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Load-Deflection Study of Selected High-Tjnpe 
Flexible Pavement in Maryland 

STUART WILLIAMS, Highway Physical Research Engineer 
Bureau of Public Roads, and 
ALLAN LEE, Research Engineer, Maryland State Roads Commission 

A cooperative program of load-deflection t e s t s of several 
high-type f l e x i b l e pavements i n Maryland was inaugurated 
i n the spring of 1955- A single t e s t consisted of the 
application of a slowly moving ll,200-lb wheel load of a 
single-axle truck to an a r b i t r a r i l y selected point on 
the pavement and the measurement of the r e s u l t i n g pave
ment deflection and rebound. Measvirements were made at 
a point between the diial t i r e s by means of the pavement-
deflection indicator known as the Benkelman Beam. Tests 
were made i n the spring and i n the f a l l at approximately 
1,000 marked locations over a distance of about 85 lane 
miles. The pavements tested range i n age from two to 
eleven years and are i n excellent condition. 

This report contains a description of the pavements 
studied, the t e s t procedure used, and the r e s u l t s of the 
t e s t s conducted to date. 

• A LIMITED PROGRAM of s t r u c t u r a l t e s t s of several high-type f l e x i b l e pave
ments i n service was i n i t i a t e d i n e a r l y 1955- The program i s a cooperative 
e f f o r t of the Maryland State Roads Commission and the U. S. Bureau of Pub
l i c Roads. B a s i c a l l y the purpose of t h i s study i s to gain f\irther know
ledge of the s t r u c t u r a l behavior of nonrigid pavements and to a s c e r t a i n 
whether maximum deflection might be considered as a measure of t h e i r ade
quacy. 

The study consists e s s e n t i a l l y of a s e r i e s of load-deflection t e s t s 
i n the spring and f a l l of each year and an attempt to correlate the data 
obtained with some of the variables known to a f f e c t pavement behavior. A 
single load-deflection t e s t generally consists of the application of a 
slowly moving ll,200-lb wheel load to the pavement and measurement of the 
resul t i n g maximum deflection and rebound or recovery. 

A b r i e f account of t h i s study and the highlights of the findings af
t e r the f i r s t year of observations are included as a part of a previous 
paper ( l ) . I n view of the f a c t that the investigation i s a continuing one, 
t h i s paper i s simply a progress report of the work done to date. However, 
since there i s l i t t l e previously published information regarding t e s t s of 
the type described herein, an account of the more Important factors that 
were considered and a f a i r l y detailed description of the manner i n which 
the t e s t s are being conducted w i l l be included. 

Three of the four pavements under study are located i n C a r r o l l , Fred
e r i c k , Washington, and Montgomery Counties i n the central part of the state; 
the foinrth i s i n Queen Annes Comty on the Eastern Shore. A l l are high-
type f l e x i b l e pavements of modern design with 12-ft lanes. They were con
structed on new location on important routes and a l l are i n excellent con
dition. 



To obtain an Indication of the eff e c t on pavement deflection of changes 
i n the condition of the pavement structure and suhgrade caused hy seasonal 
changes^ t e s t s were conducted at two periods d-oring the year. I t was 
planned to sel e c t a period i n the spring when conditions were at t h e i r 
worst, and i n the f a l l when conditions were good. Selection of the most 
desirable t e s t periods was based on v i s u a l observation of pavements i n the 
area and on personal judgment. Thus f a r , four s e r i e s of t e s t s have been 
completed. These were made during the following periods: 

1. Late March and early A p r i l 1955-
2. Mid-November 1955. 
3. E a r l y A p r i l I956. 
k. Mid-November I956. 
I t has been found d i f f i c u l t to estimate i n advance the period during 

which the most adverse conditions w i l l e x i s t and to recognize t h i s period 
when i t comes. As a r e s u l t , i t i s believed that the spring t e s t s e r i e s 
of both years were made several weeks l a t e . 

The device used to measure the v e r t i c a l movement of the pavement i s 
the lever-type pavement deflection indicator known as the Benkelman Beam. 
Descriptions of t h i s device and the d e t a i l s of the procedijre for using i t 
have been previously published ( 2 ) . A general view of the t e s t truck with 
the instriments i n position j u s t prior to the beginning of a t e s t i s shown 
i n Figure 1. I t i s s\;ifficient to say here that t h i s i s a simple and i n 
expensive device that measures the deflection at the pavement surface of 
a point between the rear dual t i r e s of a truck moving at creep speed as 
w e l l as the rebound or recovery of the pavement after the wheel has passed. 

The f i n a l or recovery measurement was made after the load had passed 
w e l l beyond the point where i t might affect the instriment and after ob
servation of the micrometer d i a l indicator showed no fiirther movement of 
the pavement. The difference between the deflection and recovery meas- ' 
urements i s referred to as the res i d u a l . 

The organization of the f i e l d party for conducting t e s t s of t h i s na- , 
ture i s quite simple. Assiaming that the t e s t s i t e s and points have been 
selected and marked i n advance and that one truck and two deflection i n 
dicators w i l l be used, the party might consist of a recorder, two in s t r u -

r 

Figiire 1. Deflection indicators i n 
position at beginning of t e s t . 

Figure 2 . Deflection indicators i n 
carrying position. 



ment operators, two flagmen, and a truck driver. The recorder may act as 
party chief. A l l personnel can he trained -within a day to perform t h e i r 
johs and to work as a team. The most Important c h a r a c t e r i s t i c required 
of the party chief and instrument operators i s t h e i r sense of responsihil-
i t y . They must r e a l i z e that they are working with a precise instrument 
and that care must he exercised i n order to obtain accurate r e s u l t s . 

The vehicle used to apply the t e s t load for the t e s t s i n the c e n t r a l 
part of the state was a two-axle, dual-tired dump truck. For the f i r s t 
s e r i e s of t e s t s (spring 1955) "two such trucks were used, one having a 
7,000-lb wheel load, the other having an 11,200-lh wheel load, the l a t t e r 
heing the l e g a l load l i m i t i n Maryland. The remaining three t e s t s e r i e s 
were made with the llj200-lh load only. The desired wheel load was ob
tained by loading the truck with crusher-nm stone and weighing on either 
platform or loadometer sc a l e s . T i r e equipment consisted of 10.00 x 20 
t i r e s i n f l a t e d to 80 p s i . The truck used for the t e s t s on the Eastern 
Shore was of the same general type as the others and was equipped with 
11.00 X 20 t i r e s . 

I t has been found that the best way to transport the deflection i n 
dicators i s on the righ t side of the t e s t truck. S p e c i a l l y designed, r e 
movable metal brackets fastened to the truck body were used for t h i s pur
pose ( F i g . 2). 

Because for each t e s t the probe arm of the deflection indicator was 
routinely placed between the two t i r e s of a dual-tired wheel, the space 
available between the t i r e s i s of importance. The device must be placed 
i n position so that as the vehicle moves forward the lever arm i s not 
touched by either t i r e . The device i s aligned by eye. The minimum space 
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between t i r e s on the trucks used for these t e s t s was 1^ i n . , whereas the 
minimum distance between contact areas was h l/8 i n . 

I t has been found by experience that t h i s i s about the minimum space 
desirable, although studies to determine the e f f e c t of increasing the space 
between dual t i r e s on deflection of the pavement have not been made. I t 
has been noticed, however, that for certain pavements and under certain 
conditions there can be a tendency for the surface material to squeeze up
ward between the contact areas of the t i r e s . For t h i s reason, the distance 
between contact areas may have some significance and therefore should be 
kept to a reasonable maximim of about 5 i n . 

The scope and extent of the study was determined by the anticipated 
a v a i l a b i l i t y of the personnel and equipment required to make the f i e l d 
t e s t s . I n i t i a l l y , portions of the three pavements i n the central part of 
the state t o t a l i n g mi i n length were selected. I t was decided to allow 
a period of two weeks for completion of a t e s t s e r i e s . Previous experience 
with s i m i l a r t e s t s elsewhere made i t possible to estimate the time required 
to complete a given number of t e s t s over a known length of pavement. 

Test s i t e s were selected at random i n t e r v a l s averaging about •̂• mi 
along each of the pavements tested. The i n t e r v a l s range from a minimum 
of 0.1 mi to almost 1 mi, the chief consideration i n the selection of the 
individual t e s t s i t e s being that of safety. I t i s e s s e n t i a l that drivers 
of vehicles approaching the halted t e s t truck have adequate sight distance 
and ample warning from the flagman. For t h i s reason s i t e s on or near hor
i z o n t a l or v e r t i c a l curves were usually avoided. Other factors that should 
be taken into consideration are pavement condition, pavement design, type 
of subgrade s o i l , construction methods, grade l i n e location, culverts and 
bridges, and drainage. 

On the three pavements i n the central part of the state, I 7 I t e s t 
s i t e s were selected- The layout of individual t e s t points for the two 
highway types studied i s shown i n Figure 3. On two-lane highways four 
t e s t s at approximately kO-ft Intervals were made i n one lane only; on 
four-lane divided highways, three t e s t s at t h i s i n t e r v a l were made i n each 
of the two lanes of one roadway. A l l t e s t points were marked with paint 
so that t e s t s of a l l t e s t s e r i e s could be repeated at exactly the same 
spots. Two deflection Indicators were used so that t e s t s could be made 
in both the inner wheel path (IWP) and outer wheel path (OWP) simultane
ously. 

I n the f a l l of I955 i n i t i a l t e s t s were made on the fourth pavement 
included i n the study. This added 10 mi of pavement and 38 t e s t s i t e s to 
the 45 mi and I 7 I s i t e s previously mentioned, making a t o t a l of 55 I'll 
209 s i t e s . Because t e s t s were made i n both lanes of one roadway of the 
divided highways, i t i s apparent that approximately 85 lane-miles of pave
ment were studied. The average rate of progress for the entire study has 
been the measurement of kd deflections at 2h points representing s i x t e s t 
s i t e s per hour. 

Previous studies have shown that the location of the wheel load with 
respect to the pavement edge has a s i g n i f i c a n t e f f e c t on the magnitude of 
the deflection. Also i t was considered desirable to repeat each s e r i e s 
of t e s t s at the same points on the pavement, within p r a c t i c a l l i m i t s . For 
these reasons i t was decided to attempt to make a l l t e s t s with the outside 
of the outside rear t i r e 3 "to 6 i n . from the pavement edge. This placed 
the centerline of the outer and inner rear wheels about I.5 and 7.5 f t . 



respectively, from the edge of the 
pavement. This distance was se
lected because i t places the out
side wheel at or near the most c r i t 
i c a l location on the pavement. 

The sections of pavement se
lected for t h i s study are as f o l 
lows: 

1. Westbound lane of the 16.5-
ml long section of US kO west of 
Frederick between i t s intersection 
with US 40 (Alternate) and Hagers-
town. 

2. Eastboimd lanes of US kO 
east of Frederick, from the Monoc-
acy River to the v i c i n i t y of Ridge-
v i l l e , a distance of 12 mi. 

3. Southbound lanes of the 
16-ml long section of US 2^0 south 
of Frederick between the US I5 and 
State Route I I 8 interchanges. 

k. Northbound lane of the por
tion of the Blue Star Memorial High
way, 10 mi i n length, between State 
Routes 305 and 300 northeast of Cen
t r e v i l l e . For the sake of simplic
i t y these four pavement sections are 
referred to as US l+OW, USkOE, US 
2kOS, and. Blue Star, respectively. 

US 40W i s a two-lane highway 
located i n mountainous t e r r a i n with 
maximum grades of 8 percent. A 
general view and a close-up of the pavement sixrface are shown i n Figure k. 
I t was constructed on a relocation of the old route, the grading for which 
had been completed a nimber of years e a r l i e r , and was opened to t r a f f i c 
about eleven years ago. A s o i l survey of the new grade was made j u s t p r i 
or to construction of the f l e x i b l e pavement structure. I t was found that 
about 80 percent of the material at the subgrade l e v e l i s A-5 s o i l consist
ing of s i l t , hard or soft shale, and decomposed rock, with s o l i d rock at 
or near the surface at some locations. The remainder i s composed, i n gen
e r a l , of A-k and A-7 s o i l s . A cross-section of the pavement structure i s 
shown i n the upper part of Figure 5- This design, which i s uniform 
throughout the l6.5-mi length, consists of a 2-in. stone screenings blan
ket or insulation course, an 8-in. waterbound macadam base course topped 
by a 4-in. penetration macadam coinrse, and a 3-in. asphaltic concrete sur
face course, making a t o t a l thickness of I 7 i n . 

US kOE i s a four-lane divided highway i n r o l l i n g t e r r a i n with a max
imum grade of 6 percent, but with much of the pavement on grades of l e s s 
than k percent. A general view of the eastbound roadway and close-up of 
the present pavement surface are shown i n Figure 6. I t was planned and 
b u i l t as a stage construction project, the asphaltic concrete surface 
course having been i n i t i a l l y omitted. I n i t s place a temporary surface 
course consisting of a double-surface treatment about 1 i n . i n thickness 

Figure h. General view of roadway 
(upper), and d e t a i l of t y p i c a l pave
ment sinrface (lower) - US kO\}. 
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Figure 5. Transverse sections showing components 
of pavement structiire. 

Figure 6. General view of east-
bo-und roadway (upper), and d e t a i l 
of t y p i c a l pavement surface 

(lower) - US 40E. 

was l a i d . E a r l y i n the l i f e of t h i s 
uncompleted pavement structure ex
tensive cracking of the surface be
gan to develop and at the time of 
the f i r s t deflection t e s t s e r i e s 
(spring 1955) the road was under
going considerable maintenance. 
Later i n the year, but prior to the 
f a l l t e s t s e r i e s , the- asphaltic con
crete siarface was placed. This sur
face was about one year old, i n Jan
uary 1957; whereas the remainder of 
the structure was about two years 
old. Since placement of the f i n a l 
surface, the performance of t h i s 
pavement has been excellent. The 
predominating s o i l s foimd on t h i s 
route are an A-5 micaceous s i l t , de
composed shale and rock, and an k-h 
s i l t . A cross-section of the pave
ment structure i s shown i n the lower 
hal f of Figure 5. On foiir of the 
f i v e sections of t h i s project the 
i j — i n . crusher-run subbase shown to 
the right of the section centerline 
was constructed. On the f i f t h sec
tion a 2-in. stone screenings course 
was placed i n l i e u of t h i s . The base 
course on four sections consists of 
10 i n . of waterbound macadam com
pacted i n one layer by a vibratory 
method, whereas on the f i f t h section 
two 5-in. layers were compacted by 



r o l l i n g . This was f i r s t surfaced 
with a double surface treatment ap
proximately 1 i n . thick, and f i n a l 
l y with a minimum of S'l i n . of as-
p h a l t i c concrete. 

US 2kOS i s a part of the Wash
ington National Pike between Fred
eri c k and Rockville and i s a foiir-
lane divided highway. A view of 
the southbound roadway and a close-
up of the pavement surface are shown 
in Figure 7. I t was constructed on 
new location p a r a l l e l i n g the old 
route and i s i n undulating topog
raphy with maximum grades of k per
cent. The f i r s t section was com
pleted i n 1952 and the l a s t i n 195^+. 
The predominating s o i l i s A-5 mica
ceous s i l t and decomposed rock, a l 
though a considerable amount of A-h 
s i l t i s also found on t h i s route. 
A section showing the components of 
the pavement structure i s given i n 
the upper hal f of Figure 8. The 
part of the pavement located i n 
Montgomery County has a 2-in. stone 
screenings course between the base 
course and subgrade, as indicated 
i n the right h a l f of the section. 
On the remainder of the project 
t h i s course was omitted. The base . 
course consists of an 8-in. thick-

Figure 7. General view of south-
boimd roadway (upper), and d e t a i l 
of t y p i c a l pavement surface (lower) 

- US 2kOS. 
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Figure 8. Transverse sections showing components of 
pavement structiire. 
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ness of waterbound macadam topped with 3 i n . of penetration macadam. The 
surface course i s k I n . of asphaltic concrete, making a t o t a l thickness 
of pavement structxare of 15 to I 7 i n . 

The pavement section designated Blue Star i s a portion of a new north-
south route that connects the Chesapeake Bay Bridge to major routes i n 
Delaware. I t was designed as a four-lane divided highway, but only two 
lanes were constructed at t h i s time. The section under study has been open 
to t r a f f i c for only a year. I t i s located on comparatively f l a t t e r r a i n , 
the maximum grade being I . 5 percent. The predominant s o i l type i s an A-i|-
s i l t , which e x i s t s a t about two-thirds of the t e s t s i t e s . At most of the 
remaining s i t e s the s o i l s are A-2 or A-3 sands and gravel. A t y p i c a l cross-
section of the pavement structure i s shown i n the lower part of Figiare 8. 
A 2-in. stone screenings course was placed on a 'J^-in. layer of se l e c t s o i l . 
A 10-in. waterbound macadam base course was then constructed and f i n s i l l y 
surfaced with 3^ i n . of asphaltic concrete. The base course material on 
one-half the project i s crushed slag; on the remainder, crushed stone. The 
structure thickness, excluding the layer of sel e c t material, i s 15^ i n . 

