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Flexible t\-pe pavements ca r ry the i r loads b y granular in t e rac t ion and the i r design is 
predicated on the c o n d i t i o n of each layer being of suff ic ient thickness t o n o t overstress 
the unde i ' l y ing layers. A m a r k e d s i m i l a r i t y is no ted i n several popula r methods of design 
us ing th i s stress-strength p r inc ip le w i t h d i f f e r en t types of s t rength tests. 

R i g i d t y p e pavements car ry the i r loads b y slab s t rength and the s t reng th of the sub-
grade is seldom the c o n t r o l l i n g fac tor . Des ign is based on elastic theory of con t inuous ly 
suppor ted slabs, and is predicated on m a i n t a i n i n g tensile stresses i n the slab w i t h i n the 
a l lowable f i exura l s t rength of the slab m a t e r i a l . 

Pavements cons t i i i c t ed of soil-cement, l ime-clay, asphal t s tabi l ized bases, a n d m a n y 
other mater ials are i n a category in termedia te between f lexible and r i g i d , i n t h a t they 
possess considerable slab s t rength , and a t the same t i m e deflect su f f i c i en t ly to t r a n s m i t 
sizeable stresses t o the subgrade. T h e design, i n the case of such semi-flexible t y p e pave
ments , m a y be governed b y the s t rength of ei ther the subgrade or t h a t of the pavement 
ma te r i a l . A design procedure is ou t l i ned whereby b o t h elements are considered. 

Physical propert ies of var ious types of pavement mater ia ls r ang ing f r o m t rue r i g i d 
t y p e t o t rue f lexible t y p e are correlated w i t h water-cement r a t i o f o r ease i n us ing the 
vai ' ious design procedures. 

Cost a n d performance da ta are presented showing economic advantages fo r semi-
f iexible t y p e pavements . 

PAVEMENT sKLECTioN f r e q u e n t l y involves sm^h in tangibles as cost 
• I N designing pavements f o r a n v t r a f f i c * e f a c i l i t y users due t o i n t e r r u p t i o n of 
f a c i l i t y , the Engineer has a t his d i s j ^ s a l a f'^'-^-'';^' t ' ' ^ * * ' l ^ ^ ^ ^ ' ' ^ ' ^ ' U n t i l recent ly , i t 
variety- of mater ia ls f r o m w h i c h to choose. '̂ ^^^ been . .ommon pract ice t o classify pave-
Some require greater i n i t i a l cost and less ments^ as ei ther r i g i d or flexib e a.nl t o design 
maintenant 'e , whi le the reverse is t r ue i n em.h b y en t i r e ly d i f f e r e n t methods A c t u a l l y , 
o ther cases. However , t o be economical ly ^"^"""r large group of mater ia s t h a t are 
sound, the decision mus t be based on the flexible or the r i g i d category, 
es t imated u l t i m a t e cost, i n c l u d i n g the con- yi-s-classihcation of such mater ia ls has no 
s t r u c t i o n <;ost plus the cost of maintenance ' l o ^ b t m m a n y cases led t o imprope r designs, 
f o r the an t i c ipa ted l i f e of the pavement . resu l t ing m an erroneous design or erroneous 

T h e cons t ruc t ion cost can be es t imated ' 'hoice of j x ivemen t t y p e . I n the interests of 
w i t h reasona ble accuracy f r o m a knowledge p r o m o t i n g a bet ter unders tanding of the na-
of avai lable mater ia ls and the i r cost. I n most tu re of the var ious mater ia ls avai lable , the 
cases, the choice o f ma te r i a l is governed b y a u t h o r has established a t h i r d category o f 
ava i l ab i l i t \ - of local mater ia ls . Cost of m a i n - pavement tyi)es called "semi- f lex ib le" and 
tenance is more d i f f i c u l t t o determine and has assembled data cor re la t ing the var ious 
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physica l propert ies of a l l three types w i t h 
the i r respective contents of s tab i l iz ing agent 
( fo r example, P o r t l a n d Cemen t ) . 

As a co ro l l a ry service, design jn'ocedures 
have been developed f o r semi-flexible t}-pe 
pavements . T h i s me thod considers b o t h sub-
grade s t rength a n d slab s t rength and insures 
against overstressing ei ther. I t is hoped t h a t 
the new tools w i l l assist road designers i n the i r 
d i f f i c u l t task of proper selection of pavement 
types . 

F L E X I B L E P A V E M E N T 

T h i s t y p e of pavement consists of one or 
more layers of granular ma t e r i a l to w h i c h is 
app l ied an asphalt ic wear ing surface, and is 
d is t inguished f r o m a r i g i d t y p e pavement i n 
t h a t the loads are carr ied p r i n c i p a l l y b y i n d i 
v i d u a l i n t e r ac t ion between the part icles of the 
g ranu la r base course. Each layer t ransmi t s a 
load of d i m i n i s h i n g in t ens i t y t o the unde r ly 
ing layer or to the subgrade, a t the same t i m e 
undergoing a cer ta in a m o u n t of def lect ion or 
d e f o r m a t i o n i n p r o p o r t i o n t o the loads t rans
m i t t e d ; the resu l tan t y i e l d i n g of the pave
m e n t surface under the ac t ion of a wheel load 
is responsible f o r the t e r m " f l e x i b l e " i n th i s 
t y p e of pavement . T h e thickness of each layer 
requi red f o r s t a b i l i t y under a n y given wheel 
load is de te rmined f r o m the requi rement t h a t 
the stress or u n i t load t r a n s m i t t e d t o the 
u n d e r l y i n g layer or to the subgrade shall no t 
overstress the l a t t e r . T h u s i t is apparent t h a t 
each layer depends n o t o n l y on i t s o w n 
s t reng th b u t also on t h a t of i ts next-door 
neighbor, and , therefore, the designer mus t 
k n o w something of the characteristics of the 
subgrade soils and of each of the mater ials or 
mixes contempla ted fo r use. 

Testing and Design of Flexible Pavements 

U n t i l recent ly , the designer judged the qua l 
ities of each base ma te r i a l on the basis of i ts 
g rad ing , past performance , p l a s t i c i ty index, 
percent soil binder , and other physica l appear
ances; such tests and quali t ies were suff ic ient 
i n a qua l i t a t i ve sense, b u t gave no h i n t as t o 
the required thickness. N o w , however, there 
are avai lable methods of tes t ing and design 
tha t enable d i rec t de t e rmina t ion of the 
s t reng th of subgrade soils and of imy desired 
t y p e of select or base course ma te r i a l , and a 

subsequent d e t e r m i n a t i o n of the requi red 
thickness of each layer of the pavement . 

T h e U n i t e d States A r m y Coi-ps of Engineers 
and others use the C a l i f o r n i a Bea r ing R a t i o 
Test f o r de t e rmin ing the s t rength of the sub-
grade and of the var ious layers of pavement 
{1, 2 and S). T h e Texas H i g h w a y D e p a r t m e n t 
has developed t r i a x i a l compression tes t ing 
equ ipment sui table f o r b o t h subgrade soils 
and base mater ia ls , and a classif icat ion char t 
based on t r i a x i a l s t rength (4, 5). M o r e re
cen t ly there have been publ ished thickness 
design curves based on the Texas H i g h w a y 
D e p a r t m e n t T r i a x i a l Clas.sification {&). T h e 
Aspha l t I n s t i t u t e exjjresses subgrade, sub-
base and base mate r i a l s trengths i n te rms of 
subgrade value " t o wh ich a l l eva lua t ion sys
tems have been r e l a t ed" (7) . A l l of these 
agencies have p rov ided thickness design 
curves based on the i r respective s t rength 
scales and calculat ions of stresses a t var ious 
depths f o r var ious wheel loads. Since the de
tai ls of each m e t h o d have been prev ious ly 
described i n de ta i l i n the var ious l i t e ra tu re 
references c i ted , i t w o u l d seem superfluous to 
repeat these here. However , i t is believed per
t i n e n t t o show here the design curves f o r the 
three methods c i ted . T h e m a r k e d s i m i l a r i t y 
of these is qu i te ev iden t f r o m an inspect ion of 
Figures 1, 2, and 3. 

Comparison of Flexible Design Procedures 

A n example of the use of these three sets of 
design curves is shown by means of the 
b roken lines on Figures 1 t h r o u g h 3; the ex
ample is f o r a flexible pavement designed fo r a 
wheel load of 15,000 pounds and t o be con-
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Figure 1. C B R thickness design curves. (From Exhibit 3, 
Engineering M a n u a l , Chapter X X , Part I I . ) 
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Figure 2. Texas Highway Department flexible pavement 
design chart . 

s t ruc ted on a heavy clay subgrade h a v i n g a 
T r i a x i a l S t r eng th Class i f ica t ion of 4.5 us ing 
sand-shell f lexible base ma te r i a l h a v i n g a T r i 
ax ia l S t r eng th Class i f ica t ion of 2.0 a n d a ho t -
m i x asphalt ic concrete sur fac ing . T h e cor
responding C B R values are 5.5 a n d 55, 
respect ively, and the A s p h a l t I n s t i t u t e "Sup
p o r t Va lues" are 35 a n d 85 i n the same order. 
I t is t o be no ted t h a t the thickness of cover 
requi red f o r the clay subgrade b y a l l three 
methods is ve ry near ly 18 inches i n a l l cases, 
b u t t h a t the requi red thickness of sur fac ing 
varies f r o m 1 i nch , us ing the Texas H i g h w a y 
D e p a r t m e n t procedure, t o 6 inches us ing the 
C B R procedure and 8 inches using the A s p h a l t 
I n s t i t u t e procedure. 

Effect of Testing Method 

T h e i m p o r t a n t conclusion to be d r a w n f r o m 
the examples c i ted is as fo l l ows : even t h o u g h 

S" Mm THirWtJFSS 
| - MIW THI9KNE55 

Figure 3. Asphal t Institute thickness design curves. 
(From Figure 2, page 13, "Thickness Design, Flexible 
Pavements for Streets and Highways ," T h e Asphalt 

Institute M a n u a l Series No. 1, J a n u a r y , 1955.) 

a l l three methods are obv ious ly based on 
iden t i ca l t heo ry , v e r y great differences i n de
sign a n d cost can be occasioned t h r o u g h d i f 
ferences i n t es t ing methods used. T h e Texas 
H i g h w a y D e p a r t m e n t feels t h a t the t r i a x i a l 
compression test dupficates ac tua l field con
d i t ions more closely t h a n a n y other k n o w n 
m e t h o d of test a n d hence has accepted th is 
m e t h o d of test as s tandard . 

M o s t flexible t y p e pavements are p rov ided 
w i t h an asphalt ic surface layer . T h i s m a y be 
in t ended t o car ry a subs tant ia l p o r t i o n of the 
wheel loads appl ied , i n w h i c h case the t h i c k 
ness is de te rmined b y app l i ca t i on of f lex ib le 
design procedure us ing s t reng th values con
sistent w i t h the thickness of sur fac ing a n t i c i 
pa ted . I n other cases, a h i g h s t reng th is b u i l t 
i n t o the base course and the o n l y f u n c t i o n of 
the sur fac ing is t o supp ly an abrasion-resistant 
surface; i n such cases, the s t a b i l i t y is an i n 
verse f u n c t i o n of the thickness and the 
th innes t sur fac ing t h a t can be pe rmanen t ly 
app l ied is the most economical and eff ic ient . 

