i n e m a t e r i a l i n i t t o prevent large 
voids i n contact w i t h the subgrade. Large 
voids i n contact w i t h the subgrade w i l l 
not hold moisture i n suspension, but per
mi t I t t o pool on the subgrade contact 
causing the softening of the grade, w i t h 
consequent i n t r u s i o n o f the s o i l s i n t o 
the base course m a t e r i a l . The f i n e r 

material w i l l act to r e t a i n excess moisture 
u n t i l the s o i l can n a t u r a l l y absorb i t 
without undue softening, or permit i t to 
bleed o f f l a t e r a l l y i f the base course 
extends across the shoulders. Enclosing 
a base course along i t s sides w i t h r e l a 
t i v e l y impermeable s o i l w i l l cause the 
base t o ac t as a r e s e r v o i r , p e r m i t t i n g 
accumulations of water, thereby softening 
the grade. 

The upper par t o f the base, i f pos
s i b l e , may preferably be somewhat d e f i c i e n t 
i n f i n e s t o permit o f some v o i d space 
w i t h i n which the f r e e z i n g moisture may 
expand without a f f e c t i n g the structure o f 
the base course to an appreciable degree. 

F l e x i b l e pavements s i m i l a r t o r i g i d 
pavements carry moving loads whose w e i ^ t 
and the energy imparted by them are i n 
pa r t transmitted to the subgrade, and i n 
part dissipated v e r t i c a l l y and l a t e r a l l y 
by f r i c t i o n between the i n d i v i d u a l par
t i c l e s forming the base course. I f such 
base course were made t h i c k enough, t h i s 
f r i c t i o n would d i s s i p a t e the energy im
parted by the moving loads to the degree 
t h a t the pressure on the subgrade would 
approach a zero value as a minimum. 

Such thickness i s not necessary be
cause the s o i l s have some supporting power, 
the value o f which as previously set f o r t h , 
however, i s not c o n c l u s i v e l y determin
able. As a concrete example the f o l l o w i n g 
type case may be c i t e d . On a c e r t a i n 
highway a f l e x i b l e type pavement was con
s t r u c t e d , having a crushed stone base 
about S I X inches i n thickness (compacted 
to a density o f better than 140 pcf. when 
b u i l t ) supporting a bituminous concrete 
wearing surface two inches t h i c k . The 
subgrade s o i l s a r e a l o e s s i a l s i l t , y i e l d 
i n g bearing values o f a very low order 
when tested by customary procedures. On 
about one and one-half miles o f t h i s road 
the d i s t r e s s i n t h i s mat i s o f a minor 
order, while on the balance o f the pro
j e c t the mat has suffered very severely. 
I n the f i r s t case the s o i l o v e r l i e s the 
highly fissured Galena Limestone as a t h i n 
mantle, on the balance o f the p r o j e c t i t 
i s t h i c k e r and o v e r l i e s r e s i d u a l c l a y 
formations or the lesser fissured Trenton 
Limestone formation. 
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There i s also a representative m i l e 
age o f f l e x i b l e pavements i n various sec
tio n s o f the state supported on combina
t i o n s o f permeable subbase or b a l l a s t 
courses, plus base courses ranging from 
about 12 to 24 i n . i n thickness, where an 
almost f l u i d condition of the s o i l existed, 
r e n d e r i n g the roads impassable n e a r l y 
every spring, p r i o r t o t h e i r reconstruc
t i o n . The number o f f a i l u r e s a f t e r ser
v i c e up t o about ten years i s almost 
n e g l i g i b l e . 

In the l i g h t o f the c o m p l e x i t i e s o f 
s o i l s , moisture movements, and t r a f f i c 
loads involved i n the considerations o f 
pavement design f o r e i t h e r the r i g i d or 
the f l e x i b l e type, i t may be d i f f i c u l t 
t o t r a n s l a t e the q u a l i t a t i v e analysis of 
the f u n c t i o n s o f these f e a t u r e s i n t o 
methods whereby q u a n t i t a t i v e r e s u l t s are 
d i r e c t l y ascertainable. 

I t would appear t h a t the a p p l i c a t i o n 
o f any formulae or data developed by a 
sp e c i f i c t e s t or tests must be correlated 
and tempered w i t h judgement t o the ser
vice experience of other pavements opera
t i n g on s o i l s of s i m i l a r geological o r i g i n 
and environment i n the l o c a l e , together 
w i t h the considerations of t r a f f i c loads 
and the meteorological influences pre
valent i n the area. 

I f such c o r r e l a t i o n i s made i t may be 
possible t o developa stock o f information 
on e x i s t i n g pavements which can be ex
tended and made applicable i n the design 
of new work. 

SUB-BASE COURSES 

A subbase or b a l l a s t course or l i f t 
course, as i t i s also sometimes referred 
t o , performs several functions i n the i n 
termediate zone between the pavement or 
base course and the earth subgrade. The 
more generic term subbase w i l l be used t o 
refer to courses of t h i s kind, regardless 
of the type of material out of which they 
are b u i l t , while the term b a l l a s t course 
or b a l l a s t w i l l be reserved f o r f r e e l y 
or f u l l y d r a i n i n g subbases b u i l t o f per
meable granular material, extending across 
the f u l l width o f the roadbed from d i t c h 
to d i t c h , or, i f not b u i l t to t h i s width. 

when they are provided w i t h subsurface 
drainage conduits such as t i l e , p e r f o r 
ated pipe, or s i m i l a r f a c i l i t i e s . 