For convenience and for the sake of c l a r i t y the foregoing general i n 
formation i s summarized i n Table 1. 

TABLE 1 

SUMMARY OF DESCRIPTIVE INFORMATION REGARDING THE 
FOUR PAVEMENT SECTIONS STUDIED 

Pavement 
Designation 

Highway 
Type 

Length, 
mi 

Pavement 
Thickness, 

i n 
Predominant 
S o i l Type 

Age, 
yr 

Maximum 
Grade, 

?t 
US kow Two-lane 16.5 17 A-5 11 8 US 40E Four-lane 12 16A+ or A-5 2 6 

divided 18|+ 
A-5 

US 2kOS Four-lane 16 15 or 17 A-5 2 to k k 
divided 

A-5 

Blue Star Two-lane 10 1 5 i A-h 1 1.5 

As shown i n Table 2 , the annual average d a i l y t r a f f i c (A D T) i n 1955 
ranged from 3,000 on the Blue Star Highway, the newest of the pavements, 
to 7,700 on US 4 0 W , the oldest. Also shown i n Table 2 are the volmes of 
commercial vehicles and of heavy trucks expressed as a percentage of the 
t o t a l volimie. The larg e s t volume of heavy trucks was counted on US kOE, 
where 9 percent (585 v e h i c l e s ) were i n t h i s category. 

Additional t r a f f i c data are shown i n Table 3, i n which the estimated 
nimiber of axle loads of various weights that t r a v e l each of the four pave
ment sections on an average day are given. The numbers of axle loads tab
ulated were estimated from data obtained i n connection with the statewide 
loadometer survey of I956. These data indicate that the greatest frequency 
of heavily loaded axles i s on US 40E. Also, that on aJLl four pavement sec
tions the ll(- ,000-to-15,999-lb axle load i s the most frequent. 

Other studies have indicated that the temperature of the asphaltic 
concrete surface co\irse may influence the s t r u c t u r a l behavior of a f l e x 
i b l e pavement, the s t i f f n e s s of the pavement increasing with a decrease 



TABLE 2 
SUMMARY OF TRAFFIC DATA, 1955 

Percentage of Total T r a f f i c 
Pavement Annual Average n^r^m^v.^-: o i no=-,r,r 
I.sis».ti=„ Tr a f f i c . ™ f f^^^ 

US kov 7,700 15 5 
us 40E 6,500 19 9 
US 240S k,900 12 k 
Blue Star 3,000 20 3 
a A l l lanes, both directions. 
b 5 tons or more. 

TABLE 3 
ESTIMATED NUMBER OF AXLE LOADS OF VARIOUS RANGES IN 

MAGNITUDE FOR AN AVERAGE DAY IN I956 

Range i n Axle Load, Axle Loads 
lb US kOW US kOE US 2kOS Blue Star 

12,000 - 13,999 136 2kO 81 kl 
Ik,000 - 13,999 176 300 103 63 
16,000 - 17,999 167 293 99 58 
18,000 - 19,999 128 227 77 kk 
20,000 - 21,999 61)- 116 h3 28 
22,000 and over kl Ik 30 18 

i n temperature. However, the r e l a t i o n between the deflection of a pave
ment of t h i s type and the temperature of i t s surface course for a given 
condition of loading has not been established. I n the present studies, 
as a matter of general I n t e r e s t , a i r and pavement temperature were meas
ured i n the morning, at noon, and i n the evening of each t e s t day. Pave
ment temperatures were measured with a mercury thermometer inserted i n an 
o i l - f i l l e d hole i n the pavement surface. The hole, approximately -̂̂  i n . i n 
diameter and 1-J i n . deep, was located about 1^ f t from the pavement edge. 

A sxMmary of the pavement temperature measurements obtained during 
the four t e s t periods i s given i n Table k . These data indicate that: 

TABLE 
SUMMARY OF PAVEMENT TEMPERATURE RANGES FOR EACH TEST SERIES 

Pavement 
Designation 

Pavement Temperature Range, F 
Pavement 

Designation 
1955 1956 Pavement 

Designation Spring F a l l Spring F a l l 
US kov 58-90 38-67 58-96 38-71 
US kOE 33-67 l^i^-62 61-89 39-59 
US 2il-0S kO-92 lt5-76 55-91 45-78 
Blue Star - 36-5if 1̂ 8-78 kO-39 
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1. For any one pavement section and t e s t s e r i e s there was a temper
ature v a r i a t i o n from about 20 to as much as ̂ 0 F. 

2. Temperatures were generally about 10 to 20 F l e s s i n the spring 
of 1955 than i n the spring of 1956, whereas those of the two f a l l t e s t 
s e r i e s were about the same. 

3. Temperatures during the f a l l t e s t s were generally 10 to 20 F l e s s 
than those of the spring t e s t s . 

Plots of t y p i c a l deflection data obtained on the four pavement sec
tions are shown i n Figures 9 through ik, the maximum deflection values i n 
the upper and the residual values i n the lower part of each figiare. Each 
plotted value i s the average of the three or four individxial measurements 
at each t e s t s i t e . The t e s t s i t e s are plotted at equal i n t e r v a l s along 
the abscissa, although ac t u a l l y they are located at irr e g u l a r intervaJLs 
along the pavements as explained e a r l i e r . The l i n e s connecting the plotted 
points have no particulax significance, but were drawn merely to emphasize 
the r e l a t i v e veuLues of the points and the trends that might be indicated. 
A l l figures show deflections for an 11,200-lb wheel load, and for a l l t e s t 
s e r i e s completed to date, with the exception of Figure 11, which i s for 
the 7jOOO-lb wheel load used i n the f i r s t t e s t s e r i e s only. 

u s 40 W, INNER WHEEL PATH 

NOVEMBER 1955 
APRIL 1956 
NOVEMBER 1956 

I I I 
TOTAL DEfLECTIOHS 

8^010 
16 5 MILES 

* 
RESinm A H ^9 V] 

4 B 12 16 20 24 2B 32 36 40 44 4 8 5 2 5 6 60 6 4 68 72 
TEST SITE NUMBER 

Figure 9« Average deflection and residiisa values at each t e s t s i t e for 
the various t e s t periods - 11,200-lb wheel load. 

Figures 9, 10 and 11 show a l l of the data obtained on US kOM i n both 
wheel paths. Figures 9 and 10 are for an 11,200-lb and Figure 11 for a 
7,000-lb wheel load. However, because the trends discussed are the same 
for either lane and either wheel path, the detailed data of the remaining 
three pavements are presented i n Figures 12, 13 and ik for the outer wheel 
path of the outer lane only. This i s done fo r the sake of brevity and to 
avoid repetition. 

Several general observations of the data contained i n Figures 9 
through 1^ that are c h a r a c t e r i s t i c of the r e s u l t s obtained on a l l four 



11 

pavement sections may t e made, as follows: 
1. For any one t e s t series the deflection and residual values vary 

markedly from s i t e to s i t e . 
2. Where the deflection value i s r e l a t i v e l y large or r e l a t i v e l y 

small with respect to those of other sites f o r one te s t series, i t gener
a l l y remains so f o r the other t e s t series. This i s true also of the re
sidual values, although the data f o r these are more e r r a t i c . 

3. Values of deflection obtained i n November are appreciably less 
than those measured i n spring. 

k. The residual values tend to vary d i r e c t l y as the deflection 
values. 

5. Residual values are larger than might be expected. 

us 40 W, OUTER WHEEL PATH 
a <'APRIL I9S5 
> "NOV I9SS 
0——o APRIL 1956 
< fNOV 1956 S 

TC TAL DEf L E C T I O 

1 
i v l.M I 

>i -̂ 1 n 
!/ 
If \i\ f V 

I n ik 
In l i / Ml 

•A \ 
rfe\/|\ 

'J\ 
1 B 

f n 

r 
* w • T 

1 0 
020 

r 
0 

i 

i 

BESII IU6LS 

J w m 
1 . . . . . . 

-•o-o 

"O 4 8 12 16 ZO 24 28 32 36 40 44 48 52 56 60 64 68 72 
TEST SITE NUM8ER 

Figure 10. Average deflection and residual values at each te s t s i t e f o r 
the various test periods - 11,200-lb wheel load. 

u s 40 W, NTH UrnCEL MTHS 

fc 0 

1 

ft' 
-OUTfl WHEE MTH 

i 
1., 

^\ -» 
r-^ 

J \r V I A yW 
•Tr-*"N 

-INHCR WHEEL PATH 
—BBI IH^S— 

" V 

J A A 
Bcai U&LS 

<^ 
. . 

TEST SITE NUMBERS 

Figure 11. Average deflection and residual values at each 
test s i t e i n the spring of 1955 - 7,000-lb wheel load. 
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100 

us 4 0 E , OUTER LANE 
OUTER WHEEL PATH 

'Bill I 
TOTAL DEFLECTIONS 

A APRIL 1955 
NOVEMBER 1955 

o APRIL 1956 
t NOVEMBER 1956 

12 MILES 

010 

010 

4 
\ l 

\ . 'A i V ' A / 
I ' / A 

F ̂  
r ^ 

RESIC UALS 
-J . , I., I.- • • • • • • 

12 16 20 24 28 32 
TEST SITE NUMBERS 

36 40 44 48 

Figure 12. Average deflection and residiial values at each t e s t s i t e f o r 
the various test periods - 11^200-113 wheel load. 

The reason f o r the large variations i n deflection and residual values 
from one location to another has not been determined thus f a r i n the study. 
Attempts to correlate pavement deflection with the type and natiure of the 
subgrade s o i l , as determined by surveys conducted p r i o r to construction, 
have not been successful. Also, careful v i s i i a l inspection of the pavement 
surface at locations where deflection values are comparatively large has 
resulted i n no explanation f o r t h i s behavior, except i n the case of the 
spring tests on US kOE, where surface cracking was evident. However, i t 
i s known that large variations of t h i s sort are t y p i c a l of data previously 
obtained on other f l e x i b l e pavement by the same methods (3) . This has a l 
so been found on siiuilajc 'tes'ts conducted, i n S6vei*a.l otlier sljEftes^ "blie re
sults of which have not "been published-
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Except f o r the f i r s t t e s t series on US kOE, the average residual 
valxies i n the various wheel paths f o r a l l t e s t series on the four projects 
range from 7 t o 29 percent of the corresponding average deflection values. 
However, i n most cases these percentage values l i e between I5 and 25. 

A comparison of the data i n Figures 9 and 10 shows that although the 
deflection and residual values are appreciably larger i n the outer wheel 
path, the variations from s i t e to s i t e are generally the same. Also, a 
comparison of the values of either wheel path f o r the four test series 
discloses that those of the two faJLl test series are of about equal mag
nitude. This i s not as true of the two spring series, where those of I 9 5 5 
are, i n general, somewhat the larger. I n the inner wheel path the re l a 
tions between the residuals f o r the various t e s t series are quite e r r a t i c . 
However, i n the outer wheel path those of the f i r s t t e s t series ( A p r i l 
1955) are the largest and those of the fourth series are the smallest. 

The data f o r both wheel paths of US hOV obtained with the 7,000-lb 
wheel loading axe shown i n Figure 11. Comparison of Figure 11 with Figure 

U S 2 4 0 S - O U T E R L A N E 
O U T E R W H E E L PATH 

in 
UJ 

5 
z 
I 

0 9 0 

0 8 0 

0 7 0 
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0 4 0 

A P R I L 1955 
« X N O V E M B E R 1955 
o o A P R I L 1956 I 

.+ + N O V E M B E R 1956 

2 0 3 0 
UJ 

§ 
2 
_i 0 2 0 

0 1 0 

0 
0 3 0 

0 2 0 

T O T A L D E F L E C T I O N S 

16 M I L E S 

z 
0 1 0 

R E S I I J U A L S 

9 

' >\ 1 

i 
1 

( . 

if 

r ^ 

16 2 0 2 4 2 8 3 2 3 6 

T E S T S I T E NUMBERS 

4 0 4 8 5 2 5 6 

Figure 13. Average deflection and residual values at each te s t s i t e f o r 
the various t e s t periods - 11,200-lb wheel load. 
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BLUE STAR MEMORIAL HIGHWAY 
OUTER WHEEL PATH 

in 

5 

> 

I I I 
NOVEMBER 1955 

o- -o MARCH 1956 
—f NOVEMBER 1956 

10 MILES 

RESIDUALS 

TEST SITE NUMBERS 

Figure ik. Average deflection and residuaJL values at each te s t s i t e f o r 
the various t e s t periods - 11,200-lb wheel load. 

9 or Figure 10 shows that although the magnitude of the deflection and re
sidual values i s proportionately less, the variations from s i t e to s i t e 
are about the same. A direct comparison of the deflection and residual 
values f o r the two wheel paths i s afforded i n Figixre 11. At nearly a l l 
sites the deflection i n the outer wheel path i s larger than that of the 
inner. However, the residual values show no d e f i n i t e trend i n t h i s regard. 

The detailed data f o r the outer wheel path of the outer lane of US 
has are given i n Figure 12. I t shovild he recalled before studying t h i s 
figure that at the time of the i n i t i a l series of tests ( A p r i l 1955) the 
f i n a l siarface had not been placed on the structure and signs of surface 
distress were prevalent. The deflection values of the A p r i l 1955 t e s t 
series are extremely large compared to those of the l a t e r t e s t series. 
During the l a t e summer and f a l l of 1955 the f i n a l asphaltic concrete sur
face course was constructed. Following t h i s , the second series of tests 
was made. As stated previously, the values of t h i s and subsequent series 
were considerably smaller. Residual values of the f i r s t t e s t series are 
the most e r r a t i c , some indicating permanent upward movement. Those of 
the most recent t e s t series are the least e r r a t i c and also the least i n 
magnitude. 
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The average deflection and resid\ial values at each s i t e f o r US 2kOS 

are shown i n Figure I 3 . The relations between the deflections of the four 
t e s t series are about the same as those of US l+OW; that i s , those of the 
f i r s t and fourth t e s t series are the largest and smallest, respectively. 

The deflection and residual data f o r the Blue Star pavement are given 
i n Figure ik. This project was completed i n November 1955, and the i n i t i a l 
t e s t series was made la t e that month. This series corresponds to the sec
ond test series of the other three pavements. The deflection data obtained 
at the f i r s t 2h- t e s t sites generally indicate that the March and November 
1956 values are the largest and smallest, respectively, and the others are 
i n between. However, fo r the remaining t e s t sites the November 1955 v a l -

US 40W, OUTER WHEEL PATH 
SPRING 1955 

ILI 
X o z 
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| . 0 4 0 
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z 
UJ 
ID 
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.010 

5 6 7 8 9 10 
TEST SITE NUMBERS 

II 12 13 14 

Figure 15. Typical deflection measizrements at a nimber of t e s t sites 
showing the variations i n the individual values obtained - 11,200-lb 

wheel load.. 
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ues are the largest. I n f a c t , at sites 28, 37, and 38 the deflection v a l 
ues of t h i s t e s t series are exceptionally large as compared t o those at 
the other sit e s . 

When these measurements were obtained, i t was noted that there was a 
tendency f o r the pavement to " r o l l " ahead of the truck t i r e . However, i n 
spite of t h i s unusual type of movement obsejrved immediately af t e r con
struction, subsequent measiirements have indicated only normal movements 
at these locations. The residual values f o r the f i r s t t e s t series were 
appreciably larger than those of the other t e s t series. The values at 
sites 28, 37̂  and 38 were p a r t i c u l a r l y large at that time. 

The data previously presented show the rather large variations i n 
deflection values which may be found from s i t e to s i t e of a given pave
ment. In addition, i t was found that the three or four indiv i d u a l deflec
t i o n measurements obtained under constant t e s t conditions at a single s i t e 
may vary considerably. This i s I l l u s t r a t e d by the data shown i n Figure 
15, obtained at a series of t y p i c a l although a r b i t r a r i l y selected t e s t 
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Figure 16. Comparison of average deflections i n the 
inner and outer wheel paths of the two-lane highways 

- 11,200-lb wheel load. 
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s i t e s . The variations i n veiliies range from a minimum of 0.002 i n . at 
si t e 9 to a maximim of 0.028 i n . at s i t e k. 