I t appears t o the w r i t e r t h a t the most f r u i t 
f u l field f o r inves t iga t ion i n flexible pavements 
lies i n the development of b i t u m i n o u s or other 
b inder mater ia ls t h a t have l i t t l e or no reduc
t i o n i n s t rength w i t h increase of tempera ture . 
I n th i s connect ion i t is po in t ed ou t t h a t most 
sa t i s fac tory asphalt ic mix tu res have strengths 
less t h a n a T H D S t reng th Class 1 Base 
ma te r i a l a t 140 F . , b u t a t r o o m tempera ture 
the s t rength is m a n y t imes greater. 

R I G I D P A V E M E N T 

T h i s t y p e of pavement consists of a rela
t i v e l y non-y ie ld ing mono l i t h i c layer of Po r t 
l a n d Cement concrete w h i c h acts as a single 
u n i t , ra ther t h a n b y in t e r ac t ion between 
i n d i v i d u a l part icles . Loads are carr ied b y 
beam ac t ion , the slab ac t ing as a cont inuous 
beam on a u n i f o r m suppor t . Whee l loads 
cause the slab t o deflect b u t general ly t o a 
m u c h lesser degree t h a n a flexible pavement . 
Perhaps the ou t s t and ing f u n d a m e n t a l d i f 
ference i n behavior is t h a t the concrete pave
m e n t can crack pe rmanen t ly w i t h a resu l tan t 
loss i n s t reng th unless the crack is p roper ly 
con t ro l l ed , whereas the granular na ture of the 
flexible base course n o r m a l l y precludes the 
poss ib i l i ty of a permanent crack and even 
a f t e r c racking the s t r uc tu r a l qual i t ies are n o t 
i m p a i r e d t o the same extent . 
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Design of Rigid Pavements Load Stresses 

Design of a r i g i d t y p e pavement involves I n the Westergaard analysis (8), the slab is 
the d e t e r m i n a t i o n of tensile stresses produced assumed to be con t inuous ly suppor ted b y a 
i n t o p or b o t t o m of the slab b y design wheel subgrade ma te r i a l whose suppor t ing value is 
loads placed a t var ious posi t ions on the slab, constant a n d expressed i n te rms of i t s " k -
a n d also of tensile stresses produced i n the va lue , " or r a t i o of u n i t stress appl ied a t a n y 
slab b y tempera ture and mois ture effects . p o i n t on the subgrade t o the def lect ion of the 

fc-value: 

Radius of r e l a t ive s t i f fness : 

E q u i v a l e n t radius of resis t ing sec t ion: 

Stresses f o r load a t : 

I n t e r i o r : 

Pro tec ted edge: 
( F u l l subgrade suppor t ) 

Unpro tec ted edge: 
(Def ic ien t subgrade suppor t ) 

Protec ted corner: 
( F u l l subgrade suppor t ) 

Unpro t ec t ed corner : 
(Def ic ien t subgrade suppor t ) 

W a r p i n g stresses-

I n f i n i t e s lab: 
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2(1 - M ) 

<r. — See "Pub l i c Roads ," V o l . 8, N o . 3, M a y 1927 

<r. = <7c(l - m) (9) 

Te rms and u n i t s : 
C—Elastic modulus of pavement subgrade, p s i / i n / i n . 
a—Radius of loaded area of subgrade i n f o r m u l a (1) , inches. Radius of t i r e contac t area i n 

fo rmulas (3) t h r u (7 ) , inches. 
E—Elastic modulus of concrete, p s i / i n / i n . 
h—Thickness of slab, inches. 
fi—Poisson's r a t i o of concrete. 
W—Design wheel load , lbs. 
e—Coefficient of t h e r m a l expansion of concrete, i n / i n / ° P \ 
t—Temperature d i f f e r e n t i a l i n slab, ° F . 

Figure 4. Formulas for rigid pavement design. 
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subgrade a t t h a t p o i n t . De ta i l s of th i s p ro 
cedure as used b y the au thor are g iven i n the 
A p p e n d i x , and are summar ized on F igure 4. 

Warping Stresses in Rigid Pavements 

I n a d d i t i o n t o tensile stresses due to load , 
r i g i d slabs are subjec t to tensile stresses p ro 
duced b y constrained w a r p i n g due t o d i f f e r 
ences i n mois ture content and tempera ture a t 
t o p and b o t t o m of the slab. T h e higher mois
tu re content prevaiUng i n the b o t t o m of a n y 
pavement slab compared t o t h a t a t the sur
face of the slab induces a w a r p i n g effect i n the 
opposi te d i r ec t i on t o t empera tu re w a r p i n g 
effects t h a t m i g h t a d d to load stresses. S t u d y 
of avai lable l i t e ra tu re on mois ture d i f fe ren
t ia ls and the i r effect (c/. 15) has led the au thor 
to use a "moisture-compensated tempera ture 
d i f f e r e n t i a l , " t , of 1.5 degrees Fahrenhe i t per 
i n c h thickness of slab. W a r p i n g stresses are 
t h e n evaluated us ing the fo rmu la s and refer
ences ci ted on F igure 4. 

Total Allowable Stress in Rigid Pavement 

Regardless of the m e t h o d used f o r deter
m i n i n g tensile stresses due t o load , the t o t a l 
stress f o r a n y load case is the sum of the stress 
due t o load and stress due t o w a r p i n g , since i n 
a n y load case the w a r p i n g stress m a y occur 
a t the same t i m e as the m a x i m u m load stress. 
T h e t o t a l a l lowable stress should be held t o 
ha l f the u l t i m a t e flexural s t r eng th of the slab 
f o r loads t h a t w i l l be repeated 200,000 t imes 
or more . F o r loads expected t o occur less t h a n 
200,000 t imes, a smaller safe ty fac to r m a y be 
used (11). 

Sub-Bases for Concrete Pavement 

I n a d d i t i o n t o stress-strength requirements , 
r i g i d t y p e pavements require a " non -pump
i n g " subgrade. Var ious inves t iga t ions have 
been made t o determine the requirements of 
subgrade mater ia ls t o p reven t p u m p i n g {16, 
17). T h e results of these inves t iga t ions can 
be summar ized b y the f o l l o w i n g c r i t e r i o n : 

A layer of granular ma te r i a l of adequate t h i c k 
ness hav ing no more t h a n 45 percent passing 
the 200 mesh sieve placed under a r i g i d pave
ment slab w i l l adequately con t ro l slab p u m p 
i n g . 

Considez'able economy can o f t e n be effected 
i n cons t ruc t ion operat ions b y use of g ranular 
base courses a f f o r d i n g also a cer ta in degree of 

subgrade re in forcement and w a t e r p r o o f i n g . 
Cement-s tabi l ized mix tu re s have p r o v e n par
t i c u l a r l y va luable i n th i s manner (5) . 

S E M I - F L E X I B L E P A V E M E N T S 

I t is a lmos t self-evident t h a t there are 
m a n y mater ia ls now being used f o r the p r i 
m a r y load-car ry ing element i n road construc
t i o n t h a t are nei ther f lexible nor r i g i d t y p e 
pavements . I n this category are such m a 
terials as soil-cement, c lay- l ime, hme t rea ted 
gravels, soil-asphalt mix tu res , b i t u m i n o u s con
crete and cement-stabi l ized sand-shell m i x 
tures, i n w h i c h the con t ro l l i ng fac to r i n 
design m a y be either the slab s t rength of the 
base m a t e r i a l or the suppor t ing value of the 
subgrade soi l . Just as the m o d e r n au tomobi l e 
is in te rmedia te between the a i rplane and the 
horse and buggy , so also is the semi-fiexible 
pavement in te rmedia te between the r i g i d and 
the f lexible t y p e pavement . N o self respecting 
engineer w o u l d design a road f o r modern 
vehicular t r a f f i c on standards of the horse 
a n d buggy era, nor w o u l d he a t t e m p t t o de
sign a s imi la r h i g h w a y f o r wheel loads en
countered i n modern a i r p o r t pavement design. 
T h e need f o r an in t e rmed ia te classif icat ion 
and me thod of design seemed to the au tho r t o 
be necessary. 

Limits of Semi-Flexible Category 

I t seemed p r u d e n t to f i r s t define the l i m i t s 
of semi-flexible pa\-ements. Such pa\-ements 
should f i r s t of a l l have a su f f i c i en t ly l o w elastic 
modulus and coefficient of t h e r m a l expansion 
as t o reduce tempera ture expansion, contrac
t i o n , a n d w a r p i n g t o the extent t h a t j o i n t i n g 
is n o t necessary. These can be achie\ 'ed b y 
lower ing the s t rength below t h a t of P o r t l a n d 
Cement concrete and by a jud ic ious choice of 
aggregates. O n the other hand , f r o m the 
s t andpo in t of thickness and economy i t is 
desirable t o p rov ide as h i g h a s t reng th as 
possible. T h e C a l i f o r n i a D e p a r t m e n t of H i g h 
ways {IS) reports t h a t soil-cement mater ials 
showing 7-day compressive s trengths of u p 
to 650 ps i showed no object ionable c racking . 
Inves t iga t ions made b y the au thor on cement-
s tabi l ized sand-shell mix tu res indica te t h a t 
such mixes h a v i n g 7-day compressive strengths 
of 650 ps i u l t i m a t e l y a t t a i n compressive 
s t rengths of app rox ima te ly 1200 psi , and t h a t 
no objec t ionable c racking was observed i n 
such mix tu re s h a v i n g u l t i m a t e compressive 
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s t rengths less t h a n 1200 psi . I t was also 
no ted t h a t s imi lar mix tu res showing u l t i m a t e 
compressive strengths of less t h a n 200 psi also 
resulted i n object ionable crack f o r m a t i o n (S). 
Hence i t appears reasonable to assume t h a t 
P o r t l a n d Cement sand-shell mix tu res show
i n g u l t i m a t e compressive strengths of between 
200 psi and 1200 psi f a l l i n the semi-flexible 
range and w i l l no t exh ib i t c racking tendencies 
r equ i r ing j o i n t i n g . A s imi lar range of l i m i t s , 
no d o u b t , exists f o r asphalt and l ime s tabi l ized 
mix tu res and sand-cement mix tu res and the 
the l i m i t s m a y or m a y no t coincide w i t h those 
s tated above for cement-stabi l ized sand-shell 
mixtui-es. F r o m the v i e w p o i n t of design, semi-
flexible ]3aveinents m a y be defined as those 
const ructed of bases h a v i n g a j jpreciable slab 
s t reng th , b u t no t suff ic ient slal) s t rength to 
assure t h a t the subgrade soil w i l l no t be over-
stressed. 