The i n t e r p o s i t i o n o f a subbase b u i l t 
o f comparatively less expensive materials, 
which are i n f l u e n c e d by moisture t o a 
lesser degree than the subgrade s o i l s , 
permits o f a reduction i n the thickness 
of the pavements or base courses placed 
on them. Through t h e i r being influenced 
to a lesser degree by moisture they w i l l 
be less susceptible to deformation or d i s 
placement under load. I n the case o f 
r i g i d pavements, t h i s w i l l accomplish a 
greater d i s t r i b u t i o n o f the load through 
thinner pavements, because of lesser de
f l e c t i o n , than i f these pavements were 
placed d i r e c t l y on the subgrade s o i l s , 
and w i l l thereby also i n h i b i t pumping and 
f a u l t i n g and other d i s t r e s s consequential 
to deflev.tion. Subbases under base courses 
f o r f l e x i b l e pavements w i l l accomplish 
r e s u l t s i n a p a r a l l e l or comparable manner. 

The selection o f the type and character
i s t i c s o f the subbase depends on the mat
e r i a l s available and the conditions that 
must be accommodated. While i n Wisconsin 
the only experience has been w i t h f r e e l y 
d r a i n i n g b a l l a s t courses b u i l t o f per
meable m a t e r i a l s , the observations and 
analysis o f the functions o f these b a l l a s t 
courses leads t o the inference t h a t where 
the combination o f m e t e o r o l o g i c a l and 
subsurface conditions are not nearly as 
severe as i n Wisconsin subbases o f other 
types may prove quite e f f e c t i v e . 

Selected s o i l , not as susceptible to 
deformation under the influence of moisture, 
might be s a t i s f a c t o r y where the exposure 
to moisture i s of a low order, especially 
where the temperature d i f f e r e n t i a l between 
the earth and atmosphere i s not too great 
or o f too long d u r a t i o n , and where, i f 
freez i n g takes place, the f r o s t penetra
t i o n i s r e l a t i v e l y small, so that the sub
sequent melt water can d i s s i p a t e i t s e l f 
by percolation i n t o the ground. 

Under conditions of a s i m i l a r nature, 
the waterproofing or s t a b i l i z i n g of the 
subgrade s o i l s by the i n c o r p o r a t i o n o f 
materials adaptable for the purpose, such 
as Portland cement or bituminous materials, 
should give quite s a t i s f a c t o r y r e s u l t s . 
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On the other hand, where the conjbination 
of long periods of exposure to low temper
a t u r e s , with consequent deep p e n e t r a t i o n 
of such temperatures, together with sub
s u r f a c e c o n d i t i o n s p r o v i d i n g a source of 
m o i s t u r e w i t h i n the i n f l u e n c e o f the 
f o r c e s generated by heat conduction, i s 
e x i s t e n t , the problem becomes one of con
t r o l of i c e formations and d i s p o s i t i o n of 
melt water. 

Under such circumstances, the b a l l a s t 
course not only must serve to spread the 
loads, but a l s o a c t as an i n s u l a t o r and a 
subsequent drainage f a c i l i t y . 

As was p r e v i o u s l y d e s c r i b e d , when the 
atmospheric temperature i s lower than that 
of the e a r t h , there i s r a d i a t i o n of heat 
from the s u r f a c e , which heat i s r e p l a c e d 
by h e a t conducted towards the s u r f a c e " 
from below. Hiese heat conduction cu r r e n t s 
a c t i v a t e m o i s t u r e movements toward the 
s u r f a c e , and, b e i n g c o n f i n e d by an im
pervious pavement s u r f a c e , t h i s moisture 
accumulates i n the subgrade zone. 

T h i s moisture accumulation i s d i r e c t l y 
p r o p o r t i o n a l t o the t e m p e r a t u r e d i f 
f e r e n t i a l , the period of duration of such 
temperature d i f f e r e n t i a l s and the amount 
of moisture a v a i l a b l e . Such moisture can 
be from that held i n the i n t e r s t i t i a l pore 
space of the s o i l s , from moisture-bearing 
or moisture-holding s t r a t a , or from lower 
l y i n g accumulations, or from snow p i l e d 
on the shoulders of the road, e s p e c i a l l y 
when the same disappears without appreci
able runoff. 

I f the temperature becomes low enough 
the moisture i n the subgrade s o i l s w i l l 
f r e e z e , and i n some s o i l s f r e e z e i n the 
form of segregated i c e l e n s e s or c r y s t a l s . 
I f the descent of the frozen zone i s slow, 
the accumulation of i c e i n the subgrade 
zone w i l l be g r e a t e r than i f severe c o l d 
weather f r e e z e s the s o i l s to s u b s t a n t i a l 
depths q u i t e r a p i d l y , because the time 
e l e m e n t i s a f a c t o r i n the amount o f 
m o i s t u r e r i s e . A f t e r the s o i l s have 
fr o z e n to a depth a t which the f u r t h e r 
f r e e z i n g process i s retarded, i c e c r y s t a l 
accumulations grow a t t h i s lower l i m i t of 
f r o s t p e n e t r a t i o n , and when t h i s occurs, 
due to the high intermolecular a t t r a c t i o n 
between i c e and water, no more moisture 
r i s e s to the s u r f a c e . 