A comparison of the average deflection values of the inner and outer 
wheel paths of the two-lane highways (US hOM and Blue Star) i s made i n 
Figure l6. Each value shown f o r US kOW i s the average of about 550 meas
urements. The spring t e s t values f o r Blue Star are the average of about 
150 and the f a l l t e s t values of about 3OO measiorements. Figure 16 i n d i 
cates that f o r both pavements and both seasons the values i n the outer 
wheel path are considerably larger than i n the inner wheel path. 

Similar graphs of the average deflection i n the four wheel paths of 
the four-lane divided highways (US kOE and US 2kOS) are shown i n Figiires 
17 £ind 18, respectively. Each value f o r the spring tests of US kOE i s the 
average of about ikO measurements, the f i r s t series of readings being ex
cluded, whereas the values f o r the f a l l tests include 280 measurements. 
The values f o r US 2̂4-03 are the average of 3OO measurements. 
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0 4 0 

UJ I o 
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UJ 
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UJ 
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t l 
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INNER OR L E F T LANE 
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• OUTER WHEEL PATH (OWP) 

IWP OWP 

— OUTER OR RI6HT LANE 

Figure I7. Comparison of average deflections i n the 
four wheel paths of the eastboimd lanes - US kOE, 

11,200-lb wheel load. 



18 

0 6 0 

SPRING T E S T S 

0 4 0 

O 0 2 0 

F A L L T E S T S 

S 0 4 0 

02Q 

OWP 

INNER OR L E F T LANE - - O U T E R OR RIGHT LANE 

r~) INNER WHEEL PATH (IWP) 

• OUTER WHEEL PATH (OWP) 

Figure l 8 . Comparison of average deflections i n the 
four wheel paths of the southbound lanes - US 2li-0S, 

11,200-lb wheel load. 

The relations f o r US l̂-OE indicate that i n the outer lane the deflec
t i o n i n the outer wheel path i s s l i g h t l y the larger, whereas i n the inner 
lane, the reverse i s true. The relations f o r US 240S show a somewhat more 
marked difference between the values i n the two wheel paths of both lanes. 
However, the differences are much less pronounced than are those of the 
two-lane highways. Also, the inner or l e f t lane deflection values are 
somewhat less i n magnitude than those of the outer or r i g h t lane. 

A comparison of the grand average deflection values f o r a l l four t e s t 
series on the four pavements studied i s shown i n Figure I9. The values 
plotte d are the averages of measurements made i n a l l lanes and wheel paths. 
The following comments may be made concerning these data: 

1. With the exception of the spring I955 value f o r US 40E, a l l de
f l e c t i o n values are between 0.022 and O.O38 i n . 

2. The deflections of US kOV are generally the smelliest and, with 
the exception of the f i r s t t e s t series of US ̂ OE, those of US 2lj-0S the 
largest. 

3. The values obtained i n the spring are i n a l l cases the largest. 
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Figure 19. Comparison of average deflections of the four pavement sec
tions f o r each t e s t series - 11,200-lb wheel load. 

that of the I n i t i a l t e s t series of US kOE being exceptionally large (about 
0.070 i n . ) . 

k. For the two older pavements (US 40W, 11 years, and US 2lj-0S, 2 to 
k years) the seasonal changes i n deflection have been of appreciable mag
nitude, but quite constant. On the other hand, the seasonal var i a t i o n be
tween the spring and f a l l of 195^ on the two newer pavements i s somewhat 
greater than that between the f a l l of I955 and spring of I956. 

SUMMARY 
As mentioned e a r l i e r , t h i s i s a progress report on a study of the 

s t r u c t u r a l performance of certain high-type f l e x i b l e pavements i n service 
by means of load-deflection tests. F a i r l y detailed descriptions of the 
test procedure used, the pavements studied, and the more Interesting f i n d 
ings obtained, are included. 

Studies of t h i s type were made possible by the development i n 1953 
of the Benkelman Beam pavement deflection indicator. The tes t procedure 
was developed to make maximum use of t h i s instriament i n the time available. 
The four pavement sections studied are of modern design, range i n age from 
1 to 11 years, are on moderately traveled routes, and are i n excellent 
condition. 

The average deflection i n A p r i l 1955 f o r the stage-constructed pave
ment (us kOE) that showed signs of distress before receiving the f i n a l 
surface course, was about O.O7O i n . However, many individ u a l measurements 
exceeded t h i s value and a few exceeded 0.100 i n . Because of the excellent 
performance of t h i s pavement since the addition of the f i n a l surface course, 
and the similar perfomance of the other three pavements to date, no other 
correlation could be made between t h e i r s t r u c t i i r a l adequacy and t o t a l de
f l e c t i o n . With the exception of the value previously mentioned, the 
grand average deflections f o r a l l seasons on a l l pavements ranged from 
0.022 to 0.038 i n . 

I t was found that the magnitude of the deflections of a certain pave-
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ment of constant design may vary to a great degree from s i t e to s i t e , and 
even at d i f f e r e n t points at the same s i t e . Also, that i n spite of the 
comparatively large deflections at some tes t sites f o r the spring t e s t 
series there i s no evidence of s t r u c t u r a l distress at these s i t e s . An 
attempt t o correlate the magnitude of the pavement deflection with the 
results of the subgrade s o i l surveys made pr i o r t o construction has not 
shown any d e f i n i t e trends. 

The residual values generally range from 0 t o 0.015 i n . , but compar
a t i v e l y few values are larger than 0.010 i n . They tend to vary d i r e c t l y 
as the deflection and, i n general, range from about 15 t o about 25 per
cent of the deflection values. Although the residual values seem quite 
large, only one of the four pavements studied has a measurable amount of 
permanent settlement or consolidation i n the wheel paths. I t i s believed 
that most or a l l of the residual movement i s eventually recovered by slow 
ela s t i c action and the "ironing out effect" of t r a f f i c . 

The magnitude of the deflection of the outer wheel path of the two-
lane highways i s considerably larger than that of the inner wheel p a t h — 
about kO and 25 percent f o r the US kOV and Blue Star pavements, respective
l y . On the other hand, the differences are not as marked i n the case of 
the four-lajie highways. In f a c t , f o r the US ÔE pavement the deflection 
of the inner wheel path of the inner lane i s larger than that of the outer 
wheel path. 

The effect of changes i n climatic conditions on pavement deflection 
i s quite marked, the spring valiies being the greater. The seasonal var
iations between spring and f a l l have been generally quite constant. I t 
was found d i f f i c u l t to schedxile the tests f o r the most adverse period i n 
the spring, there being indications that both spring test series followed 
the spring breakup period by several weeks. 

I t i s expected that periodic observations of these pavements w i l l be 
continued i n the future i n an e f f o r t to establish a correlation between 
pavement performance and deflection under a single-wheel load. 
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Discussion 
W. H. CAMPEN, Manager, Omaha Testing Laboratories, Omaha, Nebraska—Can i t 
be concluded from t h i s study that f l e x i b l e pavements can tolerate about O.O5 
i n . t o t a l deflection without cracking and, consequently, f a i l i n g the bitum
inous mats? This question i s prompted by the fact that Hveem i n 1955 (HRB 
B u l l e t i n Ilk) indicated that a much lower deflection would cause f a i l u r e . 
STUART WILLIAMS and ALLAN LEE, Closure—A conclusion such as suggested 
cannot be drawn from the results of t h i s study. Because the pavements 
observed are now generally i n excellent condition, the data are not of 
s u f f i c i e n t scope to j u s t i f y broad conclusions. Perhaps as data accumu
late i t may become possible to correlate s t r u c t u r a l adequacy and t o t a l 
deflection. 



Flexible Pavement Design as Currently 
Practiced in Georgia 
W. F. ABERCROMBIE, State Highway Materials Engineer 
State Highway Department of Georgia 

Flexible pavement designs as currently practiced i n 
Georgia are primarily based on the study of the fo\inda-
tions occurring along the projects by means of surveys, 
analysis of samples representing the various horizons 
of the foundations, and treatment of the foundations ac
cording t o t h e i r strength and the condition imder which 
they serve, a l l combined with a uniform depth base and 
surfacing, u t i l i z i n g the available materials either ex
i s t i n g i n the v i c i n i t y of or economically accessible to 
a project. 

This paper describes the basic factors considered 
and the manner i n which they are incorporated into f l e x 
i b l e pavement design. 

•BECAUSE THEEffi ARE so many variables and factors which have not been eval
uated but which influence the design and construction of a satisfactory 
f l e x i b l e pavement, no r a t i o n a l foimula i s used f o r design of such f a c i l 
i t i e s i n Georgia. Instead, the several factors and variables are studied 
i n d i v i d u a l l y and then combined to give what are considered to be adeq\iate 
pavements. The factors studied include the results of siirveys of the 
foundation materials, i n both cuts and f i l l s ; surveys of existing deposits 
of materials, both i n the v i c i n i t y of and commercial materials economically 
available to the project; the location of the project; and the present and 
fut i j r e anticipated t r a f f i c . 

Although several types of f l e x i b l e pavements are b u i l t , they a l l have 
the same basic design i n that provisions are made to strengthen the weaker 
sections of the foimdations by placing over these sections stronger and 
more stable materials i n varying depths so as to resu l t i n a reasonably 
uniform strength subgraAe throughout the length of a project. Over t h i s 
subgrade i s placed a base of uniform thickness commensurate with the basic 
factors previously given and the thickness of the surface course chosen. 

FOUNDATION MATERIAL CLASSIFICATION 
For general construction purposes, foundation materials are divided 

into six classes, which from description and f i e l d obseiwation can usually 
be recognized and treated accordingly. The general descriptions and uses 
of the classes are given i n Table 1. 

The six classes nicely cover the whole range of nat\aral materials en
countered i n roadbed construction and are found to be invaluable i n ob
taining a satisfactory foundation. As previously stated, they can normally 
be d i f f e r e n t i a t e d by f i e l d observation and examination; but f o r judging 
t h e i r value f o r f l e x i b l e pavement design, more d e f i n i t e methods of exam
ination are necessary f o r the f i r s t three cl a s s i f i c a t i o n s (see Table 2) . 
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XAHI£ 1 
aEHERAL GLASSmcmOR OF FOUKDAIION MAXERIAUS 

Usual Xypes of 
Slgnlf 100111; C h a r a c t e r i s t i c s end Uses 

Class Description Constituent Materials 
I F r i a b l e 

s o i l s 
Sands, 
lov c l a y content 
sand-clays, 
sand-gravels, 
t a l u s materials, 
cherty materials, 
and marls 

I I P l a s t i c SOXIB 
with low 
volume change 

High clay content 
sand-clays, 
sand-clay gravels, 
cherts, and 
s l l t y materials 

I I I Highly 
p l a s t i c 
and 
highly 
expansive 
s o i l s 

Clays, f i n e 
grained d i s 
integrated 
g r a n i t i c 
rock, and 
clay marls 

IV Feat^ muck, 
and organic 
s o i l s 

Highly-organic 
s o i l s , peat, 
stuck, and 
other unsatisfactory 
materials usually 
found i n marshy or 
svanip areas 

V Laminated 
materlELLs 

Shale, s l a t e 
p E U T t l E J J y d i s i n t e 
grated s c h i s t s 

VI Book Ledge rock, 
Ixmlders 

IMder proper compaction, generally can he used to f u l l height of embankment, 
generally do not need suhgrade treatment. 

Require c a r e f u l ccanpactlon and moisture control, generally need a topping 
layer or s p e c i a l treatment to obtain s a t i s f a c t o r y subgrade 

High volume changes or detrimental e3^}ansive properties, normally wasted or 
placed e i t h e r m the outer areas or bottom of embankments imere -Uie unstable 
features v i l l have l i t t l e or no e f f e c t on the service value of the embankment. 
I f occurring i n excavation, they are undercut and drained so that as necurly 
constant moisture content as possible i s maintained Require c a r e f u l compac
t i o n and moisture control, vhen used as foundation material, need topping 
layers or s p e c i a l treatment to obtain a s a t i s f a c t o r y subgrade 
Mot s a t i s f a c t o r y for embankment purposes, usually removed and WEis ted I f 
used, require s p e c i a l consolidation and topping lay e r s to obtain a s a t i s 
factory foundation and subgrade. 

Detrimental weathering properties and tend to disintegrate Use i n embankment 
requires c a r e f u l compaction and moisture control, large p a r t i c l e s must be 
broken down u n t i l at l e a s t iiO% passes Ho. It- sieve. Generally need seme form 
of treatment for a satlsfoctory subgrade 
Cannot be r e a d i l y Incorporated Into an embankment by layer construction, 
requires c a r e f u l d i s t r i b u t i o n of the p a r t i c l e s to avoid pockets and voids. 
I n excavation, undercutting and a topping layer I s needed to obtain a s a t 
i s f a c t o r y subgrade, with the rock surface so f i n i s h e d as to furnish proper 
drainage f o r the subgrade 

TABLE 2 
LIMITATIONS OF THE VARIOUS CLASSIFICATIONS OF FOUNDATION SOILS 

Foundation Material 
Group Classification 

Foundation S o i l 
Classification 

Dry Density, 
Ib/cu f t * 

Total Volime 
Change, % 

1 I 100 to 165 0 to 15 
I I I I - A i 100 to 165 15 to 25 

II-Ag 90 to 100 0 to 25 
I I I I I I - A 90 to 165 25 to 50 

I I I - B 80 to 90 0+ 
I I I - C 80- 0+ 

* At 2.65 specific gravity. 

S o i l surveys axe made on each project, with representative samples 
of the various horizons of the materials encountered being submitted to 
the laboratory f o r analyses. 

The s o i l survey consists of d r i l l i n g s made along the centerline of 
the project, with occasional supplemental soundings to the r i g h t and l e f t 
of the centerline. On the four-lane and wider projects, a three-line sur
vey i s made; two of the lines being at some equal distance each side of 
the centerline with random additional borings being made to secure def
i n i t e l i m i t s of the s o i l horizons i n the cross-section. As the borings 
are made, the materials i n each horizon are given a f i e l d i d e n t i f i c a t i o n 
or'description, together with i t s thickness and extent along the project. 
A l l t h i s information i s placed on the i d e n t i f i c a t i o n card accompanying the 
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sample. This f i e l d description, together with the tests made i n the lab
oratory, enables the engineer to make the correct i d e n t i f i c a t i o n f o r class
i f i c a t i o n . The tests conducted i n the laboratory Include gradation, Proc
t o r density, and t o t a l volume change from dryness to saturation. 

From the results of these tests and the f i e l d description, the class
i f i c a t i o n of the material i s made f o r the purpose of designing the subgrade 
f o r f l e x i b l e pavements. Development of t h i s c l a s s i f i c a t i o n , resulting from 
the study of foundations and subgrades under many hundreds of miles of 
f l e x i b l e pavements, has been previously discussed ( l ) . 

I n general. Class I corresponds to A-1, A-2, and A-3 of the Bureau of 
Public Roads So i l Classification System; Class I I to A-k and A-5j and Class 
I I I to A-6 and A-7. 

Each of these classes of materials carries i t s own depth of subgrade 
treatment. Class I material conforming to the required subgrade s p e c i f i 
cation requires no treatment; otherwise, a 6-in. treatment. Class I I - A ^ 
carries 6 i n . ; I I - A 2 9 i n . ; I I I - A 12 i n . ; I I I - B I 8 i n . ; and I I I - C 2k i n . 
of treatment. 

During grading operation the foundation i s undercut to the depth re
quired i n accordance with these schedxiles, and b a c k f i l l e d with selected 
subgrade treatment materials. This furnishes a reasonably uniform subgrade 
of at least 6 i n . i n depth throijghout the projects. Figure 1 shows the 
depth of undercut generally made. These subgrades a l l conform to \miform 

SUBGRADE ELEVATION-3 

DEPTH GENERALLY UNDERCUT 

CLASS OF 
FOUNDATION 
MATERIMS 

FULL 
DEPTH 

Figure 1. Depth of undercut. 
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specifications and are required on a l l projects, regardless of the type 
and volume of t r a f f i c to be carried. 

SUBGRADE MATERIALS 
The subgrade materials usually consist of the best selected s o i l mate

r i a l s existing i n the v i c i n i t y of a project. These soils have varying 
gradation characteristics, depending on the section of the state i n which 
the projects are located. I n the Coastal Region they are usually sands or 
sand-clays; i n the Piedmont Region or the central part of the state they 
are usually sand-clays, topsoils, or sand-clay gravels; and i n the north
ern region or mountainous part they consist of cherts, ta l u s , or r i v e r t e r 
race deposits of sand-clays and sand-clay gravels. 