Sem -Flexible Pavement Design 

Design of a semi-flexible pavement involves 
t w o separate and indej iendent piiases: 

a. D e t e r m i n a t i o n of the thickness of base 
recjuired t o p reven t development of t en
sile stresses i n the slab i n excess of the 
al lowal)le flexural s t rength . 

b . D e t e r m i n a t i o n of the thickness of base 
re t ju i red to prevent overstressing the sub-
grade soil or other unde r ly ing layer of the 
pavement . 

T h e c r i t i ca l thickness is the m a x i m u m t h i c k 
ness de te rmined b y either cri tei ' ia . T h e first 
phase is accomplished b y a p p l y i n g r i g i d pave
m e n t design procedure as ou t l ined i n the pre
ceding section on R i g i d Pavement . T h e 
second ])hase is accomi)lishecl b y d e t e r m i n i n g 
first the thickness of base and sur fac ing re
qu i red to prevent overstress i n the u n d e r l y i n g 
layer, assuming no slab s t rength i n the base, 
a n d then a p p l y i n g a thickness r educ t ion i n 
p r o p o r t i o n t o the slab s t reng th . T h e details of 
the Texas H i g h w a y D e p a r t m e n t flexible de
sign procedure are g iven i n the A p p e n d i x . 

Base Thickness Reduction Due to Slab Strength 

I n seeking a convenient means of eva lua t ing 
a n d expressing var ious degrees of slab 
s t reng th , i n i t i a l e f for t s were confused b y 
t h o u g h t habi t s resu l t ing f r o m : the previous 
classif icat ion of j i avement mater ia ls as ei ther 
flexible or r i g i d ; b y the appa ren t ly unre la ted 
phys ica l propert ies used i n design; and b y 

S,' FLEWRAL ITENSILE) STRESS IN PSI 

BENDING MOMENT IN INCH-POUNDS' 

C • DEPTH TO NEUTHfiL AKIS ' H 

I = MOMENT OF INERTIA • 2 ^ = 4" 

C • COHESIOMETER VALUE IN GRAMS PER INCH WIDTH 

FOR 3" HEIGHT SPECIMEN 

Figure 5. Ilveem coheslometer test. 

comple te ly d i f f e r en t design procedures fo r 
these t w o categories of pavement . T h e Ca l i f 
ornia Di \ - i s ion of H i g h w a y s appears t o be the 
first agency to consider slab s t rength and the 
H v e e m Coheslometer test was devised t o 
measure i t (19). F igure 5 shows a sketch of the 
cohesiometer test appai 'atus. T h e test speci
men is 4 - i i i ch d iameter and the test is made l )y 
c l amping r i g i d l j ' one-half of the sjiecimen and 
causing the sample to sp l i t hx a j j p l y i n g load 
to a lever a r m c lamped to the other ha l f of 
the specimen. T h e test result is expressed as 
grams of we igh t per inch w i d t h of 3- inch 
he ight sjjecimen requi red to deflect the speci
men a s ta ted a m o u n t when t h a t weigh t is 
appl ied a t the end of a 30-inch lever a r m . 
Thickness reduct ions are made b y means of the 
nomographic char t . F igure 6, w h i c h is t aken 
d i r e c t l y f r o m reference (IS). 

California Cohesiometer Method 

T h e broken lines of F igure 6 show an 
example of the use of the C a l i f o r n i a m e t h o d 
using cohesiometer values. T h e example is 
the same as t h a t used i n the second section o f 
th i s paper, except t h a t i t is now considered 
desirable t o invest igate the use o f cement-
stabi l ized sand-shell base ma te r i a l con ta in 
i n g 1.5 sacks o f cement per t o n o f m i x i n l ieu 
of the sand-shell m i x fo r base course. I t is 
assumed t h a t t h i s cement con ten t a n d the 
m e t hod of placement con templa ted w i l l re
sul t i n a base course h a v i n g an u l t i m a t e co
hesiometer value of 3000 grams per i n c h w i d t h 
of 3- inch he ight test specimen. I t w i l l be no ted 
t h a t th i s design me thod indicates a 50 per
cent r educ t ion i n thickness of cover requ i red 
f o r the heavy clay subgrade—18 inches f o r a 
pu re ly flexible base ma te r i a l and 9 inches f o r 
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a base ma te r i a l h a v i n g a cohesiometer va lue 
of 3000. T h e economic imp l i ca t ions of th i s 
design resul t are such as t o demand the care
f u l s c r u t i n y of a n y engineer charged w i t h the 

E X A M P L E 

18" W / 0 T E N S I L E 

S T R E N G T H E Q U A L S 

9" WITH T E N S I L E 

S T R E N G T H OF 3 0 0 0 

GMS/ IN. 

CALIFORNlfl DIVISION H I G H W A Y S ? 

M A T E R I A L S a R E S E A R C H D E P T . » 

Figure 6. Ca l i forn ia thickness design chart (part ial ) . 

responsibiUty of expending pub l ic f u n d s f o r 
h i g h w a y cons t ruc t ion . 

Modified California Method 

T h e Texas H i g h w a y D e p a r t m e n t has f o r a 
number of years used flexural tests o f 6- inch 
square beams f o r con t ro l of concrete pavement 
s t rengths, a n d has expressed the results i n 
te rms of u n i t flexural stress i n the ext reme 
fiber a t f a i l u r e . I n a t t e m p t i n g t o correlate 
the cohesiometer values shown on F igure 6 
f o r var ious mater ia ls w i t h the k n o w n app rox i 
mate phys ica l propert ies of these mater ia ls , 
i t occurred t o the w r i t e r t h a t the cohesiometer 
test was essentially a flexural s t r eng th test 
a n d t h a t i t s results cou ld be expressed i n 
te rms of u n i t flexural s t reng th , p r o v i d e d the 
dimensions of the appara tus a n d test specimen 
were p rope r ly evalua ted i n the basic f o r m u l a 
f o r flexural stress shown o n F i g u r e 5. 

A t t e m p t s t o correlate cohesiometer values 
w i t h values of flexural s t r eng th i n th i s aca
demic fash ion were no t v e r y sa t i s fac tory and 
i t was concluded t h a t a n y rel iable cor re la t ion 
should be based on a comparison of observed 
cohesiometer values of var ious mater ia ls w i t h 
flexural s t r eng th values of s imi la r mater ia l s . 
Considerable da ta on cohesiometer values were 
avai lable f r o m publ ica t ions of the C a l i f o r n i a 
D i v i s i o n of H i g h w a y s (SO); these were com
pared w i t h k n o w n values of flexural s t rengths 
of var ious mater ia ls being used i n Texas and 
appear ing t o be a p p r o x i m a t e l y equ iva len t t o 
t h e C a l i f o r n i a p roduc ts r epor t ed (5 ) . T h e 
comparisons are shown i n T a b l e 1. I n th i s 
manner the au thor has m o d i f i e d the C a l i f o r n i a 
thickness design char t i n t o a T e n t a t i v e Semi-
Flexib le Thickness Des ign C h a r t e m p l o y i n g 
flexural s t r eng th as the measure of slab 

T A B L E 1 
C O M P A R I S O N O F C O H E S I O M E T E R V A L U E S A N D F L E X U R A L S T R E N G T H S 

California pavement material 
Reported 

cohesiometer 
value, C* 

Calculated 
flexural strength 

s -
^ Cthickness)2 

p.s.i. 

Comparable Texas Highway 
Department material 

Usual flexural 
strength, p.s.i. 

P C C pavement, 5 sack 

Cement treated base, class "A" 

Cement treated base, class " B " 

15,000 
7.500 
3,000 

1,500 

362 
169 
73 

36 

5 Sack gravel concrete 
5 Sack shell concrete 
Rolled cement-stabilized 

sand-shell 
"Poured" cement-stabilized 

sand-shellt 

700 
400-600 
200+ 

80+ 

From Table Typical Cohesiometer Values," page 5, "Explanation and Instructions for use of Pavement Thickness 
Design Chart, California Division of Highways, Materials and Research Department, July 30, 1955. 

t Placed with sufficient water to allow placement similar to concrete. 
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s t reng th i n l ieu of cohesiometer value. F igure 
7 shows the m o d i f i c a t i o n proposed as a t en ta 
t i v e measure. T h i s char t is no t s u b m i t t e d as a 
proposed design procedure, b u t merely as a 
t e n t a t i v e procedure t h a t m a y prove rel iable 
a n d t h a t m a y have wider app l i ca t ion b y v i r t u e 
of e m p l o y i n g an expression of slab s t reng th 
t h a t is independent of specimen size. 

Basic Flexural Strength Method 

I t is believed t h a t semi-flexible pavements 
should be designed on the basis of the i r slab 
s trengths as expressed b y the i r flexural 
s t r eng th i n pounds per square i n c h independ
ent of specimen size or m e t h o d of test. One 
approach to the p r o b l e m is t o calculate b y 
Westergaard methods the load t h a t can be 
carr ied b y slabs of var ious thicknesses a n d 
var ious flexural s t rengths w i t h o u t a n y assist
ance f r o m the subgrade soils; ma thema t i ca l l y , 
th i s can be handled b y assuming fc-value equal 
to u n i t y — a value t h a t is f o r a l l p rac t i ca l 
purposes equiva len t t o no subgrade suppor t . 

Such an inves t iga t ion is now i n progress a n d 
w i l l be presented a t some t i m e i n the f u t u r e 
i n the f o r m of a f a m i l y of curves g i v i n g t h i c k 
ness reduct ions f o r var ious base thicknesses 
a n d flexural s trengths. I t is hoped t h a t in te r 
ested i nd iv idua l s n o r m a l l y e m p l o y i n g the 
flexural s t rength concept w i l l app ly th is 
m e t h o d and the M o d i f i e d C a l i f o r n i a M e t h o d 
and , whenever possible, compare design re
sults w i t h those obta ined using cohesiometer 
values b y the C a l i f o r n i a M e t h o d . 

P R O P B H T I E S O F R I G I D , S E M I - F L E X I B L E AND 

F L E X I B L E P A V E M E N T M A T E R I A L S 

Since semi-flexible pavement mater ials re
qu i re t r e a t m e n t b y b o t h r i g i d and flexible 
design procedure, i t seemed advisable t o 
compare a l l phys ica l propert ies of these w i t h 
corresponding mater ia ls i n the r i g i d a n d 
flexible range, and t o determine the r e l a t ion , 
i f any , of these propert ies i n one range t o 
those i n another . Such a comparison w o u l d a t 
least enable analysis of any g iven ma te r i a l b y 
e i ther r i g i d , flexible or semi-flexible procedure. 