The only source of moisture remaining 
then f o r the subgrade zone i s the melt 
water from s l o w l y m e l t i n g snows on the 
shoulders or i n s l o p e s . 

Upon thawing, the melt water contained 
i n the s o i l cannot escape because of the 
impervious frozen zone beneath, whereupon 
an almost f l u i d c o n d i t i o n of the s o i l 
w i l l be generated, whereupon the pavement 
w i l l break under load, become d i s p l a c e d , 
and the subgrade s o i l s may a t times be 
extruded along the edge of the pavement, 
as shown i n Figure 29. 

I f a pervious b a l l a s t c o u r s e of sand 
or s i m i l a r m a t e r i a l i s interposed between 
the pavement or base course and the s o i l s , 
the e a r l y accumulations of moisture r i s i n g 
w i t h c o n d u c t i o n c u r r e n t s o f h e a t , and 

Figure 29. 

l a t e r those from the snow on the shoulders, 
wi] 1 enter such b a l l a s t course and the base 
course, i n which such moisture w i l l f r e e z e . 

Due to the higher i n s u l a t i n g p r o p e r t i e s 
of a porous m a t e r i a l , the penetration of 
the f r e e z i n g isotherm into the u n d e r l y i n g 
s o i l s w i l l be g e n e r a l l y delayed or post
poned to some extent u n t i l s e v e r e l y c o l d 
weather s e t s i n , c a u s i n g a r a p i d f r e e z e 
of the u n d e r l y i n g s o i l s , a f t e r which i c e 
c r y s t a l formation a t the lower l i m i t o f 
f r o s t p e n e t r a t i o n can s e t i n , t h e r e b y 
minimizing the amount of i c e c r y s t a l f o r 
mation i n the s o i l s i n c o n t a c t with the 
b a l l a s t course. 

E v i d e n c e of the dual l a y e r s of i c e 
c r y s t a l formation has been seen i n e x 
p l o r a t i o n s made on c e r t a i n work d u r i n g 
March of a c e r t a i n y e a r . There was a 
l a y e r about four f e e t t h i c k of g l a c i a l 
t i l l m a t e r i a l , c o n s i s t i n g of sand and 
g r a v e l , with somewhat over t h i r t y percent 
of the m a t e r i a l f a l l i n g into the s i l t and 
c l a y f r a c t i o n s , o v e r l y i n g a l a y e r of c l a y -
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ey s i l t about two f e e t t h i c k , which m 
turn was lyingonsand at the water table. 
Ice c r y s t a l formations t o a depth o f 14 
inches were found i n the material immed
i a t e l y below the concrete pavement. Be
low t h i s the t i l l m a t e r i a l was f r o z e n 
s o l i d , t o the layer o f clayey s i l ^ , which 
again was f i l l e d w i t h i c e c r y s t a l f o r 
mations. The m o i s t u r e content o f the 
i n t e r v e n i n g frozen mat e r i a l was about 7 
percent, which was also i t s moisture con
tent before freezing took place. 

Further evidence o f such-action can be 
i n f e r r e d from the e n t i r e absence, or great
l y reduced s i z e , o f d i f f e r e n t i a ] f r o s t 
heaves on pavements l y i n g on such b a l l a s t 
courses, i n regions where, p r i o r t o such 
c o n s t r u c t i o n , the heaves were so great 
t h a t ramps of gravel or cinders or what
ever material there was on hand had to^be 
b u i l t approaching these heaves so t h a t 
t r a f f i c could get over them. 

Some f r o s t l i f t of a very uniform nat
ure has been observed on pavements con
structed on b a l l a s t courses of t h i s kind, 
both by taking measurements of elevations 
and by observations at bridge abutments 
or r a i l r o a d t r a c k s which d i d not l i f t 
comparably. Whether t h i s l i f t was from 
deep conditions or from ice c r y s t a l f o r 
mations i n the subgrade s o i l s i n contact 
w i t h the b a l l a s t has not been explored, 
but the b e l i e f i s that the l a t t e r i s the 
case. 

Upon thawing, except f o r a d i s r u p t i n g 
of the density o f h i g h l y compacted base 
courses, no p a r t i c u l a r harm w i l l r e s u l t 
because of the inherent s t a b i l i t y o f gran
u l a r m a t e r i a l s , even i n the presence o f 
water, provided measures have been taken 
so t h a t the melt water can d r a m away, 
e i t h e r by f u l l width c o n s t r u c t i o n or by 
the i n s t a l l a t i o n o f pipe conduits for the 
purpose. 

In the event some ice cryst a l formation 
had taken place under the b a l l a s t course 
i n t h e subgrade s o i l s , t h i s w i l l be 
accompanT-d by some l i f t of the pavement 
and i t s substructure. I f the melt water 
can escape, and thawing has progressed 
through the b a l l a s t course and attacks the 
ice c r y s t a l s i n the subgrade s o i l s , these 
melt and form water. 