I n a l l cases, wherever possible from an economical point of view, 
where the undercutting required i s 12 to 2k i n . selected borrow of at 
least a Class I I material i s taken from the cut excavation and placed on 
the foundation material so that not more than 6 t o 9 i n . of the more sta
ble subgrade treatment material i s reqiiired. 

I n a l l instances the top 6 i n . of the subgrade or subgrade treatment 
i s chosen so as to have a volume change not i n excess of 12 percent, but 
satisfying the other requirements of density and gradation, so that a high
l y stable material i s obtained i n the top 6 i n . of the subgrade. For com
parison purposes t h i s usually conforms to about an A-I material i n the 
Bureau of Public Roads c l a s s i f i c a t i o n . 

I n many instances materials conforming to the subgrade specifications 
are not economically available i n the v i c i n i t y of the project, p a r t i c u l a r 
l y i n the southern sandy regions. I n such cases, fines (such as fi n e s i l t s 
or f r i a b l e clay s i l t s ) are a r t i f i c a l l y mixed into the top 6 i n . of the 
sandy material. I n other cases the Class I I materials, which are the clays, 
are st a b i l i z e d with coarse granular materials (sands, stone screenings, 
e t c . ) , using whichever type may be most economically available. 

BASES 
From the finished subgrade the bases and svirfaces are designed accord

ing to the c l a s s i f i c a t i o n of the road, anticipated t r a f f i c , type of mate
r i a l s available f o r use, and other l o c a l features, such as water tables, 
anticipated r a i n f a l l s , drainage conditions, and type of t r a f f i c expected 
to use the road. Bases are normally 8 i n . i n depth, with occasional bases 
6 i n . or 10 i n . deep. 

Studies are made i n the v i c i n i t y of the projects to determine the 
type of l o c a l material suitable f o r use i n base construction. 

I n the sandy Coastal Region, bases on farm-to-market roads are usual
l y 6 i n . sand-bituminous or sand-limerock. The sands are chosen to have 
a 50-lb s t a b i l i t y by the Florida bearing t e s t and the roadway i s required 
to have a minimum of 12 i n . of compacted sand conforming to these s p e c i f i 
cations. This gives the top 6 i n . of subgrade high s t a b i l i t y , and the 6-
I n . base i s then s t a b i l i z e d with either the bituminous material or crusher-
run limerock. 

Through the central part of the state the bases are constructed with 
l o c a l sand clays and topsoils, which normally have a weight per cubic foot 
of not less than 120 l b and a volume change of not more than 6 percent. 
I f the project i s anticipated t o take heavier t r a f f i c than the farm-to-
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market volume, the top i)- i n . of the base i s st a b i l i z e d by scarifying i n 
1 cu f t of crushed aggregate ranging i n size from about 1 i n . to ^ i n . 

In the northern or mountainous section of the state the bases are 
b u i l t of either crushed chert or crushed talus containing a minimim of 60 
percent of coarse aggregate retained on the 10-mesh screen and 100 percent 
passing the 1-J-in. screen. 

On a l l primary projects the bases are usually constructed of s o i l -
bound macadam, which i s a stone base having the voids f i l l e d with a l o c a l 
binder either occurring naturally or a r t i f i c a l l y produced so as to have a 
required gradation and a volume change of not more than 6 percent. 

A l l bases, regardless of the type of road, are primed with approxi
mately 0.2 gal per sq yd of a bitiminous material af t e r they have been 
consolidated t o 100 percent Proctor density. They are then maintained 
under r o l l i n g f o r a period of several days to allow cxiring to take place. 
After the primes have cured s u f f i c i e n t l y , various surfaces are placed 
thereon. 

SURFACES 
The bituminous surface consists of either the so-called double sur

face treatment or hot plant mixtures. A double surface treatment i s con
structed of an application of bituminous material on the prime, covered by 
a spreading of crushed aggregate of nominal 1-in. to ^ - i n . size. This i s 
"choked" with a small amount of crushed aggregate (size i n . t o No. k) 
p r i o r to a second application of bituminous material and a surface cover 
ing of material ranging from ^ i n . to No. 8. This type of surfacing i s 
used on a l l fam-to-market, secondary, and medium-traffic roads. 

The h e a v i e r - t r a f f i c roads carry about 1-̂  i n . of hot plant mix binder 
and a 1-in. asphaltic concrete surface course. To accommodate increased 
anticipated t r a f f i c volume and loads, these surfaces are thickened to as 
much as 3 i n . of asphaltic concrete base course, 2^ i n . of binder, and 1^ 
i n . of asphaltic concrete surface. 

Most hot plant mix siirface course mixture designs are based on min-
imums of about 2 ,000-lb s t a b i l i t y (Hubbard-Field), but sometimes the sta
b i l i t y minim-ums are increased f o r more heavily traveled roads. 

SHOULDERS 
So f a r , the shoulders usually have been turf e d . With a few excep-

ceptions, the shoulder material i s a selected l o c a l pervious t o p s o i l or 
other material with s u f f i c i e n t s t a b i l i t y to withstand t r a f f i c without ex
cessive r u t t i n g , but also suitable f o r growing grass. The exception to 
the use of the pervious material i s that because of the high r a i n f a l l (60 
t o 100 i n . per year) impervious material i s usually placed on the high 
side of the steeper curves to keep as much water as possible from seeping 
into the base and subgrade and consequently softening them. 
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Evaluation of Pavement Systems of the WASHO Road Test by 
Layered System Methods 

DONALD M. BUEMISTER, Professor of C i v i l Engineering 
Columbia University, New York City 

This paper evaluates the pavement system f o r the WASHO 
Road Test by layered system methods. This involved 
analysis of the available data on the load bearing 
tests made on the prepared subgrade, on the compacted 
subbase, and on the top of the completed pavement. 
The evaliiation of the prepared subgrade disclosed the 
uniformity and the rather high degree of Improvement 
achieved by compaction of the 2 - f t subgrade layer, and 
yielded values of elastic moduli of the natural sub-
grade and of the compacted subgrade. The evaluation 
of the compacted subbase, varying i n thickness from 0 
to 22 i n . by steps of k i n . , was then made possible by 
layered system methods and yielded somewhat scattered 
values of the el a s t i c modulus. The values considered 
to be the more representative were r e l a t i v e l y high. 
F i n a l l y , an evaluation of the pavement system as a 
whole yielded values of the el a s t i c modulus f o r the 
pavement layer of two di f f e r e n t types ( 2-in. AC and 
k-ln. base, and i t - i n . AC and 2-in. base), which were 
quite high. This evaluation Indicates the r e l a t i v e 
excellence achieved i n the constmction of the sub-
base and pavement layers of the pavement system. 

However, the r e s i i l t s of the eval\iatlon, although 
cle a r l y Indicating the p o t e n t i a l i t i e s and p o s s i b i l i 
t i e s of the layered system method of analysis, were 
not as conclusive as they might have been, because the 
data were not e n t i r e l y consistent and comparable, as 
they should be f o r such evaliiatlons. The basic prob
lem of, and the essential need f o r obtaining f u l l y 
consistent and comparable data f o r such evaluations 
are discussed. The implications and the p o t e n t i a l i 
t i e s of t h i s evaluation are discussed with regard to 
the responses and performances of the pavement system 
i n the WASHO Road Test under the action of the r e p e t i 
t i v e t r a f f i c loadings. 

• t h e UNPRECEDENTED expansion of major expressway and turnpike systems i n 
the United States w i t h i n the past few years and the proposed m u l t i - m i l l i o n 
dollar Government-sponsored road program make Imperative the development 
of adequate s c i e n t i f i c methods f o r evaluation, design, and construction of 
highway pavements. A clear understanding of the fundamental nature of 
layered pavement system phenomena and correct conceptions regarding the 
mechanics, load-spreading capacity, and stress-deflection responses are 
essential, as a f i r s t prerequisite. 

Every important advance i n science and engineering has stemmed from 
t h e o r e t i c a l working hypotheses, which have brought phenomena i n t o the 
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realm of greater certainty and have served as a guide to experimentation 
and Investigation. I t should be r e a l i z e d , however, that no theory or 
statement of physical laws i n any science or engineering i s complete i n 
i t s present form. I t cannot f u l l y and adeqiiately include, explain, and 
take into account present apparent "exceptions to the rule," outside i t s 
realm of v a l i d i t y of l i m i t i n g "boundary conditions. Yet such theories and 
statements of physical laws have provided the e s s e n t i a l stimulus and guide 
to major s c i e n t i f i c advances, and have established the natiire and basic 
form of the physical laws governing phenomena. 

ITwo- and three-layer system problems presented i n 19^3 ( l ) aJid 19^5 
(2) provide working hypotheses regarding the basic functional form of the 
physic a l laws which govern the mechanics and stress-displacement responses 
of layered systems. This physical form of the layered system equations 
i s mathematically and dimensionally correct, as a f i r s t requirement. I t 
i s necessary, however, to learn how to make v a l i d interpretations and ap
p l i c a t i o n s of the e l a s t i c theory i n dealing with the problems involving 
the stress-displacement responses of an imperfectly e l a s t i c material such 
as s o i l . 

I n contrast either to unquestioning acceptance or to completely skep
t i c a l r e j e c t i o n , the major problems now are those: (a) of thoroughly and 
competently testing a working hypothesis against observed phenomena, both 
i n the f i e l d and i n c a r e f u l l y controlled experiments; (b) of comprehending 
and establishing the nature and importaace of the inherent limitations and 
the reasonable realm of v a l i d i t y ; and (c) and most Important of a l l , of 
evaluating and r e l i a b l y establishing the regions i n and the degree to which 
r e a l s o i l s and r e a l conditions may be expected to agree with and/or to de
part from the i d e a l i z e d conditions of the working hypothesis, p a r t i c u l a r l y 
with regard to the stress-displacement responses of layered systems. 

I t has been argued that not enough i s yet known about the s t r e s s -
s t r a i n responses of s o i l s i n homogeneous deposits to j u s t i f y any i n v e s t i 
gations and applications of theory to layered systems. This attitude i s 
u n r e a l i s t i c and has l e d to an increased and undue emphasis on the empir
i c a l - c o r r e l a t i o n approach, which has defi n i t e l i m i t a t i o n s and shortcomings. 

On the contrary, a working hypothesis, imperfect though i t may be, 
can increase understanding and knowledge of phenomena, and can t e l l the 
investigator better what and how to observe s i g n i f i c a n t l y through fimda-
mental paxametric r e l a t i o n s . Further, i t can enable the investigator more 
completely and c o r r e c t l y to interpret and evaliiate the r e s u l t s of observa
tions and measurements. With more cleaxly defined objectives experimental 
investigations can work to greater advantage, and can be made to y i e l d r e 
s u l t s having maximum usefulness and r e l i a b i l i t y . 

Thus, the hypothesis of stresses and displacements i n layered systems 
can become a powerful and competent s c i e n t i f i c t o o l for inteirpreting, anal
yzing, and evaluating layered pavement system phenomena and responses for 
purposes of pavement design and construction control. But i t must be r e a l 
ized, from the very nature of layered system phenomena, that the use and 
applications of such a working hypothesis can never become merely a routine 
unimaginative matter, but must always be a matter of basic knowledge and 
linderstanding, of t r a i n i n g and competence, of engineering imagination and 
feel i n g regarding the nature of phenomena, and of common sense and judgment. 
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LAYERED SYSTEM ACTION AND RESPONSES 
The p r i n c i p a l problems involved, i n design and. construction of s a t i s 

factory and economical pavement systems are those of l i m i t i n g accumulated 
permanent surface settlements to non-objectionahle values; of insiu?ing the 
permanence, i n t e g r i t y , and s t a b i l i t y of the pavement system against f a i l 
ure iinder repeated wheel loadings; and of increasing the expected l i f e of 
pavements. In design and construction of pavement systems, the engineer 
i s always dealing with multi-layered systems, consisting of an asphalt or 
concrete pavement lay e r , a compacted base course of selected crushed stone 
or gravel, sometimes a subbase of compacted gravel or selected material, 
and a natural or processed and compacted subgrade s o i l layer. 
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a) WASHO road test multi-layer pavement system 
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Figure 1. Layered pavement system notations. 
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The subgreide s o i l must \iltlmately support the wheel loadings imposed 
by t r a f f i c on the pavement system. The combined pavement, base course, 
and subbase layers have an important reinforcing and load-spreading capac
i t y i n protecting the supporting s o i l s of the subgrade layer, which are 
very favorable aspects i n reducing the stressing and deforming of the sub-
grade s o i l s . These important s t r e s s d i s t r i b u t i o n and deformation charac
t e r i s t i c s of a layered pavement system should be f i i l l y comprehended and 
appreciated, and adequately investigated and taken into account i n pave
ment investigations. 

The two- and three-layer system problems (1,2) represent closer agree
ment to actual conditions encountered i n design and construction of layered 
paveiaent systems. The basic boundary and continuity conditions and the fun
damental parameters of the two-layer system are given i n Figure 1 and Eq.s. 
1 and 2. The stresses and displacements of p r i n c i p a l i n t e r e s t and concern 
are: (a) the d i s t r i b u t i o n of v e r t i c a l s t r e s s e s , ̂  throughout the layered 
system; (b) the d i s t r i b u t i o n of shearing s t r e s s e s , T f j on the horizontal 
planes of the layer interfaces; and (c) the settlements or deflections, w, 
at the surface and at each layer interface beneath the loaded area. The 
magnitude and d i s t r i b u t i o n of these stresses and displacements discloses the 
e s s e n t i a l nature of the mechanics and effectiveness of layered system action. 

V e r t i c a l Stresses 
Figure 2a shows the d i s t r i b u t i o n of v e r t i c a l s tresses i n a two-layer 

system which are imposed beneath the center of a load \miformly distributed 
over a c i r c u l a r area for r/h = 1.0. This figiare discloses s i g n i f i c a n t l y 
the effectiveness of the load-spreading and reinforcing capacity of a 
strong layer 1 of a layered system i n protecting and i n reducing stresses 
imposed on the subgrade la y e r , i n comparison with the Boussinesq s t r e s s 
d i s t r i b u t i o n (EI/E2 = l ) for a homogeneous deposit. Two important aspects 
are to be noted e s p e c i a l l y : (a) the marked and favorable increase i n ef
fectiveness of the reduction of v e r t i c a l stresses imposed i n the subgrade 
layer 2 with Increase i n the l a y e r strength r a t i o , E1/E2, as a measure of 
the reinforcing and load-spreading capacity of a layered system; and (b) 
the marked increase i n the v e r t i c a l s t r e s s gradient within the lower por
tion of layer 1 toward the layer Interface. The only possible mechanism 
by which such a negative v e r t i c a l s t r e s s gradient and s t r e s s reduction 
can e x i s t and be maintained i n a layered system i s by an equal positive 
shearing s t r e s s gradient and s t r e s s build-up i n accordance with the s t r e s s 
equilibrium condition of the theory of e l a s t i c i t y : 

h = o (3) 

I n addition, the effectiveness of the subgrade s t r e s s reducing capac
i t y of a layered system i s markedly influenced by the s i z e of the loaded 
area i n r e l a t i o n to the thickness of the reinforcing layer 1 through the 
basic parameter, r/h, as i l l u s t r a t e d i n Figure 2b. I t i s to be noted that 
the effectiveness of a layered system i s greatly reduced by increase i n 
the value of r/h (increase i n r for a constant h ) , but at a l e s s rapid 
rate for the larger strength r a t i o s , E^/Eg. This becomes an important and 
even controlling consideration, because the effectiveness of the r e i n f o r c 
ing, load-spreading, and subgrade s t r e s s reducing capacity of a layered 
pavement system decreases unfavorably f o r a constant thickness of l a y e r 1 
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Flgxire 2. Effectiveness of two-layer systems i n reducing v e r t i c a l 
stresses imposed on the subgrade layer; Burmister problem; Fox s t r e s s i n 

fluence c o e f f i c i e n t s (Ref. 3 ) . 

with increase i n s i z e ( t i r e imprints) of the loaded area by approaching 
the Boussinesq. s t r e s s conditions. 

Shearing Stresses 
The foregoing v e r t i c a l s t r e s s gradient rel a t i o n s have a controlling 

and significEtnt influence on the magnitude and d i s t r i b u t i o n of horizontal 
shearing stresses induced i n the interface region between two l a y e r s , as 
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disclosed i n Figure 3- The layered system shearing stresses at the i n t e r 
face become much more important and c r i t i c a l than i n the case of the Bous-
sinesq. shearing stresses imposed at the same depth i n a homogeneous deposit. 
Furthermore, they become more important with increase i n the strength r a t i o , 
El/Eg, due to the marked increase i n the v e r t i c a l s t r e s s gradient toward 
the layer interface. 