Cement-Stabilized Mixtures 

W h i l e da ta on a l l t j ' pes of s t ab i l i za t ion were 
n o t avai lable , the w r i t e r has been able t o com
pi le f a i r l y complete da ta on the complete 
range of P o r t l a n d Cement mix tu res i n c l u d i n g 
the s t r i c t l y r i g i d category of g rave l concrete, 

E X A M P L E : 

3 2 IN 

ADAPTED FROM 

CALIFORNIA T H I C K N E S S DESIGN CHART 

F I G . 4 0 , R 133 , R E F E R E N C E ( 1 9 ) 

Figure 7. Tentative semi-flexible thickness design 
chart . 

an in te rmedia te r i g i d pavement (shell con
crete) , t w o types of cement-s tabi l ized sand-
shell base mater ia ls , a n d finally sand-shell 
base mater ia ls w i t h zero cement conten t . 
T a b l e 2 presents th i s da ta i n t abu la r f o r m . 
I t w i l l be no ted t h a t a wide v a r i e t y of cement-
s tabi l ized mater ia ls are represented i n the 
table and t h a t s t reng th a n d r i g i d i t y a n d other 
associated propert ies decrease w i t h water -
cement r a t i o , according t o A b r a m ' s L a w . T h e 
relat ions appeared so clear cu t t h a t i t appeared 
feasible t o p l o t smooth curves of propert ies 
against water-cement r a t i o . Figures 8 t h r o u g h 
11 show curves of dens i ty , compressive 
s t reng th , elastic modulus , flexural s t rength , 
t h e r m a l expansion coefficient , ra te of s t reng th 
increase, a n d r a t i o of compressive t o flexural 
s t r eng th , versus water-cement r a t i o . T h e 
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T A B L E 2 
C H A R A C T E R I S T I C S O F P A V E M E N T M . i T E R I A L S 

Summary of average test results and other data on gravel concrete, shell concrete, cement-stabilized sand,shell, and sand-
shell flexible base. 

Material 

Control number. 

Gravel 
Concrete 

500-3 

Highway US 75 
C\>nient, sks/cy 5.0 
Total water, gal/sk 6.0 
.Method of placement Formed 
Total (wet) density, Ib/cf 150 
Dry density, Ib/cf 
Moisture content, % 
Air voids, % 
.\bsorption, % 
Ultimate compressive strength, psi 5000 
Ultimate elastic modulus, psi/in/in.. . . 2,250,000 
Ultimate flexural strength, psi 900 
Ratio of couil)ressive to llexural 

strength 6.2 
Ratio of 28-day to 7-day strength 1.38 
Coefficient of thermal expansion, in / 

in/°F, X 10" 8.0 

Shell 
Concrete 

508-1-4 

State 73 
5.0 
10.5 
Formed 
141 
130 
8.5 
9 
9.5 
1800 
800,000* 
500 

3.6 

6.5t 

Cement-stabilized Sand-shell 

500-3-26 271-14-5 

US 75 
2.8 
13.7 
Rolled 
135 
125 
7.6 
14 
9.0 
1290 
168,000 
423 

3.05 

Loop 137 
2.8 
19.6 
Vibrated wet 
126 
115 
10.3 
16 
H . O 
618 
73,000 
285 

2.26 
I . 69 

177-11-2 
177-11-3 
US 59 
2.8 
21.7 
Vibrated wet 
122 
111 
11.6 
17 
12.3 
433 
45,000 
207 

2.10 
1.89 

Sand-shell 
flex. Base 

500-3 

US 75 
0 

Rolled 
137 
122 
12.3 
6 

120 
20,000 

• 1,400,000 horizontally, 
t 4.0 horizontally. 

4 
WA1 ER CEH 

Q. ,n 
2 16 20 24 
ENT R A T I O , G A L . / S A C K 
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SHELL 
CONCRETE 

CEMENT STAB. SAND - S H E L L SAND GRAVEL 
CONCRETE 

SHELL 
CONCRETE ROLLED t VIBRATED WET 

TEXAS HIGHWAY DEPARTMENT HOJSTON URBAN EXPRESSWAYS 

Figure 8- Characteristics of pavement materials. 
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TEXAS HISHWAT DEPARTMENT HOUSTON UflBAN EXPRESSWAYS 

Figure 9. Characteristics of pavement materials. 

comparison has more recent ly been made f o r 

cohesiometer a n d cohesion values, as shown 

on F igure 12. 

Interrelation of Properties 

These figures a l l show a r a t i o n a l t r a n s i t i o n 

of propert ies f r o m t r u l y r i g i d t o t r u l y f lex ib le 

a n d show t h a t the p rev ious ly appear ing u n 
rela ted propert ies i n the var ious categories are 
ac tua l ly no t unre la ted b u t on the other h a n d 
show a ve ry close r e l a t ion t o the a m o u n t of 
s tab i l i z ing agent. I t is t o be hoped t h a t other 
engineers interested i n th i s p r o b l e m w i l l make 
s imi lar correlat ions f o r mater ia ls i n t he i r ex-
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Fijiure 10. Characteristics of pavement materials* 
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Figure 12, Characteristics of pavement materials. 
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Figure 11, Characteristics of pavement materials. 

TCKAS HIBHWAV DERARTMeMT HOUBTOM URBAN CXmcBBWAYB 

Figure 13. Characteristics of pavement materials. 
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perience i n v o l v i n g other s t ab i l i z ing agents 
such as asphal t a n d l ime . I n a d d i t i o n , the use 
of these curves a n d the semi-flexible concept 
have done m u c h to e l imina te the previous 
d i f f i c u l t y w i t h preconceived t h o u g h t habi t s . 

F igure 13 shows the re la t ion between elastic 
modulus and s t r e n g t h ; i t w i l l be no ted t h a t 
the elastic modulus is essentially i n d i rec t 
p r o p o r t i o n t o ei ther compressive or flexural 
s t reng th . These curves are v e r y va luable i n 
t h a t t h e y make i t possible t o calculate tensile 
stresses b y Westergaard m e t h o d using elastic 
modulus and t o compare such stresses w i t h the 
corresponding flexural s t r eng th of a n y cement-
s tabi l ized m i x t u r e . Such a process is now being 
employed w i t h an assumed A-value of u n i t y 
i n the deve lopment of the basic flexural 
s t r eng th m e t h o d f o r thickness reduct ions i n 
semi-flexible design, as o u t l i n e d under "Basic 
F l e x u r a l S t reng th M e t h o d " i n the preceding 
section. 

Interrelations Shown by Mohr's Diagrams 

A s a final gesture t o w a r d showing the basic 
in te r re la t ions of propert ies , the reader is re
m i n d e d t h a t a l l s t r eng th propert ies of a n y 
ma t e r i a l can be comple te ly described i n te rms 
of e i ther cohesion a n d f r i c t i o n , or i n terms of 
compressive a n d flexural (or tensile) s t rength , 

b y means of M o h r ' s d iagrams. F igu re 14 
shows an idealized M o h r ' s d i ag ram, a n d F igure 
15 M o h r ' s diagrams fo r several types of ma
terials represented i n T a b l e 2 and Figures 8 
t h r o u g h 12. T h e cohesion values shown on 
F igure 15 f o r the var ious mater ia ls were used 
i n p l o t t i n g the curve on the lower ha l f of 
F igure 12 r e l a t ing cohesion and water-cement 
r a t i o . 

S E M I - F L E X I B L E E X P E R I E N C E I N T E X A S 

Several types of semi-flexible pavements 
have been used i n Texas w i t h good success 
and i n a lmos t a l l instances have resul ted i n 
considerable economy, ei ther d i r e c t l y or 
t h r o u g h reduct ions i n contrac tor ' s labor and 
t i m e requi red t o complete projec ts . A l so , i n 
a lmos t a l l instances t h e p roduc ts themselves 
were produced f o r purposes of achieving some 
expediency or overcoming some cons t ruc t ion 
or supp ly p r o b l e m and i n m a n y cases were n o t 
designed as semi-flexible pavements . T h e ad
vantages t h a t have been realized cou ld have 
been increased had we recognized these as 
such a t t h e t i m e of design a n d cons t ruc t ion 
a n d had designed t h e m accordingly . 

Var ious examples of semi-flexible pavements 
b u i l t i n Texas are c i ted i n the succeeding 
paragraphs a long w i t h da ta on the q u a l i t y of 

I N T E R - R E L A T I O N S : 

C « 1/2 V s T ^ 
S r F L E X U R A L STREN6T>1 I F f l > 0 

Sj» F L E X U R A L S T R E N G T H IF ( » < 0 

S y ' S e ' C F L E X U R A L S T R E N G T H IF fif'O 

V O N t L E OF INTERNAL FRICTION 

'COHESION (PURE SHEAR) 

CONFINED COMPRESSIVE ("TRIAXIAL") STRENGTH 

TENSILE STRENGTH ISe'COMPRESSIVE .STRENGTH tUNCONFINED 

NORMAL STRESSES 

Figure 14. Idealized Mohr's diagram. 
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Figure 15. Mohr's diagram for various pavement materials. 

3500 

T A B L E 3 
C O M P A R A T I V E B I D P R I C E S O N S U B - B A S E M A T E R I A L S 

Highway 

Gulf Freeway 
Gulf Freeway 
L a Porte Freeway 
Gulf Freeway 
Loop 137 
Eastex Freeway 
Eastex Freeway 
U S 75 North 
Gulf Freeway. -
State Highway No. 38 
Eastex Freeway^^.. 
State Highway No. ' 3^.. ̂ . . -
U S 90A (69th Street Bridge) 

Completion Date 

October, 1948 
July, 1951 
March, 1952 
August, 1952 
January, 1954 
January, 1954 
February,1955 
July, 1955 
August, 1955 
November, 1955 
December, 1955 
1956 
1956 

Sub-base Total Price Per S.Y. 

9» Sand-shell with Seal Coat 
6' Sand-shell with Seal Coat 
6' Sand-shell with Seal Coat 
6* Cement-sand shell 
6' Cement-sand-shell 
6* Cement-sand-shell 
6* Cement-sand-shell 
6* Cement-sand-shell 
6* Cement^sand-shell 
5* Cement-eand-shell 
6* Cement-sand-shell 
5* Cement-sand-shell 
4* Cement-sand-shell 

1.35 
1.01 
1.12 
1.42 
1.52 
1.61 
1.70 
1.55 
1.40 
1.40 
1.30 
1.35 
1.25 

performance achieved. A t t e m p t w i l l also be 
made to show the savings ac tua l ly effected, 
a n d the possible a d d i t i o n a l savings t h a t cou ld 
have been realized h a d the design pr inciples 
ou t l i ned herein been k n o w n a n d used. 

Cement-Stabilized Sand-Shell Sub-Base 

T h e first several miles of expressway con
s t ruc t i on i n H o u s t o n consisted of concrete 
pavement placed on a sub-base of 6 to 9 
inches of a loca l ly avai lable sand-oyster shell 
m i x f o r con t ro l of p u m p i n g ; a single asphal t 
surface t r e a t m e n t was placed on the sand-shell 
sub-base f o r a w o r k i n g table and wate rp roof 
ing m a t d u r i n g cons t ruc t ion . I n order t o reduce 
t i m e of compac t ion a n d cur ing of th i s low 
p l a s t i c i t y t y p e of granular ma t e r i a l and t o 

e l imina te the asphal t surface t r e a t m e n t 
thereon, i t was decided t o t r y the a d d i t i o n of 
one and one-half sacks of cement per t o n of 
th i s m i x . 