Under, the c o n d i t i o n generated by the 
i c e and the excess m o i s t u r e from the 
m e l t i n g i c e i n the subgrade s o i l s , the 
s o i l p a r t i c l e s are d i s p e r s e d i n t h i s 
water, thereby y i e l d i n g r e a d i l y t o the 
pressure imposed by the o v e r l y i n g s t r u c t u r e 
and t r a f f i c l o ads. As t h i s y i e l d i n g 
takes place gradually and u n i f o r m i l y w i t h 
the formation o f water from the m e l t i n g 
i c e , t h i s water i s displaced. Since i t 
cannot escape downward i n t o the imper
vious f r o z e n u n d e r l y i n g s o i l s , i t i s 
f o r c e d upward i n t o the b a l l a s t course, 
from whence i t can bleed or dra i n o f f as 
i t accumulates. 

Hie displacemer.*-of t h i s water i n t o the 
b a l l a s t course, from which i t can be 
drained away, prevents the extreme loss 
o f bearing power o f the s o i l which would 
r e s u l t , were such b a l l a s t course not pro
vided, or i f a b a l l a s t course could not 
d r a i n i t s e l f q u i t e f r e e l y , but had t o 
wait f o r d i s s i p a t i o n o f the melt water by 
downward p e r c o l a t i o n a f t e r the e n t i r e 
frozen zone had completely thawed, and 
downward p e r c o l a t i o n o f m o i s t u r e was 
again possible. 

An experience of t h i s kind was encoun
tered on a highway where sand gravel b a l 
l a s t material had been trenched i n t o the 
subgrade, during construction, to a depth 
o f 18 inches, but t o a width o f only two 
feet wider on each side than the width of 
the pavement b u i l t over i t . I n less than 
f i v e years time the mud from below was 
pumping out i n the shoulder alongside 
the pavement, as shown i n Figure 30. Tlie 
stone drains placed i n t e r m i t t e n t l y through 
the shoulder, i n the hope t h a t they would 
permit o f the drainage o f t h i s b a l l a s t 
course, proved quite valueless. 

During periods o f a l t e r n a t i n g freezing 
and thawing o c c u r r i n g d u r i n g the l a t e 
w i n t e r , d i f f e r e n t i a l f r o s t heaves o f t e n 
grow or swell s u b s t a n i t a l l y with r a p i d i t y 
m subgrades not protected by permeable 
b a l l a s t courses. 

As thawing takes place i n the s u r f i c i a l 
zones of the heave and contiguous area, 
moisture i n the form o f melt water be
comes a v a i l a b l e t o nourish the e x i s t e n t 
ice c r y s t a l formation. 

This I S free water, and the i c e f o r -
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Figure 30. 

mation i s a zone p r o v i d i n g a temperature 
d i f f e r e n t i a l . T h i s t e m p e r a t u r e d i f 
f e r e n t i a ] , and the high molecular a t t r a c 
t i o n o f i c e f o r w a t e r , c o n d u c t s t h i s 
moisture i n t o the heaved area from places 
even l o n g i t u d i n a l l y along the road. S i n c e 
t h i s i s free water, i t provides a r a t h e r 
copious q u a n t i t y to n o u r i s h the e x i s t e n t 
i c e c r y s t a l s , ' c a u s i n g them to grow, with 
consequent s w e l l i n g or expansion of the 
heave i t s e l f . 

I n a permeable b a l l a s t c o u r s e i n t e r 
posed between the pavement and the sub-
grade, even though t h i s c o n t a i n s i c e , 
t h e r e i s not apt to be any s e g r e g a t e d 
c r y s t a l formation. Thawing converts the 
i c e i n t o water which d r a i n s o f f . By the 
time thawing has progressed through the 
b a l l a s t course there i s l i t t l e danger o f 
a l t e r n a t e f r e e z i n g or thawing i n the s o i l , 
and with the absorption of moisture i n t o 
the b a l l a s t course the source of moisture 
to n o u r i s h an i c e c r y s t a l formation, i f 
any i s e x i s t e n t , would be l a c k i n g . 

F r e e l y d r a i n i n g permeable b a l l a s t 
c o u r s e s , extending from d i t c h to d i t c h , 
have been i n s e r v i c e on a r e p r e s e n t a t i v e 
mileage i n the s t a t e for periods ranging 
up to 11 y e a r s , and i n one case 15 y r . , 
under both r i g i d and f l e x i b l e type pave
ments, i n a r e a s where the worst condi
t i o n s i n the s t a t e p r e v a i l , and to date 
the f a i l u r e s on t h e s e have been so few 
t h a t , f o r a l l i n t e n t s and purposes, i t 
could be s t a t e d that p r a c t i c a l l y no f a i l 
u r e s have occurred. 