1 
'5 

O X 

Si 

a 6 6 7 p 
Three Layer Influence Curves 

[1(05) and l(Tzx) vs. r/(h,th2) 
E i A 2 = 10 E2/E3=I0.0 
>*.,= 0.4 /A2= 0.2 >*3 = 0.4 
h|/h2 =1.0 z = hi 

to.546p 

B e n r i n g A r e a 

Three Layer Stresses Asphalt-
Course Interface 

Boussines 

/ / Values of r/z ond r / ( h | + h2) 

Figure 3. Evaluation of v e r t i c a l stress and shearing s t r e s s conditions 
at the asphalt-base covirse interface for a three-layer system with regard 
to r e l a t i v e magnitudes and dis t r i b u t i o n on the interface, .and to the po
t e n t i a l c r i t i c a l conditions i n comparison with the Boussinesq stresses 

for a homogeneous system; Burmister problem (Ref. k). 

These shearing stresses i n the interface have most important implica
tions with regard to t h e i r control of the effectiveness and permanence of 
the o r i g i n a l continuity conditions incorporated into a layered system d\ar-
ing i t s construction. The higher the shearing stresses which can be perm
anently and competently sustained a t an interface, the more ef f e c t i v e i s 
the continuity between layers and the greater i s the reinforcing capacity 
and s t i f f n e s s of the layered system. But i t also must become apparent 
that with increase i n shearing stresses at the interface the interface r e 
sponses become increasingly more c r i t i c a l with increase i n the strength 
r a t i o and the accompanying increase i n the reinforcing and load-spreading 
capacity of a layered system. A c r i t i c a l i n s t a b i l i t y condition could de
velop where the imposed shearing stresses i n the interface approach the 
maximum shearing strength which can be mobilized on the weaker side of the 
interface by deflections of the layered system under an imposed loading. 

The c r i t i c a l nature of the shearing s t r e s s d i s t r i b u t i o n at the f i r s t 
interface of a three-layer system (3) i s disclosed i n Figure 3> where the 
layered system shearing stresses are more than four times those given by 
the Boussinesq s t r e s s pattern. Furthermore, i t i s to be noted that the 
maxi.Tnum shearing s t r e s s occurs beneath the edge of the loaded area. Here 
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the layered system shearing s t r e s s becomes equal i n magnitude to the ver
t i c a l s t r e s s for the case noted. This i s i n marked contrast to the Bous
sinesq. conditions i n a homogeneous deposit at the same depth with shearing 
stresses only 17-5 percent of the v e r t i c a l s t r e s s at that point. Thus, the 
T r ^ / ^ condition can become much more c r i t i c a l i n a layered system. 

I t i s almost ce r t a i n , therefore, that the breakdown i n a layered pave
ment system would be I n i t i a t e d on the weaker side of an interface by exces
sive shearing straining and by accumulation of permanent i n e l a s t i c shearing 
displacements at an interface under repeated loadings that induce shearing 
stresses approaching the shearing strength of the weaker s o i l . Such action 
would tend gradually to reduce the reinforcing and load-spreading capacity 
of a layered system by destroying the interface continuity, and correspond
ingly to increase layered system deflections to an ultimate breakdown and 
f a i l u r e of a pavement system. 

Deflections 
These layered system shearing s t r e s s r e l a t i o n s have important and s i g 

n i f i c a n t influences on the deflections of a layered system at the surface 
and at each interface. The only possible mechanism by which horizontal 
shearing stresses at an interface can be mobilized and maintained i s by 
r e l a t i v e horizontal straining of the upper and lower faces of the i n t e r 
face induced by deflections. The deflection mechanics of layered system 
action are disclosed i n Figure k by the i m p l i c i t dependence of the s e t t l e -

5 5 6 0 T h i c k n e s s - h in i n c h e s 
3 0 - I n c h Diometer Bear inu A r e a l 

" 0 0 5 r l O r I 5 r 2 0 r 3 r 4 r 5 r 6r 
T h i c k n e s s - h of Reinforc ing or Pavement L a y e r - I E x p r e s s e d o s Mult iples of the Rodhis of Bearing A r e a 

h | = [ h / ] r 

Figure k. Influence ciirves of the settlement c o e f f i c i e n t , Fw, for the 
two-layer system; basic load-settlement r e l a t i o n : Wc = 1.5 p r . F,j 

Fw = w E2 E P ~ 1 3 ^ •̂ 1 = ^2=0 .5^2 
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ment c o e f f i c i e n t , Fv^ for surface deflections on the basic layered system 
parameter, h/r, and the strength r a t i o , E I / E 2 . For a constant h/r the 
load-deflection responses of a layered system are markedly improved with 
increase i n the strength r a t i o , as indicated by a markedly decreas
ing value of F-vf. 

This decrease i n siurface deflections i s evidence of the increase i n 
s t i f f n e s s and effectiveness of layered system action. The reinforcing and 
load-spreading capacity of a layered system are a consequence of t h i s s t i f f 
ness, which i n turn i s predetermined and maintained by the continuity con
ditions incorporated into the layered system during construction and by the 
maximum shearing stresses that can be permanently and competently sustained 
at the interface. The pattern of the curves for the two-layer settlement 
c o e f f i c i e n t , Fw^ shows that for a constant radius of bearing area the great
e s t improvement of layered system action can be achieved i n the region where 
the curves are steepest by increasing the thickness of layer 1 from some 
minlmimi value toward a value corresponding to h/r = 1.0. Thereafter the 
improvement with increase i n thickness becomes much l e s s pronoimced and ef
f e c t i v e , where the curves tend to f l a t t e n out. I t should be noted that 
more marked and e f f e c t i v e improvement can be achieved by selection and use 
of materials of higher quality and strength properties, and by actual con
s t r u c t i o n a l excellence i n the f i e l d to a t t a i n the f u l l p o t e ntial strength 
of these materials. 

Nevertheless, i t i s also s i g n i f i c a n t to note that for a constant thick
ness of reinforcing l a y e r 1 the effectiveness of layered system action de
creases markedly with increase i n the radius of bearing area or decrease i n 
the value of h/r. The load-deflection responses are adversely affected. 
For t h i n thicknesses of layer 1, the layered system can become i n e f f e c t i v e , 
with the value of F-;̂  approaching luiity, or the Boussinesq condition for a 
homogeneous deposit. 

I n view of these intimately i n t e r r e l a t e d aspects of layered pavement 
system action and responses, p a r t i c u l a r l y with regard to the fundamental 
role of deflections i n inducing shearing stresses at the interface, the 
load-deflection responses are a s a t i s f a c t o r y measure of the effectiveness 
of the s t i f f n e s s , reinforcing action, and load-spreading capacity of l a y 
ered systems. The basic problem, therefore, appears to be that of l i m i t i n g 
deflections to such magnitudes under design wheel loadings, so that the 
shearing stresses induced i n the interfaces are w e l l below c r i t i c a l break
down values, and so that accumulated settlements under repeated wheel load
ings w i l l not reach objectionable values- within the expected l i f e of a 
pavement system. 

Prestress and Continuity 
Of greatest significance, however, i s the f a c t that a layered pavement 

system i s i n r e a l i t y a "prestressed" system with an e s s e n t i a l continuity 
incorporated and maintained between the component layers of the system by 
high resistance to shearing action, so that the component layers act ef
f e c t i v e l y together i n the pavement system, as a continuum. During construc
t i o n a high state of prestress and strength has been incorporated into each 
layer by heavy compaction. Furthermore, the construction of each layer i n 
creases the state of prestress and strength of the layer below, e f f e c t i v e l y 
confines that l a y e r , and establishes an important shearing strength contin
u i t y between the component layers of the layered system. These q u a l i t i e s 
and conditions are determinative i n the effectiveness of layered system 
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action, the load-spreading and reinforcing capacity, and the s t i f f n e s s and 
load-deflection responses. 

These q u a l i t i e s and conditions cannot be determined and evalioated by 
laboratory t e s t s on materials of the component la y e r s . They depend on and 
are p r i n c i p a l l y predetermined by the constructional excellence a c t u a l l y 
attained i n the f i e l d . They can be disclosed and evaluated only by f i e l d 
load t e s t s and by performance of the pavement system under t r a f f i c condi
tions i n service. I n view of these considerations, much greater importance 
must be attached to achieving the highest possible degree of constructioneil 
excellence i n the f i e l d , i n order to a t t a i n consistently and uniformly the j 
f u l l p otential of these q u a l i t i e s and conditions of prestress and contin- j 
u i t y , and to the selection and use of superior high-quality materials i n 
constiniction. I 

METHODS OF EVALUATING LAYERED PAVEMEBT SYSTEMS 
The analysis of f i e l d load bearing t e s t s i s intended to disclose and 

to evaluate the effectiveness of layered system action. I n the empirical 
approach various methods of plotting the observed data have been used, whicl 
y i e l d only r e l a t i v e measures of effectiveness. There i s an ixrgent need for 
a s i g n i f i c a n t nvmierical evaluation of effectiveness, which i s adequate for 
design and constmction purposes. The e s s e n t i a l role of the two- and threei 
layer system theory i s a r e l i a b l e evaluation of (a) the strength properties 
of the component layers " i n place"; (b) the load-spreading and subgrade 
stress-reducing capacity; (c) the s t i f f n e s s and load-deflection responses; 
(d) the c r i t i c a l regions and magnitudes of shearing s t r e s s e s , p a r t i c u l a r l y 
at the layer interfaces; and (e) the degree of potential constructional ex
cellence and uniformity attainable. A l l these form e s s e n t i a l bases for 
design and construction control of layered pavement systems. 

To t e s t the v a l i d i t y and competence of the layered system theory, i t 
i s necessary to show that i t can explain layered system action and can 
bring into a unified consistent pattern a l l of the various methods of 
plotting load-deflection data commonly used i n evaluation studies. This 
testing of the theory i s made i n Figures 5 and 6, where the different com
mon plotting arguments are used i n the different figures. The basic two-
layer settlement equation of Figure k i s used to describe the load-settle
ment responses i n each figure. This equation i s dimensionally correct and 
complete i n i t s functional form. I t d i f f e r s from the Boussinesq equation 
p r i n c i p a l l y i n the dimensionless argument, or settlement c o e f f i c i e n t , Fy, 
which describes the load-deflection responses of a two-layer system. The 
numerical value of F^ can always be computed d i r e c t l y from load t e s t data, 
as noted ( l ) . For each figiire the basic load-deflection equation i s re
written i n a form, which separates the plotting arguments of the figures. 
For a l l these figures the equation i s solved for the y-axis argvmient of 
applied plate bearing pressure, p, or the applied t o t a l load, P. The pres
sure, p, and the t o t a l load, P, are made deflection-dependent for some se
lected constant deflection, w, which i s considered to be s i g n i f i c a n t or 
c r i t i c a l i n the load.-deflection responses of the layered pavement system 
being evaluated. This selected deflection must now appear s p e c i f i c a l l y i n 
the functional qiiantity i n the brackets. The f i r s t term on the right-hand 
side of the solved equation i s the independent plotting argument for the 
X - a x i s ; the second term i s the independent plotting argument for the fam
i l y of curves; and the quantity i n the brackets i s the dependent fimctional 
r e l a t i o n consisting e s s e n t i a l l y of [w E^ , which f i x e s the positions, 
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Basic Layered System Settlement or Deflection Equation-w= 1.18 Pr F V E S 
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Figure 5. Relation between basic layered system parameters and curve 
patterns for different methods of plotting; testing of v a l i d i t y and com
petence of two-layer theory; E i = 30,000 p s i , E2 = 3,000 p s i , E1/E2 = 10, 
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slopes, and CTirvatures of the family of curves i n each figure. For each 
figure the w Es portion of the quantity i n the brackets i s a constant, 

h 
The deflection c o e f f i c i e n t , F^^ however, va r i e s for each curve and along 
each c\irve i n accordance with the plotting arguments of the basic i n f l u 
ence curves of Figure k of [ E I / E 2 , h / r ] , which define and describe i t s 
functional form. 

I t i s to be noted that the order of increasing argument of the fam
i l y of curves i n each figure, as indicated by the arrow, i s e x p l i c i t l y de
fined by the nature of that argument i n the load-deflection equation for 
that figure. I n Figure 5a the decreasing argiament of plate s i z e and the 
spacing of the ciirves i s d i r e c t l y proportional to the value of the r e c i p 
r o c a l , l / r , when pressiire, p, i s used as the plotting argument on the y-
a x i s , whereas i n Fig\ire 5h the increasing axgument of plate s i z e and the 
spacing of the ciirves i s d i r e c t l y proportional to the value of r when to
t a l load, P, i s used as the plotting argument on the y-axis. The positions 
slopes, and c\irvatures of these curves for a constant value of (E2 w/h) are 
determined by the values of 1 /FV from Figure k. I n Figure 5c both argu
ments of plate s i z e and layer thickness describe the increasing or decreas
ing order of the respective families of curves, as i n Figures 5a and 5b. 
This figure i s of s p e c i a l i n t e r e s t , because i t i l l u s t r a t e s how comparable 
data may be selected for analysis azid evaluation. Because of the general 
s i m i l a r i t y of subgrade s o i l character and moisture-density conditions, of 
the quality of materials for the other component layers of a pavement sys
tem, and of construction conditions for a given pavement system being eval-| 
uated, the load-deflection curves are generally of s i m i l a r form and charac
t e r , as indicated. Comparable data may be selected on the basis either of 
deflections for some selected constant pressure, or of pressures for some 
selected constant deflection, provided a l l points of the selected data f a l l ! 
on s i m i l a r homologous portions of the load-deflection curves. The portions] 
of the load-deflection curves having only r e l a t i v e l y s l i g h t curvatures be- j 
fore any breaJc or considerable increase i n curvatiire occurs, may be con- | 
sidered to be s i m i l a r and homologoiis i n form. I f both pressures and de- | 
f l e c t i o n s vary, greater care should be exercised to insure comparable data., 

I n using such selected data, i t i s the "secant modulus" throiagh the | 
pressure-deflection point which i s evaluated by the a n a l y s i s . For pres- | 
sures or deflections lower than the selected values, the actual deflections 
w i l l be l e s s than estimated values, the smaller the discrepancy between the 
actual curve and the secant modulus, the more r e l i a b l e i s the evaluation. 
Extrapolations beyond the range of the selected values are not j u s t i f i e d , 
because of the increasing importance of c\irvature of the load-deflection 
curve making estimates now increasingly too small. The s e l e c t i o n of de
f l e c t i o n or pressure values i s important i n order to cover a working range ' 
of pressure conditions for each component layer, and at the same time to 
keep to a minimum the discrepancies between the values indicated by the 
actual ciorve and the secant modulus. I f these conditions can be reasonably 
s a t i s f i e d , the influences of the imperfectly e l a s t i c behavior of s o i l s can j 
be kept to a minimim and the v a l i d i t y of the evaliiations increased. 

The two-layer theory i s also competent to describe and adeqiiate to I 
explain the nature of two other common methods of plotting load-deflection \ 
data, as i l l u s t r a t e d by Figures 6a and 6b. The fundamental theoretical^ 
argument for the x-axis i s seen from the load-deflection equation for t h i s I 
figure to be the r e c i p r o c a l of the radius, l / r , of the bearing area. Use j 
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of-the "perimeter-area r a t i o " i s merely an expedient to express t h i s re
ci p r o c a l , and i t does not have any r e a l p h y s i c a l or functional significance 
here. The phenomenon i l l u s t r a t e d i n Figure 6a i s i n marked contrast to 
that observed from data obtained from a s e r i e s of load bearing t e s t s on 
homogeneous s o i l deposits, using different s i z e s of bearing plates. Such 
data y i e l d a straight l i n e having a positive intercept on the y-axis. 

I t i s e s s e n t i a l to consider two fa c t s i n interpreting the curves of 
Figiare 6 a — f i r s t , a two-layer system with a strong reinforcing layer 1, 
which has a capacity to spread the lOEid on the underlying weaker subgrade 
layer; and second, with increasing radius of bearing plate, the two-layer 
system becomes increasingly l e s s e f f e c t i v e i n i t s reinforcing action and 
load-deflection responses, as disclosed i n Figures 2 and k. This decrease 
i n effectiveness of .the layered system with increase i n bearing area i s 
c l e a r l y evident i n Figure 6a. From the functional form of the equation 
with increasing radius the curves must pass throiigh the origin. Because 
the upper portions of these curves for a radius of bearing area smaller 
than about 15 i n . i s almost l i n e a r , i t i s common to plot them as straight 
l i n e s i n accordance with conditions encountered i n homogeneous s o i l de
posit s . Straight l i n e s averaged through the plotted points now appear to 
have an intercept on the x-axis and a negative intercept on the y - a x i s , 
which i s of coiirse seen to be an impossibility, i n view of the functional 
form of the load-deflection equation. Where the curves begin markedly to 
curve toward the o r i g i n , the effectiveness of the layered system decreases 
considerably, so that the subgrade layer f i n a l l y controls pronouncedly 
the deflection responses of the layered system. 