Cost Data—Cement-Sand-Shell Sub-Base. I n 
spite of i n i t i a l l y higher b i d prices, the savings 
i n labor costs and cons t ruc t ion t i m e have re
sul ted i n a steady lower ing of b i d prices a n d 
the H o u s t o n U r b a n Expressway office is now 
securing 5-inch and 6-inch thickness cement-
s tabi l ized sub-bases a t abou t the same cost 
as the 9-inch sand-shell sub-base w i t h asphal t 
surface t r e a t m e n t o r i g i n a l l y used, and abou t 
$0.25 per square y a r d more t h a n 6-inch sand-
shell base w i t h asphal t surface t r e a t m e n t . 
T a b l e 3 shows chronologica l ly the respective 
b i d prices before and a f t e r the change. 
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A, SAWING OPEPATION 

C L O S E - U P VIEW SMCh 
FINER TEXTURE 3 Hit 
DENSITY m R O L L ED 
MATERIAL 

Figure 16. Photographs of cement-stablUzed sand-shell 
base. (a)Slab being sawed Into beams for flexural 
strength test. (6)Closc-up view showing finer texture 
and smoother sawed surface in rolled material indi 

cating higher strength. 

A t the t i m e of acceptance of th i s ma te r i a l 
as a bet ter p roduc t , i t was de te rmined t h a t 
t h e a d d i t i o n a l s t r eng th gained resulted i n 
increasing A;-value f r o m 110 t o 500 psi per 
i n c h , w h i c h j u s t i f i e d a 1-inch reduc t ion i n 
concrete slab thickness according t o Wester-
gaard analysis; a t an average b i d price of 
$17.00 per cubic y a r d f o r concrete pavement , 
th i s amoun t s t o a saving of SO.47 per square 
y a r d . W e have placed a p p r o x i m a t e l y 386,000 
square yards of pavement us ing th is t y p e of 
sub-base w h i c h w o u l d have resulted i n a saving 
of $182,000 h a d we made the thickness 
r educ t ion e f fec t ive i m m e d i a t e l y . O n a con
siderable p o r t i o n of th i s pavement we i n i 
t i a l l y prefer red t o use the same thickness of 

concrete a n d use the a d d i t i o n a l s t rength as an 
added m a r g i n of safety. U s i n g Westergaard 
analysis, the l a t t e r amoun ted t o increasing 
design wheel load f r o m 14,000 t o 18,000 
pounds or f r o m 20,000 t o 24,000 pounds. 

Physical Appearance of Cement-sand-shell 
Sub-base. F igure 16 shows t w o photographs 
of some of th i s ma te r i a l being sawed i n t o 
beams f o r f l exu ra l s t rength tests; these were 
sawed f r o m slabs of the ma t e r i a l r emoved 
f r o m comple ted sub-base b y cor ing a large 
number of holes on a square p a t t e r n to isolate 
a 3-foot square section of the base and t h e n 
l i f t i n g th i s slab f r o m the subgrade. I t is 
apparent t h a t the ma te r i a l possesses consider
able s t reng th t o a l low such handhng ; also 
apparent f r o m the photographs is the fine 
t ex ture of sawed surfaces i n the ma te r i a l 
placed b y r o l f i n g a t o p t i m u m mois ture i n d i 
ca t ing h i g h m o r t a r s t rength , compared t o 
the r e l a t ive ly rough t ex tu re of ma te r i a l placed 
b y spreader box machine a t h igh water con
t e n t w i t h o u t roUing. 

Performance Data—Cement-Sand-Shell Sub-
Base. A n n u a l cond i t i on surveys of a l l concrete 
expressway pavements i n H o u s t o n show a 
m a r k e d r educ t ion i n i n t e n s i t y of c racking 
f o l l o w i n g s u b s t i t u t i o n of cement-stabi l ized 
sand-shell sub-base fo r sand-shell sub-base. 
Tab le 4 summarizes th i s e.xperience. 

I t is apparent t h a t j o i n t spacing and t h i c k 
ness of sub-base also have a ve ry de f in i t e 
effect on crack f o r m a t i o n ; nevertheless, i t is 
qu i te ev iden t t h a t we have f o u n d the r i g h t 
combina t ion of j o i n t spacing and sub-base t o 
con t ro l c racking t o a h igh degree. C o m p a r i n g 
the N o r t h Loop experience w i t h t h a t of the 
section of the G u l f Freeway h a v i n g almost 
comparable j o i n t spacing, the 6- inch cement-
stabi l ized base is a t least as ef fec t ive as the 
9-inch sand-shell sub-base. 
Cement-Stabilized Sand-Shell Base. 

O n a recent expressway con t rac t , a semi-
flexible t j ' p e pavement was p rov ided f o r serv
ice roads using 14 inches of cement-stabi l ized 
sand-shell base w i t h I J ^ - i n . h o t - m i x asphalt ic 
concrete su r fac ing ; f r eeway lanes on the same 
pro jec t consisted of 10-inch concrete pave
m e n t w i t h 5-inch cement-stabi l ized sub-base. 

Cost Data—Cement-Sand-Shell Base. B i d 
prices on th is cont rac t showed a saving of 
app rox ima te ly one- th i rd on a l l of the service 
roads on th is cont rac t , as shown b y the t a b u -
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lation below: 

10-Inch concrete pavement plus 
5-inch cement-stabilized sub-
base S5.88/sq.,vd. 

14-Inch cement-stabilized base 
plus l } ^ - i n . hot-mix asphaltic 
concrete surfacing $4.00/sq. yd. 

Saving SI .88 or 32% 

For the 9150 square yards of service road 
pavement on this contract alone (a relatively' 
small contract), the saving amounts to 
S17,000. Had the semi-flexible design prin
ciples been applied, the base course thick
ness could have been reduced to 12 inches, 
and the saving on this contract would have 
been 821,600 or 40 percent of the cost of 
the equivalent concrete pavement. Attention 
is invited to the apparent inconsistency in the 
above comparison, in which by semi-flexible 
design jirocedure less total thickness of pave
ment is indicated for the asphalt pavement 
for service roads than for the concrete pave
ment for freeway lanes designed for the same 
wheel load. This is in fact not an inconsistency, 
but the result of taking fu l l advantage of both 
subgrade strength and that of the base and 
results pi-imarily f rom three circumstances: 

1. Semi-flexible pavements do not crack to 
the extent of requiring joints and hence re
quire no Tion-pumping select material. 

2. I n semi-flexible pavements, both sub-
grade and base act together to carry their re
spective portions of the load, whereas in con
crete pavements the slab is designed to carry 
practically all of the load with the subgrade 
strength (A;-value) having a comparatively 
small effect on slab thickness requirements. 

3. Curb and gutter design was such as to 
prevent the occurrence of an edge load, hence 
interior stresses controlled in the Westergaard 
analysis of the base course. 

Performance Data—Cement-Sand-Shell Base. 
Coincident with the adoption of the use of 
cement-stabilized sand-shell for sub-base on 
expressway construction in Houston, the same 
material was supplied as base course for as
phaltic pavement forming emergency parking 
lanes adjacent to concrete expressway lanes. 
On the last section of the Gulf Freeway con
structed using the sand-shell sub-base, emer
gency repairs were necessary- within one year 
f rom date of opening to traffic due to a 
dangerous drop in grade that developed in 
the asphalt pavement at the edge of the con
crete; the asphaltic surfacing and sand-shell 
base had apparently consolidated or had been 
compacted by traffic sufficiently to result in 
the difference in elevation at the edge of the 
concrete. On the other hand, no repairs have 
been necessary in any of the subsequent con
struction using the cement-stabilized sand-

T A B L E 4 
I N T E N S I T Y O F C R A C K I N G I N H O U S T O N E X P R E S S W A Y S 

Highway 
Concrete Pavement 

Highway 
Totals, yds. Thickness 

Gulf Freeway—Dowling St. to 
Telephone Hoad 

136,000 8" 

Gulf Freeway—Telephone R d . 
to Park Place 

119.000 9* 

La Porte Freeway 163,000 

Eastex Freeway—Quitman St. 
to Kelly Street 

North Loop 

r-w 

Sub-base 

9' Sa. Sh. 

6» Sa. Sh. 

6» Sa. Sh. 

5' Cem. Sa. Sh. 

6' Cem. Sa. Sh. 

Joint 
Spacing 

20' 

see" 

30'6' 

15' 

Intensity 
of Traffic 
V.P.D. 

50,000 
64,000 
70,000 
73,000 
77,000 
80,000 

19,000 
34,000 
38,000 
44,000 
46,000 

15,000 
16,000 
18,000 

Yrs. of 
Traffic 

1 
2 
3 
4 
5 

1 
2 

2.5 

1 

1.25 

1 
1.25 

Lin. Ft . 
Cracks 
Per 100 
S. Yds. 

0.5 
0.75 
0.95 
1.1 
1.4 
2.1 

1.2 
2.6 
4.1 
5.5 
6.5 

0.7 
1.4 
1.7 

0.5 
0.6 

0 
0 

"Sa. Sh." = Sand-shell mix; "Cem. Sa. Sh." = Cement stabilized sand-shell mix, iH sacks per ton. 
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shell base material, nor has any noticeable 
drop in grade developed. 

Sand-Cement Base 

On a recent project connecting a major 
expressway in Houston wi th existing streets 
a considerable quantity of silty sand selec
tively stock-piled from a roadway underpass 
cut was used in constructing asphalt pave
ments by stabilizing i t with two sacks of 
cement per ton of sand. The project was 
originally designed for 13 inches of sand-
cement to be placed in three layers with 3-inch 
asphaltic surfacing, which would have cost 
$5.54 per square yard at the bid prices ob
tained. However, the supply of silty sand from 
the cut was not sufficient for the f u l l 13 
inches and the presence of clay balls also made 
i t desirable to provide a cleaner base material 
in the upper 5 inches of base; cement-stabi
lized sand-shell base material with one and 
one-half sacks per ton was accordingly used 
in the upper 5 inches of base. The resulting 
cost of the completed pavement, including 
extra payment to the contractor for additional 
expense of providing the better base material 
in the upper 5 inches, was $5.83 per square 
yard compared to $6.00 per square yard for 
equivalent concrete pavement provided in the 
adjoining project by the same contractor. For 
the 13,630 square yards involved, this repre
sents an apparent saving of $2320. Due to 
small quantities involved and unbalanced 
bids, the contract prices for the soil cement 
base were unusually high; a similar thickness 
semi-flexible pavement using cement-sand-
shell base course (see "Cost Data—Cement-
sand-shell Sub-base" of the previous section) 
was provided by another contractor for $4.00 
per square yard, i n spite of smaller contract 
quantities involved. I t was subsequently de
termined that the strength of the sand-
cement and sand-shell-cement compacted 
materials was such as to increase design wheel 
load from 20,000 pounds to 30,000 pounds 
using the semi-flexible design procedure, or 
that total thickness could have been reduced 
4 inches for the 20,000-lb. design wheel load 
actually used in the original design. The latter 
would have resulted in a saving of $2.53 per 
square yard or a total of $33,700 on this 
contract, using actual contract prices. 