The view shown in Figure 31 i s that of 
a U. S. highway i n the northern part of 
the s t a t e which was surfaced with a b i t 
uminous mat on a r e l a t i v e l y t h i n base. 

and a t the time the view was taken was 
again about i n a condition so that t r a f f i c 
could again get through, although not too 
comfortably. The s o i l i s e i t h e r a wind 
or water deposited s i l t , i t s exact o r i g i n 
not having been e x a c t l y determined, over
l y i n g the g r a n i t i c bedrock as a mantle 
about f i v e f e e t i n t h i c k n e s s . As can be 
seen, the e f f e c t of f r o s t l i f t , and con
sequent entrapment of melt water, was quite 
uniform throughout i t s extent. T h i s con
d i t i o n i s not unusual on t h i s highway, 
both with respect to the frequency of i t s 
r e c u r r e n c e and the consequent e f f e c t s , 
n e c e s s i t a t i n g r e c u r r e n t r e h a b i l i t a t i o n of 
i t s s u r f a c e . 

Figure 31. 

While the view shown i n Figure 32 was 
not taken on the same highway, the conditions 
p r e v a i l i n g before r e c o n s t r u c t i o n were a l 
most i d e n t i c a l . The v i e w shows the 
c o n d i t i o n a f t e r i t s r e c o n s t r u c t i o n , com
p l e t e d e a r l y d u r i n g the war, c o n s i s t i n g 
of a road-mixed bituminous mat on a s i x -
in c h dense graded gravel base, supported 
by an 1 8 - i n . f r e e l y d r a i n i n g sand b a l 
l a s t course. The area i n which t h i s high
way i s lo c a t e d i s that shown i n previous 
views where :he f l u i d s o i l extruded from 
beneath r i g i d pavement. 

F i g u r e 33 i.s i view of a t r u c k t h a t 
became mired on a concrete pavement. 

The a d d i t i o n a l s u r f a c i n g m a t e r i a l . 
placed over the pavement was i n s u f f i c i e n t 
to prevent the truck from breaking through 
the pavement s l a b and g e t t i n g stuck. H i i s 
a l s o i s i n the area where the e x t r u s i o n of 
the subgrade s o i l s along the s i d e s of the 
pavement i s common. 
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[I Figure 32. 

About 20 mi. of t h i s highway, where 
these were common o c c u r r e n c e s , has now 
been r e b u i l t as t h r e e p r o j e c t s i n s u c 
c e s s i v e years. The f i r s t p r o j e c t replaced 
the old pavement when i t was only about 
15 yr. old. In the re c o n s t r u c t i o n f r e e l y 
d r a i n i n g sand b a l l a s t courses were pro
vided, the t h i c k n e s s e s being 12, 18, and 
24 i n . r e s p e c t i v e l y on the i n d i v i d u a l 
p r o j e c t s . 

F i g u r e 34 i s a view of the second o f 
these p r o j e c t s , which has an 18-in. b a l -

Figure 33. 

l a s t course, a f t e r atout 10 yr . of s e r v i c e , 
during which i t was subjected to the severe 
c o n d i t i o n s p r e v i o u s l y mentioned of the 
winter and spring seasons of 1940-1941 and 
1942-1943. The c o n d i t i o n of the e n t i r e 
20-mi. s e c t i o n i s quite comparable to that 
shown i n t h i s view. 

I t can fur t h e r be s e t fo r t h that, with 
what actual i n v e s t i g a t i o n of these b a l l a s t 
c o u r s e s had been made, no e v i d e n c e to 
date has yet been found of an i n t r u s i o n o f 
the subgrade s o i l s into the b a l l a s t course 
so that i t would become fouled and imper

meable. The r e l a t i v e l y small pore space 
o f the sand seems to e f f e c t i v e l y be able 
to permit the water t o f i l t e r i n t o i t 
without any disturbance i n the underlying 
s o i l s , perhaps because the action i s ra t h e r 
slow and g e n t l e . On the other hand, i t 
i s known that crushed stone base courses, 
which had the f i n e s removed from them be
fore p l a c i n g , have almost e n t i r e l y d i s 
appeared. T h i s i s c o n c e i v e d to be be
cause of the l a r g e r v o i d space, and due 

Figure 34. 

t o the shape o f the p a r t i c l e s a much 
l e s s e r degree of bearing i s obtained, so 
t h a t c o n c e n t r a t i o n s of load permit the 
i n d i v i d u a l p a r t i c l e s to be pushed i n t o 
the s o i l , which then f o r c e s the stone 
p a r t i c l e s out of contact with each other, 
thus s u c c e s s i v e l y diminishing the bearing 
and e f f e c t i v e n e s s of the base course. 

Tbere i s no way i n which the necessary 
and economical t h i c k n e s s of a subbase or 
b a l l a s t course can be measured or a r r i v e d 
a t except through experience, an ev a l u a t i o n 
o f the c o n d i t i o n s o f exp o s u r e , and an 
app r e c i a t i o n of the p r i n c i p l e s of moisture 
movements and freezing, and the d i s p o s i t i o n 
of moisture, regardless of whether f r e e z 
ing had occurred or not. 

Hie general 1 y overal 1 s a t i s f a c t o r y s e r 
v i c e p e r f o r m a n c e r e n d e r e d by b a l l a s t 
c o u r s e s r a n g i n g from 9 to t w e n t y - f o u r 
inches i n t h i c k n e s s Mn probably be con
s i d e r e d as s i g n i f i c a n t of some overdesign 
i n those cases where t h i c k n e s s e s i n the 
h i g h e r r a n g e s were employed, and t h a t 
therefore l e s s e r depths would render com
parable s e r v i c e . 