I n Figure 6b the plotting arguments of total load, P, eind radius of 
bearing area, r , on the y- and x-axis for the same data produce quite d i f 
ferent r e s u l t s , which are disclosed by the load-deflection equation for 
t h i s figure. The family of ciirves, i f approximated by a se r i e s of averaged 
straight l i n e s , would now show a positive Intercept on the y-axis. But 
act u a l l y these curves must pass through the o r i g i n with decreasing radius 
of bearing area. The change i n qharacter and fonn of the two sets of 
curves i s a consequence i n the second case of multiplying both sides of 
Eq. 6a by the area of the bearing plate, ir r ^ . I n both Figures 6a and 6b 
the positions, slopes, and curvatures of the family of curves are f i x e d 
by the valiie of the quantity i n the brackets, p a r t i c u l a r l y by the quantity 
1/FW as defined by the influence curves of Figure k for the deflection co
e f f i c i e n t . 

The most in t e r e s t i n g and illuminating new way of plotting the data i s 
given i n Figure 6c, where the argimient for the x-axis i s the quantity 
l / ( r F ^ ) . The family of curves of Figure 6a now reduces to a single 
straight l i n e through the o r i g i n , with a l l curves superimposed i n t h e i r 
respective regions of layer thickness, as indicated. The slope and posi
t i o n of the single l i n e i s now determined, (a) by the selected value of 
the deflection, w, and (b) by the p a r t i c u l a r value of the subgrade mod
ulus of layered pavement being tested and evaluated. 

Figures 5 and 6 i l l u s t r a t e the v a l i d i t y of the basic load-deflection 
equation and i t s competence to interpret and to explain the nature of the 
observed phenomena. However, these methods of plotting observed data can
not by themselves disclose the strength properties and effectiveness of 
layered system action on a f a c t u a l numerical b a s i s . The quantities con
tained i n the basic bracket, P w Es , appear as a single number, and 

L l . l b Fw . 
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cannot be separated and evaluated numerically from such methods of plotting 
This i s the p r i n c i p a l reason for the limitations and shortcomings of the 
empirical approach; hence, only r e l a t i v e measures of performance and ef
fectiveness can be obtained from the empirical approach alone. No speci f i d 
information on the strength properties of the component layers of a layered 
system can be determined. The influences of differences i n the strength ' 
properties and of the basic parameter, r/h, on the effectiveness of layered 
system action and performance cannot be f a c t u a l l y evaluated. ' 

The layered system deflection c o e f f i c i e n t , F ^ j can always be deter
mined numerically, as a f i r s t measure of the load-deflection responses of 
a layered system. An evaluation of the layered system through the family 
of curves of Figure k for the p a r t i c u l a r values of the c o e f f i c i e n t , F^, 
and of the parameter h/r disclose the fundamental strength r a t i o , E^J^t < 
of that layered system on a f a c t u a l b a s i s . The important influences of 
layer thicknesses and of materials of higher quality and strength r a t i o s 
i n r e l a t i o n to the range of t i r e imprint s i z e s expected can be studied, 
evaliiated properly, and rated with regard to the effectiveness of layered ' 
system action, responses, and performances. The methods of evaluation of 
the strength properties of layered systems have been discussed and i l l u s 
t rated elsewhere ( l ) . 

EVALUATION OF THE WASHO ROAD TEST PAVEMENT SYSTEMS 
An evaluation of the pavement systems of the WASHO Road Test was made 

on the basis of analyses of plate bearing t e s t s by layered system methods, i 
The information for t h i s study was obtained from reports of the Highway 
Research Board The analyses and evaluations of these data on the 
WASHO Road Test pavement systems i s treated under the respective headings 
of the component subgrade, subbase, and pavement la y e r s . 

I 
Subgrade Layer 

A prepared subgrade layer 2k i n . thick was constructed by processing 
and compacting s o i l i n 6-in. l i f t s to specified densities under f i e l d con
t r o l of moisture content. The id e ^ i t i f i c a t i o n (7) of the compacted subgrade 
s o i l s with regard to character and range of s o i l material were made on the 
basis of data from Tables 2-1 and G-1 of Special Report l 8 (Ij-), and are 
given i n Table 1 together with other s i g n i f i c a n t s o i l i d e n t i f i c a t i o n char
a c t e r i s t i c s . 

The layout of the t e s t road i s given i n Figure 7 for reference, show
ing the t e s t loops A-B and C-D. The branches of the loops are designated 
with t h e i r respective pavement construction. The sections of each branch 
of the loops having 0-, k-, 8-, 12-, and l 6-in. thicknesses (nominal) of 
compacted gravel subbase are noted by l e t t e r designation and number. 

Data on ik plate bearing t e s t s (6) made on l 8-in. diameter plates i n 
different sections of the WASHO Road Test loops were analyzed by layered 
system methods to evaliiate the magnitude and uniformity of strength prop
e r t i e s attained by compaction of the 2k-±n. compacted subgrade s o i l l a y e r . 
An equivalent combined subgrade modulus for an l 8-in. plate was determined 
for each t e s t by solving for E^ (= Eg/F^) for the basic two-layer s e t t l e 
ment equation: 

w = I . l 8 p r FV/ES {h) 
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TABLE 1 

IDENTIFICATION OF COMPACTED SUBGRADE SOILS OF THE WASHO ROAD TEST WITH 
REGARD TO CHARACTER AND RANGE OF SOIL MATERIAL AND OF CHARACTERISTICS 

I d e n t i f i c a t i o n Range- "SILT & CLAY-, trace- to l i t t l e 
medlim to fine+ Sand" 

to "CLAY- & SILT, trace- to l i t t l e -
medium to fine+ Sand" 

Low- to Mediimi- P l a s t i c i t y 

Single-Axle Loop Tandem-Axle Loop 
AC AC AC AC 

Char a c t e r i s t i c Low Ave. High k-±n. 2 -in. k-±n. 2-in. 
Liquid l i m i t 31.9 35.6 38.9 36.3 35.5 35.J+ 35-0 
P l a s t i c i t y index 6.1 9.7 12.9 10.1 9.5 10.1 9.h 
P l a s t i c i t y Low- LowH- Medium- Medium- Low+ Medium- I1OW+ 
Percentage 
passing No. 
200 sieve 80 87 95 87 86 90 85 

f 4 " A C - 2 " B 
A . 

2 " A C - 4 " B 

8 0 , 0 0 0 i i a } 100.000 
14,000 12,000 

(10.400) (7000) (6000) 5 8 0 0 
5 6 3 0 4 3 6 0 3 9 8 0 (3860) 

T - 4 " | | S - 8 " | | R - I 2 -U - 0 " 0 - l 6 ' | 

L-16" | M - I 2 ' | | N - 8 " I I 0 - 4 - I I prp"] 

8 8 0 0 7 0 0 0 

22 ,000 I 2 P 0 0 \ 

3 8 6 0 5 0 0 0 
( 5 8 0 0 ) (9000 ) 
26,00Gl\ 

. . 0 . 0 0 0 \ .0<V)00\ SOfiOO\ 

eofloof ropoo) 50,000} 
4opoo eo joo?^ TO.000 WfiOA 

90/300) 
( 5 6 0 0 ) (9600) (5900) (6000) 

3750 3750 3860 3970 1800 
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C D. 
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3 3 0 0 
( 4 4 0 0 ) 

4220 
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3970 
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7 0 0 0 j 
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4k Pavement E p 

3. Grave l S u b b o s s E g b 
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I. E q u i v o l e n t S u b g r a d e E s e 

1. E q u i v o l e n t S u b g r a d e E s e 

2 C o m p o c t e d S u b g r o d e E s c 

3. G r a v e l S u b b a s e E s b 

4. P a v e m e n t E p 

4. P a v e m e n t E p 
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4. P a v e m e n t E p 

Figure 7. Layout of t e s t loops of WASHO Road Test; summary of strength 
properties or moduli, E, of component layers of pavement systems. E v a l 
uated by layered system methods on the basis of a subgrade modulus. Eg, 
of 2,000 p s i . Test sections designated by l e t t e r and subbase thickness 
i n inches. Moduli i n brackets evaluated by layered system methods on the 

basis of a subgrade modiilus. Eg, of 2,000 p s i . 



The plate bearing data for each t e s t consisted of f i v e repetitions 
each of four increasing applied pressures of 12.7, 32.3, 5 I .9 , and 7I.5 
p s i . A consideration of f i r s t importance i n making these evaliiations was ] 
to s e l e c t pressure-deflection data, which are representative of and com- , 
parable to the load-deflection responses and layered system action of a 
pavement system to be expected under service conditions. The f i r s t cycle 
of stressing of a component layer of a layered system y i e l d s a deflection, 
which i s generally e r r a t i c and r e l a t i v e l y too large, and i s not representa
t i v e of performance responses. The net deflection obtained from the sec
ond reloading cycle of the f i r s t pressure loading of 12.7 p s i was used for 
t h i s evaluation. I t was considered to be more representative of the i n i 
t i a l deflection responses of the compacted subgrade, as a component part 
of a layered pavement system, and more comparable to that induced under 
stresses imposed at the subgrade l e v e l through a layered pavement system 
i n accordance with i t s reinforcing and subgrade stress-reducing action, 
as i l l u s t r a t e d i n Figure 2a. 

The valiies of the equivalent subgrade mod\ilus. Eg, estimated on t h i s 
basis are given i n Lines 1 of Figure "J. Discounting the exceptionally low 
value (1,800) i n Section F and the exceptionally high values i n Sections 
P (5,000) and U (5^630), the low, average, and high values for the equiva
lent subgrade modijlus are 3,300, 3,870, and k,36o, respectively. The av- ^ 
erage (3,870) of the equivalent subgrade modulus i s considered to repre
sent a good compacted subgrade. The range from 3,300 to k,360 i s consid
ered to represent a good degree of uniformity of processing and compaction 
i n the f i e l d , with a spread from about 85 to I I 3 percent of the average. 

The strength properties of the compacted subgrade system were further 
analyzed to evaluate i n some degree the influences of repeated cycles of 
the same pressure and of repeated cycles of increasing pressures on the 
deflection responses and strength properties of the compacted subgrade 
layer, and also to evaluate what pressures may be considered to be most 
representative of and comparable to probable act\ial performance conditions. 
The r e s u l t s of t h i s evaluation are given i n Table 2. 

Study of Table 2 discloses c e r t a i n s i g n i f i c a n t f a c t s regarding the de
f l e c t i o n responses of t h i s compacted subgrade layer. In the majority of 
instances (10 exceptions i n 56 instances) there i s a s l i g h t to s i g n i f i c a n t 
increase i n the equivalent subgrade modulus i n the l a s t cycle of repet i t i o n 
(5, 10, 15, and 20) for each applied pressure loading. This indicates that 
there i s generally some increase i n strength of the system by permanent 
consolidation under repeated applications of a given pressure. This i s i n 
accordance with the well-known favorable influences of t r a f f i c consolida
tion of a pavement system i n the e a r l y stages of performance i n service. 
The f i r s t application of a given pressure, s t a r t i n g with a low value of 
12.7 p s i , " s t r e s s conditions" a system by a r e l a t i v e l y too large deflection 
and maJtes i t stronger by permanent consolidation influences. Therefore, 
the second r e p e t i t i v e cycle for each new increased pressure i s used for 
evaluations. 

With subsequent repetitions of the same pressure, however, the system 
tends generally to become somewhat stronger by additional permanent con
solidation, as noted by the increase i n the average equivalent subgrade 
modulus from an i n i t i a l value of 3,870 at the second cycle to ^,150 at the 
f i f t h c y c l e . With increase i n pressure to 32.3 p s i i n the s i x t h c y c l e , 
the system i s fiirther " s t r e s s conditioned" by a large deflection and con
solidation, so that i n the second cycle of t h i s pressure (7th of the s e r i e s 
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TABLE 2 
IBFLUEHOES OF EEPETITIVE LOADDBS AMD OF MABNITUDE OF APPUSD PRESSUBE ON THE 

VALUES OF TEE EQUIVALEDT SUBGRADE MODULUS 

Section S2-k 18-2 Ik-k 6-4 22-2 18-2 14-2 10-2 6-2 10-2 6-2 14-4 10-4 6-2 
Axle s S S S S S S S S T T T T T 

A B c E F G H J K 0 P S T U Test Ho. 9 8 7 3 4 5 6 10 11 13 12 16 15 14 
Pre 5 sure J Values of E^ 

ps i Cycles 
- + + - + ave. _ _ ave. ++ + + ++ 

12.7 2 3300 1)220 3970 3750 1800 3970 3860 3750 3750 3860 5000 3980 4360 5630 
5 3380 UhBO 1(480 3850 i960 4320 3960 5400 3750 3860 4660 3970 4650 5400 

32.2 7 3620 U650 4770 4280 2560 4570 4340 4340 4l4o 4230 5220 4000 ito4o 5450 
10 4130 U770 4920 4130 2730 4770 4450 4520 4130 4l8o 5260 4l40 4l40 5620 

51.9 1 2 3700 4550 U710 4150 2920 4670 4l8o 4320 3860 3820 4960 3880 3940 5420 
15 3730 U630 4650 4170 3070 4870 4320 4340 3990 4l40 4970 3940 3940 5200 

71-5 17 3550 14250 4580 4130 3110 4980 4230 4070 3160 3170 4440 3660 3570 5020 
20 3650 1*350 4580 4280 3390 4920 4170 4220 3320 4020 4600 3590 3710 5100 

Hoistiire Content, V 
22.2 22.9 23.9 21 9 24.2 22.9 22.0 22.2 22 0 21.4 20.6 21.1 22.3 20.2 

Subgrade Densities, pof, construction 1952** 
22.3 

IB 0-6" B5.6 91.2 87.7 87.9 87.6 88.1 85.6 87.3 86 0 88.3 85.7 93.8 93.8 93.1 
32 6-12" 91.2 92.7 91.8 92.0 90.8 92.2 89.7 90.2 84.7 88.2 86.4 89.6 89.0 86.9 
22 0-6" 90.1 82.3 85.7 87 8 89.6 91.0 85.1 87.7 88.0 86.5 89.2 89.8 93.0 86.9 
ko 6-12" 91.0 82^ 92.2 93.9 92.1 89.4 92.1 84.5 89 6 86.7 94.2 84.4 85.7 
Max. density*** glt.-^ 
Ave., pcf, w (opt.) it 24.6 

93.7 
24.7 

97.5 
22.8 

Range and averages of the equivalent subgrade modulus 
Pressure Cycle Lav Ave. High 
12.7 p s l 2 3300 3B70 5550 

5 3380 4150 4650 
32.2 p s i 7 3620 4270 4770 

10 4130 4380 4920 
* Special Report IB, Tables F-1 to P-16, pp. 95-IO6. 
•* Special Report 22, Table 4-f-7, p. 120. 
««* Special Report 18, Table 2-2, p. 11. 

the modulus has increased to l)-,270. At the f i f t h cycle of t h i s pressure 
(lOth of the s e r i e s ) there i s a further increase i n the modulus to h,380. 

This phenomenon may continue for a nmber of applied pressure increas
es, but there i s always a definite l i m i t for each type of s o i l , degree of 
compaction, and other controlling conditions. For the subgrade s o i l s of 
the WASHO Road Test, the l i m i t was reached at a rather moderate pressure, 
the 51>9-psi pressure exceeding t h i s l i m i t . I t i s to be noted that for 
12 out of ik plate bearing t e s t s (underlined) there i s a s i g n i f i c a n t drop 
i n the equivalent subgrade modulus from the l a s t cycle (lOth of the s e r i e s ) 
of the 32.3-psi pressure to the second cycle (l2th of the s e r i e s ) of the 
51.9-psi pressure of 2k0 pressure average with a range from 200 to k30. 
There i s also generally a much smaller increase i n strength thereafter by 
consolidation under the f i f t h repetition of t h i s pressure. The rather low 
and unusual pressure-deflection responses may have had important implica
tions with regard to the performances of the subgrade s o i l s i n the pave
ment system, e s p e c i a l l y for the thinner thicknesses of subbase. 