Other Soil-Cement Roads in Texas 

I n 1952 the Portland Cement Association 
compiled a report (SS) of all soil-cement road 
construction in Texas, in which they reported 
3}i million square yards or 272 miles under 
traffic for 19 years or less. Performance has 
been generally good and maintenance costs 
reasonable. I t was pointed out that 22 of 25 
Texas highway districts use soil-cement. A 
typical statement in the numerous job data 
records given reads as follows: "Latest traffic 
count is 2080 to 2510 vehicles per day. There 
have been no soil-cement base failures during 
its 10 years of service." Another extract f rom 
this report reads as follows: "Probably the 
first road in Texas that could be labeled 'soil 
cement' was constructed in 1933, in Haskell 
County, on what is now P . M . 617. I t extends 
f rom State Highway 283, west, two city blocks 
on Main Street of Rochester. I t was a plastic 
mix soil-cement and is in near perfect condi
tion after 19 years of service." 

Lime-Gravel Bases 

W i t h an ever increasing threat of diminish
ing supplies of high grade flexible base ma
terials for road construction, Texas highway 
engineers have been sorely taxed to find suit
able materials for their projects or to improvise 
stabilization measures for locally available 
but otherwise unsuitable materials. A notable 
example of the solutions effected is described 
in a paper by M r . J. P. Cooper, Senior Resi
dent Engineer, Tarrant County, Fort Worth, 
Texas {21); in this case an unsatisfactory exist
ing road constructed of local gravel was con
verted into a road having a base course 
material much better than Texas Highway 
Department Strength Class I base material 
at considerably less cost than that of recon
struction, employing imported crushed lime
stone base material, the cheapest alternate 
suitable material available. During its first 
l}i years of service this farm-to-market road 
carrying about 2600 vehicles per day and 
designed for 10,000-pound wheel load has 
required about $100 maintenance, com
pared to an annual maintenance cost of 
approximately $7000 per year prior to re
construction and compared also to an an
nual maintenance cost of approximately 
$1000 per year on an adjacent road of 
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similar traffic and design wheel load con
structed using crushed limestone base material. 

Texas has buil t approximately 200 miles of 
such lime-stabilized gravel and caliche base 
courses. A comprehensive report of this work 
has been made by Chester A. McDowell (SS) 
and later by T. S. Huff (SS). I n addition 
to the tremendous savings in construction 
and maintenance costs involved in this 200 
miles of high quaUty roads, the serious reader 
wi l l be astounded to reflect on the many 
thousands of cubic yards of first class base 
materials conserved thereby for use elsewhere 
in the overall program. 

Lime-Clay Bases 

Conservation is a word of which one does 
not hear so much in recent years; the writer 
has not forgotten so quickly the lean years of 
World War I I (lean in such items as sugar, 
bacon, and asphalt) in which conservation of 
almost everything was stressed. I t has been 
reported that a maximum of 12 years' supply 
of concrete aggregates is available within 
economic haul distances for Houston; con
trary to contentions of oyster shell producers, 
i t is not believed that there is an unlimited 
supply of dead oyster reefs on the Texas 
Coast. The day may soon come when we must 
build our roads of clay. 

I t is not surprising, then, that lime-clay 
stabilization in Texas has been confined 
principally to the coastal regions having no 
gravel or caliche deposts. 

District 12 wi th headquarters in Houston 
has constructed approximately 12 miles of 
farm-to-market roads using lime-clay stabili
zation in combination with sand-shell base 
material. Cost of such roads is about $1000.00 
per mile less than that of similar roads con
structed entirely of sand-shell base material 
where local sands are available for road-mixing 
wi th the shell. I n other areas not blessed with 
local field sands the cost differential is much 
greater. After being in use up to three years, 
the maintenance cost for the lime-clay roads 
has been zero. District 20 with headquarters 
in Beaumont has either constructed or has 
under contract slightly over 17 miles of lime-
clay roads. I n this particular section of the 
state very unstable organic soils are encoun
tered and many are such as to prevent even 
construction traffic; lime has been successfully 

employed to stabilize such soils by applying 
a lime slurry in successive layers in a tech
nique described in detail by Mark S. Swain 
(£4). I t is t ru ly remarkable to witness the 
"drying up" eflect of a water slurry of lime 
applied to a sticky, wet fat clay subgrade 
soil; this is accomplished through chemical 
reactions resulting in increases in both opti
mum moisture content and plastic l imi t , co
incident wi th a lowering of the l iquid l im i t 
and a very noticeable decrease in physical 
plasticity. Cost analyses made by District 20 
personnel on several such projects indicate 
that the lime-clay stabilization can be accom
plished at costs ranging f rom 45 to 90 percent 
of the cost of equivalent stabilization by 
means of imported select courses, depending 
on the distance to the source of borrow. 

DISADVANTAGES OF S E M I - F L E X I B L E 
PAVEMENTS 

The preceding section of this paper has been 
presented to show the economic advantage of 
semi-flexible pavements and what perform
ance data are available at this time. I t must 
not be assumed from the data presented that 
semi-flexible pavements are without faults 
and that such a pavement wi l l be the most 
economical or most judicious choice in any 
case. On the contrary, each pavement type 
has its peculiar advantages and disadvantages 
and each case must be analyzed on its own 
merit. Moreover, some of these pavement 
types have not been used extensively and in 
any new product i t is well to know the l imita
tions, as well as the advantages. The following 
listed shortcomings come to mind in com
parison wi th either flexible or rigid pavements 

Lack of Adequate Wearing Surface 

This is of prime importance in design of 
expressway pavements and other high volume 
traffic facilities where maintenance operations 
are costly and difficult. As stated in the last 
paragraph of the section on "Flexible Pave
ment", development of permanently stable 
bituminous wearing courses or of a semi-
flexible pavement material having an ade
quate wearing surface is badly needed. 

Layered Construction for Thick Bases 

Where thicknesses greater than about 6 
inches are to be provided, the construction is 
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usually made in two or more layers. This leads 
to horizontal planes of weakness, which affect 
design assumptions and may influence be
havior. Layered construction also leads to 
possible damage to one layer while placing 
the upper layer. Use of construction eciuip-
inent capable of compacting thicker layers 
may be the remedy in some cases; final 
I 'olling with pneumatic equipment has allevi-
atefl somewliat the condition of horizontal 
jjlanes on recent projects. I t is of prime im
portance in this type of construction to con
struct the base in layei-s as thick as possible, 
and to provide vertical lieaders at the end of 
a day's ]-un to avoid feather-edging and the 
resultant multi-la.vered construction. 

Difficulty of Re-Working 

I n this respect semi-flexible pavements are 
subject to somewhat the same limitations as 
rigid pavements, in that in the event of failure 
due to under-design or increa.sed traffic loads, 
the broken-up base can be utilized only to 
the extent of ])i-oviding a base of strength 
equivalent to the same thickness of flexible 
base; flexible bases, however, can usualh' be 
si^arified and re-worked (with or without 
admix of surfacing material) to produce a 
product equal in value to that of the original 
flexible base. This difficulty can be overcome, 
of course, by adequate init ial design. 

Dependence of Design on Proper Construction 

While this jiaper is concerned primarily 
wi th selection and design of pavement types, 
i t might l)e well to mention that in most semi-
flexible pavement materials fault\- or improper 
construction can often affect the results to a 
larger degree than in other types of con
struction and can actually nul l i fy the advan
tages considered in the design. Some of the 
factors have been mentioned in the discussion 
of layered construction for thick bases. Others 
that come to mind are: 

Re-working of material that has already re
ceived its ini t ial set. This frequently happens 
in fine-grading operations and i t is necessary 
to require wasting any such material removed 
in fine-grading. 

Selection and Processing. Improper selection 
or processing of material acquired from on-
site areas; for example, excessive mud balls 
or other extraneous material not removed 
during processing. Selective stockpiling of 

material from roadway cuts for use in semi-
flexible pavements requires close supervision 
and stern inspection policies. Likewise, the 
designer should anticipate such difficulties 
and perhaps use another material i f con
struction difficulties appear too formidable. 

hnproper Curing. A n j - lime or cement 
stabilized material dei'ives the major portion 
of its strength f rom the cementing value of 
the material after proper curing; these are 
similar to concrete pavement in this respect 
and should 1)6 cured wi th the same care as 
would be afforded concrete pa\-ement. Light 
asphaltic surface membranes wil l serve a dual 
purpose of providing a tack coat for subse
quent surface courses in addition to the cur
ing effects. Lime-clay mixtures seem to be 
susce])tible to loss of strength due to loss of 
moisture even after a reasonable curing 
period; hence, in both design and construc
tion, ijrovision must be made for prevention 
of moisture loss. 

STJMMABY 

Sununarizing the material presented in 
this report, i t appears that many materials 
in common use today in road construction 
fal l into the semi-flexible category. Consider
able economj' can be achieved in use of such 
materials by proper designs giving adequate 
credit in the design for slab strength of the 
base material. Sucii design also gives f u l l 
ci-edit to subgrade strength, whereas in rigid 
design construction the subgrade contributes 
l i t t le to the load-bearing capacity. A design 
procedure has been outlined for semi-flexible 
pavements which determines thickness re
quired to prevent flexural overstress in the 
base and shearing o\-erstress in the subgrade 
or underlying layer; balanced designs giving 
essentially the same thickness for both condi
tions are the most economical. Since such 
design involves both rigid and flexible pro
cedure, data is presented correlating all 
physical properties pertinent to either pro
cedure for a large variety of materials f rom 
the rigid to the flexible category, and a ra
tional progression of all properties through 
the various categories is noted. Use of ̂ Nlohr's 
diagrams wi l l assist in comparing physical 
properties of various materials in any of the 
categories. I n addition to economy in con
struction, semi-flexible pavements lead to low 
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maintenance costs and performance to date 
has been very satisfactory. 
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APPENDIX 

A. F L E X I B L E PAVEMENT DESIGN 

1. Basic Assumptions of the Texas Highway 
Department Procedure 

The basic principles of flexible pavement 
design have lieen outlined in Section 2, "Flex
ible Pavement , " of the paper. The fundamental 
difference in behavior of flexible and rigid pave
ments has also been pointed out, and examples 
given showing the use of thickness design 
charts as published by several different agen
cies. I n answer to numerous requests by inter
ested individuals for detailed derivation of the 
Texas Highway Department Classification 
Chart (Figure 21) and Thickness Design Curves 
(Figure 24), i t appeared prudent to include 
such an explanation in this Appendix. 

Figure 17 shows graphically the three kinds 
of wheel loads that may be imposed on a flexible 
pavement. Of (he three possible loading condi
tions shown, the loading of Figure 17 (c), that 
of a moving vehicle with brakes applied, is by 
far the most severe and was used in the basic 
determination of stresses. Figure 18 shows gen
erally the basis of determination of stresses 
due to this type of loading. Obviously the 
stresses A, B, and C shown with the subscripts 
on Figure IS are the sum of stresses due to two 
sources: 

a. Stresses due to a static wheel load such as 
shown in Figure 17 (a). 

b. Stresses due to the horizontal component 
of the loading shown in Figure 17 (c). This 
horizontal component is the reaction of 
the pavement surface to the force pro
duced by the deceleration of the vehicle. 