On t h i s background, b a l l a s t c o u r s e s 
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ranging from 9 to 15 i n . i n thickness are 
now considered f o r general use f o r both 
r i g i d and f l e x i b l e type pavements i n most 
cases where the use o f b a l l a s t courses 
are indicated by the soil-moisture-freez
i n g and subsequent break-up r e a c t i o n s . 
I n those areas where extreme d i f f e r e n t i a l 
f r o s t heave c o n d i t i o n s are manifested 
these can be increased to be i n the range 
o f from 12 t o 15 or 18 i n . The d i f 
f e r e n t i a t i o n i n thickness i s also made, 
i n part at least, on the expectable t r a f 
f i c t o be carried by the p a r t i c u l a r high
way. 

I n some s o i l s , n o t a b l y c e r t a i n c l a y 
type s o i l s of p l a t y s t r u c t u r e , where the 
movement o f moisture through the s o i l s , 
even under freezing conditions i s apt to 
be minimized by the ove r l a p p i n g o f the 
s o i l p a r t i c l e s upon each o t h e r due t o 
t h e i r shape, but which s o i l s are very 
conducive t o pumping, b a l l a s t courses o f 
even lesser thicknesses, as from 6 to 8 
i n . , should prove e f f e c t i v e i n i n h i b i t i n g 
pumping. 

The porous m a t e r i a l o v e r l y i n g such 
s o i l s w i l l provide a storage space f o r 
the moisture entering through fissures i n 
the pavement, from whence i t can bleed 
out l a t e r a l l y without too much e f f e c t on 
the underlying s o i l , so th a t the s l u r r y 
formation which otherwise occurs w i l l not 
take place. 

Since most porous sands w i l l not o f f e r 
much resistance to displacement when un-
confined, i t i s necessary to e f f e c t some 
s t a b i l i z a t i o n o f the upper surfaces o f 
such b a l l a s t courses. Since b a l l a s t 
courses are es s e n t i a l l y used where d e t r i 
mental moisture movements occur, s t a b i l i 
zation w i t h earth or earthy materials i s 
not i n d i c a t e d , because these are apt t o 
cause concentrations of moisture immedia
t e l y below the pavement or base course, 
and by becoming somewhat unstable them
selves i n the presence o f moisture are 
apt t o v i t i a t e t o some degree the e f f e c t 
o f the b a l l a s t course. 

I n Wisconsin, the p r a c t i c e now i s to 
s t a b i l i z e the upper surfaces o f these 
b a l l a s t courses w i t h several inches of 
crushed and graded gravel or crushed stone, 
the thickness ranging from 3 to 5 i n . , de

pending upon the t r a f f i c c h a r a c t e r i s t i c s 
o f the highway. This not only acts t o 
provide a roadway surface for construction 
operations which, i f i t were not provided, 
would permit of severe displacement of the 
b a l l a s t m a t e r i a l , the subsequent t r u i n g 
up o f which j u s t p r i o r t o p l a c i n g the 
pavement w i l l c r e a t e d i f f e r e n t i a l s i n 
density, which i n tu r n w i l l be r e f l e c t e d 
through the pavement by e r r a t i c cracking? 
but also provides a strengthening of the 
e n t i r e substructure, thereby p e r m i t t i n g 
o f g e n e r a l l y t h i n n e r s l a b designs f o r 
r i g i d pavements than might otherwise be 
necessary. The presence of coarser mat
e r i a l i n the immediate subgrade w i l l also 
tend t o minimize the rhythmic waviness 
occurring i n pavements l a i d on sand sub-
grades, e s p e c i a l l y when the sand tends 
toward the f i n e r g r a i n sizes, since the 
graded material w i l l tend to absorb mois
ture d i f f e r e n t i a l s w i t h i n i t s e l f with much 
less consequent bulking or f l u f f i n g than 
i f the f i n e r sands were immediately ex
posed to moisture d i f f e r e n t i a l s , and w i l l 
prevent the extrusion o f the f i n e r sands 
when saturated w i t h water and subjected 
to heavy t r a f f i c loads. 

CONCLUSION 

The study o f pavements under service 
f o r many years i n the d i f f e r e n t geological 
provinces of the stat e demonstrates t h a t 
t h e i r performance i s not contingent upon 
the a b s t r a c t physical p r o p e r t i e s o f the 
s o i l s alone, but rather on the extent to 
which these physical properties are a c t i 
vated, and the manner i n which they react 
under the several influences brought t o 
bear upon them. 