This phenomenon does give point, however, to caref u l consideration 
of the pressure range, which should be considered representative of and 
comparable to the probable actual imposed stresses at the subgrade l e v e l 
through the pavement system. Higher pressures tend to penalize the ob
served deflection responses and performances of a system. The equivalent 
subgrade modulus and the accompanying deflection responses of the second 
cycle through the f i f t h cycle of repetitions of the 12.7-psi pressure are 
considered to be more representative and s i g n i f i c a n t of the performances 
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of the compacted subgrade layer, as an e s s e n t i a l component of the layered 
pavement system i n a l l sections, excepting Sections E, K, P, and U, where 
no subbase was used. I n these four sections the second applied pressure 
of 32.3 p s i , or somewhat smaller, may be more representative of the st r e s s 
ing of the compacted subgrade layer. I n view of these findings and of 
Figure 2, i t i s believed that 25 repetitions of the 12.7-psi pressure i n 
a l l sections of 4-in. or greater subbase, and 25 repetitions of the 32.3-
p s i pressure or smaller i n the four sections with zero subbase thickness, 
would have been representative and comparable to the probable actual con
ditions of stressing of the compacted subgrade layer. The increased num- I 
ber of repetitions might have disclosed some s i g n i f i c a n t information on | 
the influences of repetitions on the deflection responses and on a stable 
equivalent subgrade modulus, after some i n i t i a l consolidation influences. 

In addition, the departures of the equivalent subgrade modiilus above j 
and below the average, as noted i n Table 2 by the plus and minus signs, 
were studied with regard to the Influences of moisture content and s o i l j 
density. The data were taken from tables of Special Reports 18 and 22 for 
the exact location and date, where given, or as c l o s e l y as could be approx-] 
Imated from the data. There i s some s l i g h t evidence i n plate bearing t e s t s ' 
h, 12, and lh (extreme low and high values of modulus) that moisture con
tent of the subgrade was s i g n i f i c a n t . I n the average density data the im- i 
derlining indicates the lane where the plate bearing t e s t was made. I t 
i s probable that the upper 6 i n . of compacted subgrade s o i l may have had , 
greater significance on deflection responses, but t h i s i s Indeterminate 
on the basis of average data for a section. S p e c i f i c data at the loca- ' 
tion of plate bearing t e s t s might have yielded some s i g n i f i c a n t dependence 
of the modulus on density. 

In Section E, where plate bearing t e s t s were made on 12-, I8-, 2.k-, 
and 30-in. diameter plates, i t was possible to evaluate approximately both 
the natural subgrade modiilus. Eg, and the modiolus of the compacted subgrade 
layer, Egc, by layered system methods. This evaluation involved a graph
i c a l t r i a l solution, equivalent to solving simultaneous equations. Such 
a solution requires data either on two or more si z e s of bearing plates, 
or on different thicknesses of l a y e r s . The data must be comparable and 
reasonably consistent with regard to the strength properties incorporated 
into the respective layers at the several locations. This solution i s i l 
l u s t r a t e d i n Figure 8, i n which are plotted a s i g n i f i c a n t portion of the 
pattern influence curves of the settlement c o e f f i c i e n t , F ^ j of Figure h. 
The plate bearing t e s t data are given i n Cols. 1 to 6. The parameter, 
h/r, of the 2^4—in. compacted subgrade layer to the radius of the respective 
plates i s given i n Col. 7. T r i a l subgrade moduli. Eg, were selected and 
used i n Cols. 8, and 10, f o r which the corresponding settlement coef
f i c i e n t s , F^, were computed by the eqxiation noted. 

From the plotting of the values of Fv versus h/r i t became evident 
that the data as a whole were not comparable, but rather a range of con
ditions was indicated. I n aneilyzing the data for t e s t s Wos. 1 and I7 i t 
i s to be noted that the curve (dotted) for a t r i a l modulus of 1,500 crosses 
the pattern curves with increasing values of h/r from the bottom upward, 
and that the curve (dotted) for a modulus of 2,500 cross the pattern curves 
with increase i n the value of )a./h from the top downward. The curve of best 
f i t i n conformity with the pattern curves i s for a subgrade modulus. Eg = 
2,000, as Indicated by the heavy curve, which defined a r a t i o , EI/E2 = 3.5. 
This y i e l d s a compacted subgrade modulus of 7,000. This value i s , of 
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Plate Diameter 30 
For 24 of Compacted Subgrode 
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E„ 

'E l 

12 

E 1 160 + 58 12 m 28 6 0 042 4 0 0 312 0 416 0 580 < 
2 159SO 12 in 28 6 0 047 4 0 0 349 0 466 0 582-. 4 - 2,000 

z 3 5 - 7,000 

3 160 4.79 18 in 12 7 0 036 2 67 0 400 0 534 0 667-1* • ^ 2 , 0 0 0 X 2 0 = 5,800 
17 160 t 98 24 in 7 2 0 020 2 0 0 382 0 510 0 637— 
I t 161 t 27 30 in 4 6 0 032 1 6 0 590 0 787 0 985 2,000 X 1 9 - 3,800 

The evaluation yields a Subgrade Modulus, E , = 2,000, and a compacted Subgrade Modulus, E „ of 5,800 to 7,000 
Average and Range of Equivalent Subgrade Modulus Corresponding Compacted Subgrade Modulus, E , , 

tor a Subgrade Modulus, E , - 2,000 E(eq ) = 1 18 pr/w for 11 Load Tests 

Hange law 
Cycle No. 2 3,300 
Cycle No 10 4,130 

Average High 
3,880 4,350 
4,380 4,920 

P-P° ' 
12 7 
32 3 

Cycle No 
Low 

4,400 
6,000 

Average 
5,600 
7,200 

JSgh 
7,000 
9,000 

I Figure 8. Evaluation of strength properties of compacted subgrade sys
tem: 2li-in. compacted. Influence curves of settlement c o e f f i c i e n t , 
of two-layer system; Biarmister problem, 

w = 1.18 p r F^/Es 
Basic load-settlement r e l a t i o n : 

w Eg 
.18 p r 

course, considerably higher than the equivalent subgrade modulus, E^, f o r 
the E section of 3̂ 750 p s i . I n a similar majiner the curve f o r tests Nos. 
2 and 3 f o r a subgrade modulus. Eg = 2,000, of best f i t l i e s above that 
f o r tests Nos. 1 and 17, and yields a r a t i o , Ei/E2= 2.9, and a compacted 
subgrade modulus of 5,800 p s i . The data f o r t e s t No. l8 are completely 
out-of-step. Althoiigh the data as a whole are not comparable or consist
ent, i t i s important to note that the layered system method of analysis i s 
competent to select data that may be considered comparable and consistent, 
thus defining a possible range of conditions within Section E, due to d i f 
ferences i n construction and s o i l conditions. 

To increase the v a l i d i t y and r e l i a b i l i t y of an evaluation, there 
shoiild be a check by having at least three t e s t values f a l l on the same 
confoiming evaluation curve. Where only two values form the evaluation 
curve, there may be some doubt with regard to the adequacy of the evalu
ation. As a comparative basis, a subgrade modulus. Eg, of 2,000 was used 
f o r estimating the approximate compacted subgrade modulus, Eĝ ,, at the 
bottom of Figure 8 f o r the range and average of the equivalent compacted 
subgrade modulus, E^j to cover a useful spread of values from the second 
cycle of the 12.7-psi pressure to the l a s t cycle (lOth) of the 32.3-psi 
pressure. The appropriate value of the parameter, F^, f o r each value of 
Eg was obtained from the r e l a t i o n , F^ = 2,000/E^. Corresponding values 



of the r a t i o E1/E2 were then obtained f o r an l8-ln. plate with an h/r v a l 
ue of 24/18 (= 1.33) from the pattern curves of Figure 8. This analysis 
then yields the value of Egc = 2,000 Ei/Eg f o r the average and range of 
the compacted subgrade modulus, Egc* at the bottom of Figure 8. Likewise, 
values of the compacted subgrade moduli f o r the sections i n Figure 7 are 
given i n Line 2 of Figure "J, based on the values of the equivalent com
pacted subgrade modulus i n Line 1. These values are considered to repre
sent a very good degree of compaction and improvement of the strength 
properties of the subgrade s o i l . 

This set of data i l l u s t r a t e s the need f o r planning such load tests 
to insure representative and comparable data, which i s the basic require
ment. The 18-in. bearing plate location may be selected i n a random man
ner i n order to obtain coverage i n accordance with sampling concepts and 
principles, and to indicate the r e l a t i v e uniformity achieved i n the proces- I 
sing and compaction of the subgrade layer. But when a sequence of tests 
i s planned for the express purpose of evaluating the load-deflection re- | 
sponses and strength properties of the component layers of a pavement sys
tem and of the system as a whole, random s i t e selection i s no longer per- I 
mlssible f o r the remaining plate bearing t e s t locations i n the sequence. 
The f i r s t p r i o r i t y here i s to obtain data that are comparable and i n t e r - j 
pretable, and that are consistent w i t h i n the group. This means that f o r I 
each test of the sequence the s o i l conditions, moisture content, degree 
of compactness, and the incorporated strength properties must be of the I 
same order and comparable f o r at least three out of a series of such t e s t s , 
i n order to obtain f u l l y v a l i d data and checks on the evaluations. 

An agreement of two tests by an evaluation c\arve of best f i t does not 
provide such a check. To Insure such comparable conditions three plate ! 
bearing tests f o r the compacted subgrade should be made w i t h i n 10 f t or 
less of each other i n a regular pattern around the i n i t i a l random selected 
location. 

These requirements were not met, as Indicated by the station numbers 
of the f i v e tests i n Flg\ire 8; hence, e r r a t i c r e s i i l t s may be expected. 
The uniformity of conditions f o r r e l i a b l e and adeqviate evaluations has to 
be considerably greater than would be considered acceptable and satisfactory 
f o r the project as a whole. The spread either of the equivalent subgrade 
modulus. Eg, or of the compacted subgrade modulus. Eg,,, i s considered to 
be e n t i r e l y satisfactory from the constructional excellence point of view, 
but i t i s too great from an adequate evaluation point of view. 

The evaluation of the strength properties and of the effectiveness 
of the layered system i s Intended to disclose and t o provide specific re
l i a b l e values f o r one comprehensively tested location, whereas the random 
tests are intended to disclose the probable range of conditions and the 
degree of constructional excellence and uniformity achieved. On such a 
basis i t may be possible t o develop a r a t i o n a l and r e l i a b l e approach and 
method of evaluation of layered pavement systems, which w i l l serve as an 
adequate and r e l i a b l e basis f o r design and construction control of layered 
pavement systems. 

Subbase 
The subbase was constructed to specified densities i n 4 -in. l i f t s . 

The planned thickness of the subbase varied systematically (O, k, 8, 12, 
and 16 i n . ) i n the sections of each loop, as shown i n Figure 7. The 
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actual thicknesses i n some cases were somewhat less than these values. 
The compacted subbase was composed of selected well-graded gravel having 
a maximum size of 2 i n . The i d e n t i f i c a t i o n (7) of the sutbase gravel with 
regard to character and range of s o i l material, and a summary of average 
in-place densities i n the d i f f e r e n t sections f o r each l i f t were obtained 
from data i n Special Report I8 (4), as follows. 

TABLE 3 

IDEMTIFICATION AMD SUMMARY OF FIELD DENSITIES OF THE 
COMPACTED SUBBASE MATERIAL OF THE WASHO ROAD TEST 

I d e n t i f i c a t i o n Range-* "Coarse medium+ to f i n e GRAVEL, L i t t l e - to 
some- coarse to fin e Sand, trace to 
l i t t l e - S i l t " Maximum size- 2-in. 

Composition- Range of percentages passing Range of Moisture 
Sieve- 3A" Wo. 10 No. 200 
^ 66 to 87 18 to 33 2 to 11 2.8 to 6.1^ 

Simmary of F i e l d Densities by Sections and L i f t s - * * 
Single-Axle Loop Tandem-Axle Loop 

k i n . AC 2 i n . AC 
U T S R Q K J H G F 

135A iJ^o.o 129.0 128.8 133.0 139.7 ^^-^ 133.0 
128.2 121̂ .3 136.6 126.1 128.5 128.1 

127.7 131.2 129.5 132.8 
137.5 123.5 

2 i n . AC k i n . AC 
L M N O P A B O D E 

328.7 128.2 129.1 129.6 133.2 133.9 
128.9 128.2 128.9 131.2 I3J+.I 127.3 
125.9 127.2 132.2 128.9 
125.1 
* Fig. 2-20, Special Report 18 {h). 
** Figs. F2-14 to F2-17, Special Report I8 {k). 

Data from eleven plate bearing tests (6) were analyzed to evaluate 
the deflection responses and strength properties of the subbase-sulagrade 
system. In these plate beating tests the pressure was increased i n four 
steps of one cycle each to the constant r e p e t i t i v e pressure sequence f o r 
the test of 62.0 and 70.̂4- p s i on 12- and l8-in. plates, respectively. The 
evaJ-uation was made on the basis of a sufegrade modulus. Eg, of 2,000, which 
was derived from the evaluation of the subgrade plate bearing tests i n Fig-
\ire 8. The f i f t h loading cycle (2nd cycle) pressure of the constant re
p e t i t i v e application, was selected as teing representative of stable i n 
i t i a l deflection responses. The essential plate bearing t e s t data are 
given i n Cols. 1 to 7 of Figure 9. However, i n view of Figure 2, pres
sures of 42.7 and 51.9 psi on 12- and l8-in. plates might be considered to 
be more representative of the stressing of the subbase as a component part 
of the completed pavement system. 

The s i t e locations were rather f a r apart f o r comparable conditions of 
s o i l character, compacted densities, and moisture content, and possibly 
other s i g n i f i c a n t conditions that control, as seen from the station nm-
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0 089 
0 136 
0 082 
0 234 
0 112 
0 057 

AveraKC 
17,100 

24 in 

20 m 

12 in 

High 
26,000 

Figure 9. Evaliiation of strength properties of compacted gravel subbase: 
equivalent thickness. Influence ctirves of settlement c o e f f i c i e n t , of 
two-layer system; Biirmister problem. Basic losid-settlement r e l a t i o n : 

w = 1.18 p r Fv/Eg w Ec 
IE P r 

bers. Due to the f a c t , as noted previously, that adequate checks could | 
not be made on evaluations on the basis of two comparable load tests per 
section, more approximate methods had t o be resorted t o i n making these 
evaluations. The data on two load tests each i n Sections L and R yielded 
by the approximate methods aa evaluation l i n e conforming to the pattern 
influence ciorves of Figure 9. 

The evaluations i n these cases involved finding and establishing by | 
t r i a l methods f o r a range of selected t r i a l strength r a t i o s , E1/E2, a ' 
t o t a l combined equivalent thickness, h', of 24-in. compacted subgrade plus 
compacted subbase, which has the strength properties of the subbase layer, 
such that the F^ and h/r values f a l l on and define an evaluation curve con
forming to the pattern Influence curves of Figure 9 i n that region. 

The data f o r Sections L and R were foimd to be s i i f f i c i e n t l y compaxable 
and yielded solutions by t h i s approximate evaluation method, as noted by 
the conforming evaluation curves i n Figure 9 f o r the strength r a t i o s , E2yE2, 
of 22,000 and 12,000, respectively. These two evaluations f o r 16- and 10-
I n . subbase thicknesses established the order of magnitude of the equiva
l e n t thickness, h' (= h^ - hg-^), f o r very approximate evaluations of the 
remaining non-comparable test data, which were treated accordingly as sin
gle-point evaluations, as noted i n Figure 9« solution f o r Tests L-22 ̂  
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and L-27 w i l l i l l u s t r a t e t h i s approximate method of solution and evalua
t i o n i n Table k. 

TABLE k 
APPROXIMATE EQUIVALENT THICKNESS METHOD OF LAYERED SYSTEM EVALUATION 

24-in. Compacted Subgrade; Subgrade, Eg = 2,000; Compacted Subgrade, 
Egc = 8,800 

Subbase, hg^ = 16 i n . Test 27, 12-in. plate Test 22, l8-in. plate 
Pressure, p, p s i 62.0 70.4 
Deflection, w, 5th cycle, i n . 0.04-3 O.O96 

Eg w 2.000 X 0.043 2,000 x 0.096 
•̂ ^ " 1.18 p r 1.18 X 62.0 x 6 1.18 x 70.4 x 9 

= 0.197 = 0.257 
T r i a l values of E1/E2 Values of h/r and equivalent h' corresponding 

29.7 
25.2 
24.3 Solu

t i o n 
22.5 

Effective equivalent thickness of compacted subgrade having 
same strength properties as the compacted subbase i s equal 
to 24 - 16 = 8 i n . , or 1/3 of 24 i n . of compacted subgrade. 
This value i s smaller than the r a t i o (8,800/22,000 = I /2 .5 ) 
due to less effective layered system action under an l8-in. 
plate as compared with the 12-in. plate. 