Stresses for each of the individual effects a 
and h are determined separately and the total 
stress at any point determined by addition, 

according to the principle of superposition. 
According to this principle, the total stress at 
any point in an elastic medium subjected to 
stresses due to two or more sources is equal to 
the algebraic sum of the stresses from each 
source. 

I t is assumed that the flexible pavement 
materials are uniform, elastic, and isotropic. 
Few, if any, flexible pavement materials 
possess these qualities; therefore, the compu
tations of stresses are considered to be merely 
fair ly reliable estimates and have been modified 
according to the dictates of practical experi
ence from time to time. 

2. Stress Calculations 
Theoretical stress a can be obtained by using 

published solutions of the basic Boussinesq 
formula for the case of a load uniformly dis
tributed over a circular contact area. While all 
wheel load contact areas are approximately 
elliptical in shape, very l i t t le error is oc
casioned by assuming the actual contact area 
to be circular and to have an area equal to that 
of the actual contact area. Solutions for this 
case of loading are numerous in the literature 
of soil mechanics; examples are the works of 
Jurgensen (26) and Love (27). The solutions 
published give influence values for major prin
cipal stress, minor principal stress, and shear 
stress at various points below such a circular 
load. 

Stresses 6 due to braking effect cannot be 
solved by means of published solutions. 
Hence, detailed stress analyses were made for 
this component of applied load. The pavement 
reaction can be determined if the speed and 
weight of the vehicle and the coefficient of f r ic
tion of the tire-pavement contact area are known 
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or assumed; the latter was assumed to be suffi
ciently high to prevent skidding. The hori
zontal shearing stress at the surface was as
sumed to be equal to the braking force divided 
by the tire contact area; for depths below the 
surface the stress was assumed to decrease in 
proportion to depth. 

Stresses a and h were then added alge
braically and the results plotted by means of 
Mohr's diagram graphic construction to ob
tain stress circles such as A2-Ai , Ba-Bi , etc., 
Figure 18. Bach such circle represents the stress 
at some point on a horizontal plane at some as
sumed depth Z; therefore, the common stress 
envelope drawn tangent to all of the stress 
envelopes concerned represents all possible 
combinations of stress due to the assumed 
wheel load at the assumed depth Z. 

3. Strength Determinations 
The next step in the formulation of a rational 

design procedure involved the determination 
of the shearing strength of the flexible pave
ment materials concerned. Since the influence 
of confineraent or lateral pressure is of para
mount importance in testing of most flexible 
pavement materials, the Texas Highway De
partment has developed triaxial compression 
testing equipment compatible wi th aggregate 
sizes normally encountered H). Figure 19 rep
resents graphically such tests on three sepa
rate specimens of an assumed flexible pavement 

PRINCIRfcL STRESSES ACTING *T THREE POINTS IN A 
HORIZONTAL PLANE UNDER A WHEEL LOAD 

STW£5S CNVCUVC AT DCPTH Z 

MOHR'S DIAGRAM OP STRESS ON THE HORIZONAL PLANE 
Of ABOVE FIGURE COMPARED WITH STRENGTH FROM 
TRIAXIAL TEST 

Figure 18. Development of stress circles. 

DIRECTION OF T R A V E L -

///mm//// / / / / / / / 

VEHICLE AT CON
STANT VELOCITY 
OR ACCELERATING 

KINDS OF LOADS -

Figure 17. Basis of flexible pavement design procedure. 

rnaterial; the lower half of this figure shows a 
circle of stress for each of the three tests repre
senting stress conditions at failure for the three 
specimens each tested under different lateral 
confining pressures. As in the case of the stress 
circles of Figure 18, the common stress envelope 
(termed "rupture l ine" in case of strength 
circles) represents the strength of the flexible 
pavement material for any combination of 
stresses. 

4. Strength Classification Chart 
A pavement material wi l l be stable at any 

depth, Z, under any given wheel load if its rup
ture line coincides with , or lies below, the stress 
envelope pertaining to the load and depth con
cerned. I n the case illustrated on Figure 18, the 
material concerned would not be stable at the 
depth and under the wheel load concerned, 
since a portion of the rupture line lies above 
the common stress envelope pertaining to the 
load and depth. 

In this manner there has been evolved a 
design procedure by which the stability of any 
flexible pavement material under any wheel 
load can be determined for any assumed depth 
below pavement surface. Figure 20 shows stress 
envelopes for stresses existing at various 
depths in a pavement subjected to a wheel load 
of 8000 pounds. A rupture line of an actual 
pavement material is shown superimposed on 
the plot of stress circles for this load; in this 
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PRINCIPBL STRESSES ACTING ON THREE IDENTICAL 
TRIAXIAL TEST SPECIMENS AT INSTANT OF FAILURE 

RAPTURE ttMLOn 

^ .1 

MOHR S 0 U 6 R A M OF STItCSS FOR TRIAXIAL TEST SPECIMENS 

Figure 19. Development of strength circles. 

case the pavement material concerned would 
be stable at depths of 11 inches or more and 
would be unstable if placed less than 11 inches 
from the pavement surface. 

A material showing a rupture line lower than 
that shown on Figure 20 would be in a lower 
strength classification, and would be stable 
only at greater depths; conversely, any mate
rial having a higher rupture line would be a 
higher quality material and would require less 
depth for stability. Such a line of reasoning has 
led to the strength classification chart shown 
in Figure 21; in this chart the depth figures 
have been replaced wi th "Triaxial Strength 
Classifications" applicable to any wheel load. 
The corresponding required depths of cover 
for 8000-pound wheel load are also shown on 
this figure for comparative purposes and to 
further clarify the details of the derivation of 
the Classification Chart; these required depths 
are taken directly from Figure 20. The strength 
classification numbers are roughly proportional 
to the depth of cover required for stability 
(but not in arithmetic proportion) and allow 
the use of a single classification value applica
ble to all loads. Assignment of these numbers 
was made on the basis of providing a grouping 
of all soils into as sufficient a immber of general 
classifications as was deemed necessary or de
sirable for practical usage. 

5. Thickness Design Curves 
During the early stages of its use, the 

strength classifications were used to assign 
depth and thickness requirements in a general 
manner by means of tables of recommended 
depths such as shown in Table 5; this table is 
taken from McDowell's report (28). I t wi l l be 
noted that this table allows the designer con
siderable latitude in choice of thickness to be 
selected. 

I n order to more clearly define the depths of 
cover required for materials having various 
strength classifications, and to enable thickness 
determinations for loads other than those 
shown in Table 5, there was subsequently de
veloped a set of thickness design curves relating 
wheel load, re(juired depth of cover, and 
strength classification. Figure 24 shows the 
final design curves; these curves were devel
oped as described in the following paragraphs. 

The required thickness of cover for 8000-
pound wheel load and materials having 
strength classifications from 2.0 to 6.0 are indi
cated in Figure 21, The values of thickness and 
classification shown furnish one point on each 
of the curves of Figure 24; these points are 
shown by closed circles on the vertical line 
representing 8000-pound wheel load. 

Similar points representing required depth 
of cover for the eight strength classifications 

NOTIS 

NORMAL STRESS (LBS. /SO.IN.) 

Figure 20. Rupture envelopes for stresses at various 
depths. 
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shown i l l Figures 20 and 24 and other wheel 
loads can easily be obtained by extrapolating 
the data of Figure 20 on the premise that the 
required thicknesses are projiortional to the 
square root of the wheel loads concerned. This 
retlaion is mathematically rigorous if the 
material represented by any two depths 21 
and Z2 are identical, homogeneous, elastic, and 
isotropic. Mathematical derivation of this re
lation between load and required thickness is 
given in Figure 22. 

In this manner, points on each of the curves 
were calculated for the eight classifications 
and various wheel loads and plotted on charts 
such as Figure 24. Points representing mate
rials having the same strength classification 
were joined to obtain the design curves of Fig
ure 24. 

6. Example of Use of Design Curves 
Figure 23 shows the Classification Chart with 

a complete pavement design example super
imposed thereon. Materials A, B, and C are 
respectively, a flexible base course material, 
an intermediate "select material," and the 
compacted subgrade on which the proposed 
flexible pavement must be constructed. The 
strength classifications are respectively, 2.2, 
3.6, and 4.2. 

I t is now desired to determine a design for 
proposed flexible pavement utilizing materials 

CLASS 2.0 

*E0 OEPTM 

L LOAD 
FIG 20 

MORMAL STRESS (LBS, / S O IN.) 

T A B L E 5 
T A B L E F O R I N T E R P R E T A T I O N O F C L A S S I F I -

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

Class General Coverage of Sub-base, Base 
of Ma Description and Surfacing Required for 

terial of Material Various Classes of Materials 

1 Good flexible base Good—light bituminous sur
material facing acceptable 

2 Fair flexible base 1 to 4 inches of bituminous 
material surfacing or a 3 to 5-inch 

stable layer of class 1 ma
terial covered with a good 
light surfacing 

8000 lb. 12,000 lb. 16,000 lb. 
Wheel Wheel Wheel 

load load load 

3 Borderline base 4-10* 5-12* 6-14* 
and sub-base 
materials 

4 Fair to poor sub- 10-16* 12-20* 14-23* 
grade 

23-30* 5 Weak subgrade 16-21* 20-26* 23-30* 
6 Very weak sub- 21*-|- 26*-|- 30*+ 

grade 

Where braking stresses occur frequently, such as in dense 
traffic or at stop signs, additional depths of at least 2 to 
4 inches of pavement and/or surfacing are indicated. 

Note: This table taken directly from McDowell, "Roads 
and Streets," reference (28). 

Z, I:-: ,R*VEMCNI. "R»VO*ENT,-V I 
m e . 

rl^,m^• luoii OF CIRCULAR LDAOCO A R E A S 
P • AfWJCO UNIT raeSSUNC (SAME FOR BOTH LOADfD AREAS) 
K • AN ARBITRARY COMSTANT 

IF CORRESPONOMQ LAYERS C0N1AIN IDENTICAL, HOMOCENEOUS 
MATERIALS.THEN THE STRESS ENEVELOPES FOR THE PLANE 
AT T H E TOP OF THE SUMRAOC ARE IDCHTIAL FOR BOTH SYSTtMl, 
AMD 

L | . Z T r ( B / p L , . (TTlR^P 

Figure 21. Classification chart. Figure 22. Variation of pavement dcptli with load. 
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A, B, and C when subjected to a wheel load of 
16,000 pounds. Entering Figure 24 wi th this 
wheel load and proceeding vertically to the 
strength classifications noted above and hori
zontally to the depth scales gives the following 

FLEX. BA 

MATERIAL— B 
[SELECT MATERIA 

MATERIAL- C 
[SUBGRADE) 

N O R M A L S T R E S S ( L B S . / S O . I N . ) 

Figure 23. Example showing use of classification chart. 

listed required depths of cover: 
Material A-2" 
Material B-9" 
Material C-16" 

Since material A wil l be stable under 2-inch 
cover, and material B under 9-inch cover, a 
layer thickness of 7 inches of material A must 
be required. Similarly, 7 inches of material B 
must be supplied to place the subgrade mate
rial C at a total depth of 16 inches below pave
ment surface. The final design, as indicated on 
the lef t portion of Figure 24 is as follows: 

A 2-inch thickness asphaltic concrete sur
facing 

B 7-inch thickness material A—flexible base 
C 7-inch thickness material B—select ma

terial 

B. RIGID PAVEMENT DESIGN 

1. Basic Consideration 
Since in rigid pavement design the primary 

consideration is to prevent tensile overstress 
in the slab, the flexural strength is balanced 
against anticipated tensile stre.sses due to a 
combination of load and warping effects. 