Tliese influences vary widely, not only 
from place to place, but also at d i f f e r e n t 
times i n the same place, wherefore s o i l s 
o f apparently the same c o n s t i t u t i o n , and 
handled with the same care during construc
t i o n , may y i e l d d i f f e r e n t reactions, which 
can often lead to an i n t e r p r e t a t i o n of the 
r e f l e c t e d pavement performance as being 
caused by factors other than by disturban
ces i n the supporting medium, i f these 
conditions are not understood and recog
nized. 
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R i g i d and f l e x i b l e type pavements on 
gravel or crushed stone base courses are 
b a s i c a l l y d i f f e r e n t i n t h e i r f u n c t i o n a l 
r e l a t i o n s to the supporting medium, gen
e r a t i n g s t r e s s e s and r e a c t i o n s i n the 
s o i l s which are at q u i t e a variance w i t h 
each other. 

Moving loads have a d i f f e r e n t influence 
on the pavements and the supporting medium 
than that created by s t a t i c loadings. 

The processes a c t i v a t e d i n the s o i l s 
through the meteorological influences can 
be q u a l i t a t i v e l y evaluated through the 
f a c t o r s o f the c o n s t i t u t i o n and geology 
o f the s o i l s and of the area. 

Some of the elements c o n t r i b u t i n g to 
the v a r i a b l e performance or behavior o f 
the s o i l s appear t o have been i s o l a t e d 
and have been brought out i n the foregoing 
discussion. 

Whether q u a n t i t a t i v e determinations 
on some of these elements can be made, or 
whether exact d i f f e r e n t i a t i o n s i n degree 
o f reaction can be c o r r e l a t e d t o measur
ed d i f f e r e n t i a l s i n some of these factors, 
i s a t t h i s time s t i l l an unanswered 
question. 

The s o i l s are materials formed by 
natural processes and have not been manu
f a c t u r e d i n accordance w i t h a s e t o f 
s p e c i f i c a t i o n s drawn to l i m i t i n g ranges, 
neither has t h e i r deposition been made to 
a geometrical plan, and i n t h e i r subsequent 
development they have been subjected t o 
the vagaries o f the meteorological condi
t i o n s and the u n d e r l y i n g other s o i l or 
rock formations. 

I n Wisconsin the weather c o n d i t i o n s 
g e n e r a t i n g some o f the p o t e n t i a l s f o r 
severe disturbances i n the s o i l are active 
for about s i x months of the year, but the 
c o n d i t i o n s t h a t are caused thereby, and 
which must be considered i n design, pre
v a i l f o r o n l y about s i x weeks i n the 
spring o f the year, and are not the same 
every year, which yi e l d s only a very l i m 
i t e d time i n which extensive analyses for 
q u a n t i t a t i v e determinations could be made. 

I t I S therefore q u i t e improbable t h a t 
a set o f hard and fast r u l e s can be de
veloped which would be applicable to any 
and a l l areas, except to develop a know
ledge and famil l a r i t y with the i n d i v i d u a l 

i t i e s o f the s o i l s o f the various o r i g i n s , 
modes of deposition, and general enviro-
ment, together with a study o f t h e i r re
actions under the influences o f the l o 
c a l i t y . 

Perhaps a system of c l a s s i f i c a t i o n can 
be devised i n a manner p a r a l l e l t o the 
Pedological C l a s s i f i c a t i o n , but which 
would g i v e g r e a t e r r e c o g n i t i o n t o the 
geology of the s o i l s and t h e i r envirhnment; 
but, u n t i l such system i s devised, the 
pedological c l a s s i f i c a t i o n c o r r e l a t e d to 
the geology forms an excellent basis upon 
which d i f f e r e n t i a l s i n s o i l s reaction can 
be studied, and a f a m i l i a r i t y w i t h them 
established, and which can be made adapt
able to design purposes. 

Having established the geological h i s 
t o r y o f the s o i l s , and t h e i r geological 
environment, f u r t h e r supplemental s o i l s 
i nvestigations, i f necessary, can be more 
ob j e c t i v e l y made. The tangible association 
t o the c o n d i t i o n s o f exposure a f f o r d e d 
thereby w i l l form a more d e f i n i t e back
ground upon which designs can be premised, 
and t h e i r subsequent performance studied 
and evaluated. 

While s o i l maps based on the Pedologi
cal C l a s s i f i c a t i o n are convenient and w i l l 
f a c i l i t a t e such i n v e s t i g a t i o n s , they are 
not a b s o l u t e l y e s s e n t i a l . The lack o f 
then w i l l only mean t h a t some a d d i t i o n a l 
work w i l l need to be done i n e s t a b l i s h i n g 
b o t h the geology o f the s o i l s , t h e i r 
c o n s t i t u t i o n , and subsurface environment. 
This, together w i t h the considerations of 
the meteorological influences of the area 
and an appreciation o f moisture movements, 
w i l l permit o f an a d a p t a t i o n t o areas 
where some of the background information 
provided by the s o i l s maps has not pre
viously been developed or established. 

I t i s conceived, t h e r e f o r e , t h a t the 
phase o f highway engineering dealing with 
pavements and t h e i r foundations i s an A r t 
based on a knowledge o f the conditions o f 
t h e l o c a l e , an u n d e r s t a n d i n g o f the 
phencmema o f nature, and the recognition o f 
the mechanics o f the functional processes 
o f pavements, r a t h e r than a s t r i c t l y 
t e c h n i c a l process which deals i n the 
abstract w i t h some of the several elements 
disassociated from each other. 
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In the foregoing i t was perforce neces
sary to deal only with Wisconsin conditions, 
because of our u n f a i r i l i a n t y w i t h condi
t i o n s i n other places. The combination 
of the several circumstances generates 
conditions i n Wisconsin which are q u i t e 
severe, and i t i s believed t h a t through 
t h e i r seventy some of the causes thereof 
became manifest, which made i t possible 
to recognize them. 