The compacted subbiase moduli, Eg-jj, f o r the d i f f e r e n t sections were 
evaluated i n a similar manner and are given i n Col. 12 of Figure 9, and 
aJ-so i n Lines 3 of Figure 7- I t i s t o be noted that there are quite def
i n i t e indications that a higher degree of compaction, reinforcing action 
—hence strength properties—corresponding t o Egi-, = 22,000 can "be attained 
on the thicker l6-in. subbase layer of Section L, where i t was compacted 
on a stronger less yielding compacted subgrade layer having a higher sub-
grade modulus (Egc = 8,800), whereas a thinner compacted subbase layer 10 
i n . t hick constructed on a weaker more yielding compacted subgrade layer 
i n Section R having a lower subgrade modulus, Egc, of 5,800 yields a cor
respondingly lower compacted subbase modulus (Eg-̂  = 12,000). 

From the standpoint of constructional excellence the strength proper
t i e s of the compacted sutbase layer of Section R were about one-half the 
p o t e n t i a l l y attainable value of Section L. These evaluations tend to con
f i r m t h i s important f a c t t e n t a t i v e l y established by other pavement evalu
ation studies. I t may also bie inferred and reasoned that i n general the 
f i r s t 4 and 8 i n . of the compacted subbase may not be as highly compacted 
as the upper 4-in. l i f t s , where constructed. There i s some indication t o 
t h i s effect i n Table 3. 

to valiies of F^ 
h/r h h/r 

8 6 X 6 36 3.3 X 9 
10 4.4 26.4 2.8 
11 4.0 24.0 2.7 

12 3.5 21.0 2.5 
E1/E2 = 11 and Esb • = 2,000 X 11 = 22,000 



The average and range of the subbase modulus, Eg-jj, f o r Sections L, M, 
0, and R, discounting the very low and very high values, which appear to , 
be out of step, are as follows: 

Cycle Low Average High 
5 (2) 12,000 17,000 26,000 

18 (15) 14,000 19,000 26,000 j 
Thinner subbase Thicker subbase 
Weaker subgrade Stronger subgrade 

The degree of protection of the compacted subgrade provided by the 
compacted subbase layer and the effectiveness of the layered system ac
t i o n are given i n Table 5 t y comparison of the deflections at the top of 
the compacted subgrade, as a percentage of the deflection at the top of 
the compacted subbase. 

TABLE 5 
EFFECTIVENESS OF LAYERED SYSTEM ACTION ON DEFLECTION RESPONSES; 
INFLUENCES OF STRENGTH PROPERTIES OF THE COMPONENT LAYERS, AND 
SUBBASE THICKNESS; DEFLECTIONS AT INTERFACE AS A PERCENTAGE OF 

SURFACE DEFLECTIONS; FOURTH PRESSURE APPLICATION 

p, Plate Sect. Sect. Sect. Sect. Sect. 
Item p s l Dla., i n . L M R S 0 

Thickness, h , - - l6 12 12 8 4 
12 15 11-i 9i 8 4 

- 18 16 111 10 8 4_ 
(aj 5th Cycle 

Modulus, Egb 12 22,000 12,000 12,000 - 26,000 
l4 _ _ - _ 14,000 
18 22,000 12,000 12,000 20,000 9,000 

Esc - 8,8oo 7,000 5,800 6,000 5,8oo 
wi-2/wo, ^ 7 0 . 4 12 42 75 33 - 92 

62.0 18 64 78 75 _ 87 84 
Vo) I b t h Cycle 

Modulus, Eg-jj - 12 24,000 15,000 14,000 _ 29,000 Modulus, Eg-jj 
- 14 - - - 16,000 

^1-2/^0. % 
- 18 24,000 15,000 14,000 22,000 11,000 

^1-2/^0. % 70.4 12 29 78 22 _ 91 
62.0 18 69 80 93 91 88 

I t i s evident that the effectiveness of layered system action and the 
protection of the compacted subgrade layer provided by the compacted sub-
base layer, as indicated by these percentages, are influenced by the 
strength properties of the respective layers of the system, by the t h i c k 
ness of the subbase, and also markedly by the plate size, being less ef
fective f o r the larger plate size. There i s , i n general, some increase 
i n effectiveness of layered system action by consolidation Influences from 
the 5th to the l8th cycle, accompanied by some strengthening of the sub-
base, as a component part of the layered system; but there are also some 
exceptions, which are si g n i f i c a n t of weakening influences. 
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Asphaltlc Concrete Layer 
A pavement layer composed of 4-in. asphaltlc concrete and 2-ln. gravel 

base, and of 2-in. asphaltlc concrete and k-ln. gravel base, was constructed 
i n 2-in, l i f t s on the compacted subbase layer to specified quality and den
s i t y , as shown i n Figure 7, f o r the loops of the test road. The crushed 
gravel f o r the base and asphaltlc concrete was a well-graded material with 
a maximum size of i n . The bituminous surfacing consisted of hot plant-
mixed asphaltlc concrete of 120 to 15O penetration asphalt cement. The 
t o t a l combined pavement subbase thicknesses i n the d i f f e r e n t sections of 
each loop varied systematically from 6, 10, ±k, I8, to 22 i n . The actual 
thicknesses i n some cases were somewhat less than these values. 

Eleven plate bearing tests were evaluated (Fig. 10) f o r the 4-in.-AC-
2-in.-B pavement i n Sections A, C, E, S, Q, and U. Eleven plate bearing 
tests also were evalmted (Fig. 11) f o r the 2-ln.-AC-i^-in.-B pavement i n 
Sections F, H, K, L, N, and P. The approximate equivalent thickness meth
od of evaluation was used, as developed f o r the subbase evaluations. I n 
these plate bearing tests the pressure was Increased i n four steps of 5 
cycles each. The 12th loading cycle (2nd cycle of the t h i r d pressure ap
pl i c a t i o n ) was used i n these evaluations, as being approximately representa
t i v e of the probable actual stressing i n service of the pavement layer. I n 
order to be comparable f o r I2-in. and l8-in. plates the t h i r d pressure load
ing had to be used (II6.6 and 51'9 p s i , respectively), the f i r s t being some-
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9 
Ep Pave 
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C 31 153 + 40 12 116 6 0 032 8 36 70,000 A 30 145 + 25 12 l i e 6 0.032 16 30 100,000 

36 153 + 30 18 51 9 0 031 6 38 70,000 37 145 + 30 18 51 0 0 032 16 30 100,000 

8 33 111 + 71 12 116.6 0 043 8 21 100,000 E 32 156 + 70 12 116 6 0 059 0 20 60,000 

35 111 + 57 14 85 6 0 042 8 21 100,000 39 158 + 60 18 51 9 0 034 0 20 160,000 

40 111+64 18 51 9 0 033 8 21 160,000 U 34 106 + 30 14 85 6 0 061 0 14 60,000 

« 36 119 + 70 14 85 6 0 028 16 30 100,000 

Range Low Average Hlgb 
Cycle 12 60,000 100,000 160,000 

Figure 10. Evaluation of strength properties of 4-ln.-AC + 2-in.-B pave
ment system; equivalent thickness. Influence curves of settlement coef
f i c i e n t , F^ of two-layer system; Bunnlster problem. Basic load-settle

ment equation: 
w = 1.18 p r F^/Eg Fw = w Eg 

1.18 p r 
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Figure 11. Evaluation of strength properties of 2-in.-AC + ^i-in.-B pave
ment system; equivalent thickness. Influence curves of settlement coef
f i c i e n t , F^ of two-layer system; Burmister problem. Basic load-settle

ment equation: 
P r F,/Eg F, = ^^ij^ w = 1.18 Eg = 2,000 psi 

what too high and the second somewhat too low. The essential data i n each 
case are given i n the tabulations of Figures 10 and 11. 

The s i t e locations f o r two or more tests i n a section were f a i r l y 
close together, with an average of 9 f t , a low of 5 f t , and a high of ik 
to 20 f t apart, as indicated i n Figiires 10 and 11. The data f o r Sections 
A, C, and S f o r the 4-in.-AC-2-in.-B pavement were found to be comparable, 
as shown by the conformity of the evaluation ciirves with the pattern i n 
fluence c\irves. The average and range of the pavement modulus, E , f o r i 
Sections A, C, E, S, Q, and U are as follows: 

Cycle 
12th 

Low 
60,000 

Average 
100,000 

High 
160,000 

The average and upper l i m i t are considered to be exceptionally good v a l 
ues, but the spread between the low aad the high values i s quite large. 

There i s not evident a sign i f i c a n t casual r e l a t i o n of the low and 
high values with regard t o the subgrade modulus. Eg, the subbase modulus, 

and the thickness of the subbase. This i s believed to be the result E, sb' 
of the more predominating influences of the non-comparable pressures used 
i n the t h i r d pressure application (namely, the l l6 .6-psl high pressiire on 
the 12-in. plate and the 51.9-psi low pressure on the l8-in. p l a t e ) , which 
tended to mask the foregoing more usual predominating influences of moduli 
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and subbase thickness. I t i s probable, however, that the compacting of 
the pavement i n the case of the high values of Ep was more effective i n 
stress conditioning and strengthening the pavement layer and the pavement 
systera as a whole; whereas there seems to be evident a deficiency of com
paction and of stress conditioning and strengthening of the pavement sys
tem i n the case of the below-average values. This poorer performance 
should be evident i n the pavement condition under the t r a f f i c t e s t i n g . 

With only two comparable tests for each section and conforming eval
uation curve, i t was not possible by layered system t r i a l methods to solve 
fo r the effective compacted subgrade modulus. Evaluations of layered sys
tem action and effectiveness from other data have p r a c t i c a l l y always i n d i 
cated a substantial increase i n the subgrade modulus aft e r construction 
of a base course and a pavement layer, due p r i n c i p a l l y to the confining 
influences of these s\irmounting layers, and also to some additional con
solidation and stress conditioning of the pavement system. 

The data f o r the 2-in.-AC-4-in.-B pavement were found to be more er
r a t i c , due to influences of the non-comparatle pressures on the 12- and 
18-in. plates. Only data from Section H yielded a conformable evaluation 
c\irve. The remaining evaluations were made as point evaliiations, on the 
basis of probably similar equivalent thickness conditions as the "best ap
proximation. The average and range of pavement modulus, E , fo r Sections 
F, H, K, L, W, and P are as follows: 

Cycle Low Average High 
12th 40,000 78,000 110,000 

These values are appreciably lower as a whole, indicating more i n f e r i o r 
deflection responses and effectiveness of t h i s l i g h t e r pavement system. 
The spread between the low and high values i s about the same. The i n f l u 
ences of the non-comparable pressiures on the 12- and l8-in. plates seem 
to be more important, and may account f o r some of the e r r a t i c responses. 

The effectiveness of the layered system action on the deflection re
sponses f o r the d i f f e r e n t pavement systems can be judged and evaluated on 
the basis of the deflection at the f i r s t interface (1-2) between the pave
ment layer and the subbase layer, and at the second interface (2-3), be
tween the subbase layer and the compacted subgrade layer, as a percentage 
of the deflection at the surface of the pavement system. This information 
i s given i n Table 6 f o r comparative purposes i n judging effectiveness. 

Table 6 shows that there i s a consistent r e l a t i o n between eff e c t i v e 
ness, as measured by the percentage deflection at the subgrade l e v e l . The 
pavement system with a l 6-in. subbase thickness exhibits subgrade deflec
tions of the order of only 30 percent of the surface deflections, thus pro
viding good protection to the subgrade with effective layered system ac
t i o n f o r both types of asphalt pavements. I f the pavement performance f o r 
the 2-in.-AC-4-in.-B pavement was poorer, i t coiild be due t o a breakdown 
i n the asphalt pavement layer i t s e l f , which i s thinner. The order of mag
nitude of the subgrade deflections, which are given i n parentheses, i s only 
0.01 i n . There i s a si g n i f i c a n t increase i n the percentage deflections at 
the subgrade l e v e l f o r the 8-in. subbase pavement systems, which indicates 
i t s less effective layered system action, which should be reflected i n per
formance. The sections where there was no thickness of subbase exhibit 
very high percentages and large subgrade deflections. 
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TABLE 6 
EFFECTIVENESS OF LAYERED SYSTEM ACTION ON DEFLECTION RESPONSES. INFLUENCES| 
OF STRENGTH PROPERTIES OF THE COMPONENT LAYERS, SUBBASE THICKNESS, AND 
PAVEMENT THICKNESSES. DEFLECTIONS AT THE FIRST AND SECOND INTERFACES, 
AS A PERCENTAGE OF SURFACE DEFLECTIONS. THIRD PRESSURE APPLICATION. 

12TH LOADING CYCLE. 

4-in.-AC-2-in.-B 

Section A Q C S E U 
Thickness,hg-b l6 l6 8 8 0 0 
Modulus Plate 

Ep 12 100,000 70,000 100,000 60,000 
l4 100,000 100,000 90,000 
i8 100,000 70,000 160,000 160,000 

E=c ,̂̂ 00 6,000 6,000 5,800 10,400 

p,psl Plate 
116.6 12 Ql ̂  97 70 
85.6 14 58 93 96 
51.9 18 72 64 64 

116.6 12 32(.010)* 79(.025) 49(.02l) 78(.o46) 
85.6 14 1^5(.019) 77(.o47) 
51.9 18 32(.010) 35(.0ll) 45(.015) 62(.02l) 

2-in.-AC-4-in.-B 

Section F L H N K P 
Thickness,hsT3 16 16 8 8 0 0 
Modulus Plate 

Ep 12 80,000 90,000 70,000 50,000 
i4 70,000 60,000 40,000 
18 110,000 90,000 100,000 70,000 

Egt 12 22,000 
14 
18 22,000 

Egc 8,800 5,900 5,900 9,000 
^1-2/^0 ^ 
p,psl Plate 
116.6 12 65 76 75 - ' 
85.6 14 55 5̂  64 
51.9 18 69 55 7̂  

p,psi Plate 
116.6 12 27(.010) 29(.0l4) 58(.032) 84(.o67) 
85.6 l4 32(.0ll) 49(.022) 88(.074) 
51.9 18 3l(.009) 52(.032) 64(.024) 8i(.o47) 

* Note: The figures i n parentheses are the deflections i n inches at the 
top of the compacted subgrade. 

I t i s evident from Table 6 and from Figures 10 and 11 that the strengt 
properties of the 4-in.-AC-2-in.-B pavement systems are more consistently 
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higher, with more comparable data and less e r r a t i c evaluations, than i n 
the case of the 2-in.-AC-4-in.-B pavement systems. This should be si g 
n i f i c a n t l y reflected i n the deflection responses and performances under 
t r a f f i c t e sting and service conditions. I n addition, these evaluations 
have indicated that a higher standard of constructional excellence was 
more consistently attained for the ij-in.-AC-2-in.-B pavement systems. 

CONCnJSIONS 
1. These evaluations show that the essential strength properties of 

the component layers can be s i g n i f i c a n t l y evaluated, as measures of the 
effectiveness and constructional excellence of pavement systems. 

2. Evaluations at the subgrade l e v e l , the subbase l e v e l , and the 
I finished pavement l e v e l , of the strength properties and deflection re
sponses dxuring construction of pavement systems should provide s i g n i f i c a n t 

I and essential c r i t e r i a f o r effective control of construction In order to 
1 a t t a i n the desired degree of constructional excellence. 

3. Having the strength properties and deflection responses of d i f 
ferent pavement systems over the country, where climatic and s o i l condi
tions are s i g n i f i c a n t l y d i f f e r e n t . I t should be possible to develop r a t i o n -

j a l and adequate bases f o r evaluating the effectiveness of layered pavement 
systems and f o r design and construction control. 

k. The evaluations i n t h i s paper show the necessity f o r more careful 
planning and execution, not only of investigations f o r layered pavement 
systems, but also of construction control i n order to insure the a t t a l n -

, ment of constructional excellence. 
5. Furthermore, these evaluations give point to the uses of superior 

quality materials, as wel l as to adjustments of component layer thickness
es f o r Increasing the effectiveness, performance, and l i f e of layered pave
ment systems. 

6. F i n a l l y , the mechanics of layered system action and the effective
ness of I t s reinforcing and load-spreading capacity on the subgrade layer, 
as a st r u c t u r a l u n i t , are intimately dependent on the Interface continuity 
conditions and the mobillzable shearing strength incorporated i n t o the lay
ered system by compaction and stress conditioning influences, p a r t i c u l a r l y 
on the weaker side of an interface. These aspects should be thoroughly i n 
vestigated and evaluated. 
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THE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN
CIL is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

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

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

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

The HIGHWAY RESEARCH BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices ot the ACADEMY-COUNCIL and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 