Through t h i s recognition, judgement can 
be more e f f e c t i v e l y directed so as to pro
vide designs which have so far given e v i 
dence o f an assurance o f longer l i v e d 
pavements at diminished annual costs f o r 
upkeep and maintenance, which w i l l tend 
to amortize the i n i t i a l increased cost, 
and may even, i n the long r u n , be con
ducive t o paying actual dividends. 
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DISCUSSION 

K. B. WOODS.PurrfuelAiiversity - Mr. Bleck 
i s to be complimented f o r making a great 
many f i e l d observations and i n associating 
these observations w i t h the performance of 
highways i n the State of Wisconsin. "Riis 
method of approach has been used extensive
l y by a number o f highway departments and 
i t i s by t h i s procedure that many of our 
present highway engineering practices have 
become established. 

I t has been said t h a t the highway 
system o f a s t a t e can c o n s t i t u t e an ex
c e l l e n t l a b o r a t o r y i n which f u l l - s c a l e 
t e s t i n g i s employed. However, t h i s method 
of analysis has c e r t a i n l i m i t a t i o n s . In 
the f i r s t place, variables cannot be con
t r o l l e d and as a r e s u l t , a h a l f dozen or 
more in f l u e n c i n g conditions must he eval
uated without the b e n e f i t o f c o n t r o l l e d 
study where one var i a b l e i s i s o l a t e d and 
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evaluated at a time as can be done i n the 
l a b o r a t o r y . I n the second pl a c e , the 
a b i l i t y , experience, and background o f 
the observer determines to a large extent 
the ultimate value of t h i s method of ana
l y s i s . In the f i r s t instance, i n d i v i d u a l 
variables can be, m e f f e c t , isolated and 
studied by obtaining a great mass of data 
and analyzing the in f o r m a t i o n s t a t i s t i 
c a l l y . I n the second instance, the r e 
s p o n s i b i l i t y placed upon the observer i s 
great and the pooling o f ideas o f several 
observers covering one s i t u a t i o n , as was 
done by Mr. Bleck, i s at l e a s t a p a r t i a l 
answer to t h i s l i m i t a t i o n . 

I n Mr. Bleck's presentation, i t i s un
fortunate that he d i d not include rather 
extensive tabulations and charts o f data 
w i t h s t a t i s t i c a l analyses t o v e r i f y the 
v a l i d i t y of his conclusions which apparent
l y have been drawn from observations alone. 
Under the heading of "Pavement Perfo nuance," 
Mr. Bleck states that the service records 
of a l l the pavements "show that there i s 
su b s t a n t i a l l y no f a i l u r e or d i s i n t e g r a t i o n 
a t t r i b u t a b l e s o l e l y t o the fa c t o r o f the 
aggregates or the cements that were used." 
Later on he s t a t e s t h a t i t i s not nec
essary t o go i n t o greater d e t a i l i n con
n e c t i o n w i t h these m a t t e r s since they 
"have no great bearing on the performance 
and c o n d i t i o n o f the pavements." Since 
these statements are c o n t r a d i c t o r y t o 
c o n c l u s i o n s which have been drawn by 

others^ i n connection w i t h a s i m i l a r type 
of survey, the data uahd i n drawing these 
conclusions would have been an important 
a d d i t i o n t o the paper. I n a d d i t i o n , the 
Indiana work showed that a s t r i k i n g corre
l a t i o n existed between the type of coarse 
aggregate employed and the occurrence o f 
blowups. Furthermore, i t was established 
i n t h i s work that mapcracking (presumably 
Mr. Bleck's"D" cracking) was t o be cor
related generally with blowups. 

S i m i l a r l y , i n Mr. Bleck's analysis o f 
blowups he p o i n t s out t h a t t h i s type o f 
f a i l u r e i s to be correlated with the type 
of s o i l upon vhich the pavement i s located. 
Although Mr. Bleck does n o t r e p o r t de
t a i l e d data on t h i s point e i t h e r , the re
s u l t confirms the work o f Sweet and Woods^ 
who showed good c o r r e l a t i o n between map-
c r a c k i n g and blowups w i t h the drainage 
c h a r a c t e r i s t i c s o f subgrade s o i l s upon 
which the pavements, made from i n f e r i o r 
aggregates, were constructed. 

^Woods, K. B. .Sweet, H. S., and Shelburne, 
T. E. "Pavement Blowups C o r r e l a t e d w i t h 
Source o f Coarse Aggregate," Proceedings, 
Highway Research Board, V o l . 25, pp. 147-
168, January, 1946. 
^Sweet, H. S. and Woods, K. B. "Map-
c r a c k i n g i n C o n c r e t e Pavements as I n 
f l u e n c e d by S o i l T e x t u r e s , " Proceedings, 
Highway Research Board, V o l . 26, pp. 286-
301, December, 1946. 
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