Considering first the stresses due to load, 
Dr . H . M . Westergaard made a study of tensile 
stresses due to circular loads placed at interior 
edge, and corner section of a theoretical pave
ment slab. His results were published in 
1926 (8); despite numerous revisions in his 
formulas, the Westergaard method of analysis 
remains today as the only practical and usable 
method of design for rigid pavements. 

2. Subgrade Strength K Value 
I n the Westergaard analysis the concrete 

slab is assumed to be a slab continuously sup-

h ASPH CONC. 

1 M A T ' L - B 
| - ( 5 E L . MAT 'L .1 

M A T L - A 

( B A S E ! 

7- THlgKWESS 

MAT L - C 
(SUBGRADE 1 

WHEEL LOAD (THOUSANDS OT TOUN03) 

nVVOXD CMOfiS-SCCnoN 

N O T E : E X A M P L E U S E D I S 
S A M E A S I L L U S T -
A T E O IN F C U R E « 3 ^ 

LINES OF EDUU. STKNCTH 

Figure 24. Thickness design curres with example showing a complete design. 
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ported by a subgrade of known or assumed 
strength. I t was mathematically necessary to 
define this subgrade strength as the ratio of 
the unit pressure reaction at any point in the 
tire contact area to the resultant deflection 
(or settlement) at that point; i t was also math
ematically expedient to assume that this ratio 
of unit contact pressure to deflection at any 
point in the area of contact was constant. The 
term "modulus of subgrade reaction," termed 
"fc-value," given to this factor, further sub
stantiates the purpose for which A;-value was 
originally intended. 

Various practical investigators have at
tempted to define fc-value in more practical 
terms such as: 

a. Ratio of unit pressures applied to rigid 
plates of various sizes to the settlement 
observed under such unit pressures. 

b. Ratio of total load applied to such plates 
to cubic inches displacement of the plate 
or plates into the subgrade. 

Inspection of the units of measurement in 
volved in "a" and " b " above wi l l show that 
both definitions are physically the same and 
represent merely different units for expression 
of results. 

c. The load required to deflect a 1-square-
inch area of the subgrade 1 inch. 

Here again, examination of units wi l l show 
"c" to be equivalent to "a" and " b . " 

EaiSil^^-^^FLOATlNG CYUNDER L O A t t ^ 
1 = 3 WITH FOBCg.F 

LIQUID 
SUBGRADE -

« m j E i i nxssun 

yHSUc'or'SXici: ll?J'iS • " lL«s-'aJn 

CIRCULAR LOAO€D | . 2R 

SUBGRADE WOH y{fJiQS MGOULUS.E P01S60M5 RATIO.U. 

^ . E • 

Figure 25. Physical meaning of Westergaard's constant 
pressure settlement ratio, K . 

Figure 26. The variable pressure—settlement ratio for a 
solid subgrade. 

I t may be well to pause here and reflect for 
a moment on Dr . Westergaard's original as
sumption—constant subgrade modulus. Such 
assumption can only be physically true for 
the case of a load on a slab resting on, or sup
ported by, a l iquid. These basic relations are 
shown on Figure 25. The distribution of 
contact pressure is constant, as is also the ratio 
of contact pressure to deflection or settlement. 

For any subgrade material other than a l iq 
uid—which has no shearing resistance and no 
practical properties simulating those of actual 
pavement subgrades—shearing resistance of 
the subgrade material wi l l alter the uniform 
distribution noted for a l iquid. The maximum 
deflection wil l be incurred at the center of the 
loaded area and the deflection wi l l decrease 
toward the edges of the loaded area. The pat
tern of deflection for any solid or semisolid 
material wi l l be as shown on Figure 26. 

I f the dimension 2R, the diameter of the test 
plate, is increased in Figure 26, the value of 
W, the plate deflection or settlement in inches 
(for the same unit pressure on the plate), is 
increased proportionally. Thus, i t is apparent 
that A:-value is not a constant in any known 
physical terms and is an extreme variable de
pending on the size of the test plate, as well as 
the thickness and properties of the soils af
fected by such plate loading tests. 
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NOTE FOB p'Oi 

C*iOO X Aft 
(DCEP.UMFOnM lUMnAOC) 

VERTICAL STRAIN IPEHCtKn 

Figure 27. Value of K from triasial test for a deep, 
uniform subgrade. 

3. Field Determinations of K-Value 

Such being the use, practical field measure
ments of /c-value have no theoretical meaning 
since i t is impossible to measure accurately at a 
point of contact the imit pressure and corre
sponding deflection or settlement. A l l such 
methods of measurement can consequently be 
considered merely as rough estimates of the 
basic meaning of A:-value as defined by Dr. 
Westergaard. Also, the size of test plate used 
has been shown by various investigators (9) 
to have a very marked effect on measured ^;-val-
ues. Since measured i-value decreases to a 
minimum for an infinitely large plate (9), and 
since a concentrated or distributed load on 
any concrete pavement produces subgrade 
deflections over a rather large area of subgrade, 
many investigators have selected as a practical 
compromise test, plates as large as are possible 
of test-loading without undue expense; these 
plate diameters vary from 30 inches to 
60 inches. 

4. Laboratory Determinations of K-Value 

Several obvious objections to field measure
ments of ^'-value are: 

a. ]<jxpense of loading and anchoring devices 
for loading large plates. 

b. Expense of constructing test fills or select 
courses. To be of any value, such tests must 

be made on the actual subgrade upon 
which concrete pavement is to be placed, 

c. Impracticability of obtaining such data 
during the design stage, so that design 
may be based on actual rather than esti
mated subgrade strengths. 

Fortunately, i;-value can be determined with a 
sufficient degree of accuracy by calculation 
from results of triaxial compression tests of 
the soils and base materials concerned. Fig
ure 27 shows results of such a triaxial test; the 
slope of the ini t ial portion of the stress-strain 
curve obtained in such a test represents the 
elastic modulus, E, of the material tested. T i -
moshenko (29) has published solutions for de
flection of the surface of an elastic solid when 
loaded with a rigid circular die; this case is 
mathematically similar to the problem at hand 
(the deflection of an assumed elastic solid 
the pavement subgrade) when loaded with a 
uniform load on a rigid plate. Timoshenko's 
expression for the settlement, d, is: 

d = 
p X 2(1 -

E 

where p 
a 

unit pressure in psi. 
radius of plate or die. 
Poisson's ratio of the elastic mate

rial . 
E = elastic modulus of the elastic ma

terial. 
Rearranging terms: 

d " ^ " 2(1 - M=)a 

I f we assume n = 0.5, then: 

_B 
2(1 - 0.25)a ~ 1.5a 

k = (1) 

The relation derived is identical with equa
tion (1), Figure 4 of the paper, except that the 
more familiar terms, E and li are used in lieu 
of the terms C and a appearing in Figure 4. The 
designer may use any value of plate radius 
which he considers most applicable. 

5. K-Value for Layered Subgrades 
For subgrades of uniform strength to con

siderable depth, a single determination may 
be made of A:-value. Frequently, however, a 
relatively soft subgrade wil l be underlaid at 
shallow depth with a considerably firmer layer; 
the reverse is also encountered on occasion. 
I n such cases some method must be used to 
arrive at the effective fc-value for the composite 
subgrade. Figure 29 presents the results of in 
vestigations by Burmister (SO) on the effect of 
sublayers of either higher or lower strength 
than surface layers. 'The settlement factors 
represent the ratio of actual settlement to set
tlement to be expected i f the subgrade con
sisted entirely of the softer material. Since 
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^:-value is in inverse ratio to settlement, the 
effective /c-value is equal to that of the softer 
layer divided by the "settlement factors" given 
by Figure 29. 

6. Relative Influence of K-Value 
I t maj ' appear to the uninitiated that a hope

less situation exists in rigid pavement design 
in that the basic measure of subgrade strength, 
k, cannot be measured, and that all known 
methods of estimating same are subject to con
siderable interpretation of results. By way of 
reassurance, i t is pointed out here that rather 
large variations in i--value occasion only minor 
variations in required slab thickness. 
Kelley (31), for example cites an increase in 
stress of 15 to 20 percent for a 300 percent in 
crease in A:-value. In the section on "Semi-
Flexible Experience in Texas", i t was noted 
that an increase of ^;-value from llOtoSOOpsi 
justified a reduction in slab thickness of ap
proximately 1 inch. Hence, a very approxi
mate estimate of .̂--value wil l suffice for practi
cal purposes. 

7. Calculation of Load Stresses 
Dr. Westergaard (8) envisioned three possi

ble load conditions; 
a. Interior section—four quadrants of slab 

effective in carrying loads. 
b. Edge section—two quadrants of slab ef

fective in carrying load. 

E« ELASTIC M0Q0FC0«a«4Xlcft 'SI 
U-POISSON'S RATIO OF COMC-OIS 

H=THICKNESS OF CONC. SLAB 
K-MOD OF SUBGRAOe REACTION 

RADIUS OF R E L A T I V E 
S T I F F N E S S IN W E S T E R 
GAARD A N A L Y S I S 

EQUATION ( I ) , I9E5 
PROC. HWY. RES 

BOARD" P. 91 

Figure 28. Radius of relative stiffness—L. 

Figure 29. Factors for estimating combined K-values. 

c. Corner section—one quadrant of slab 
effective in carrying load. 

Reference is now made to Figure 4 of the 
paper. Formula (1) has been derived in the 
preceding section in discussion of ^--value. For
mula (2) is Dr . Westergaard's expression for 
the "radius of relative stiffness"; i t expresses 
the elastic properties of the pavement in terms 
of the relative rigidity of the slab compared to 
that of the subgrade. The thicker the slab and 
the higher its elastic modulus, the greater wi l l 
be the value of I; likewise higher sub-
grade strength (represented by ^--value) wi l l 
result in a lowering of /. Figure 28 presents a 
family of curves giving the radius of relative 
stiffness for elastic modulus of concrete of 
4,000,000 psi/ in. / in. and various slab thick
nesses and i;-values. These curves may be used 
to solve formula (2) if E is a.p])roximately 
4,000,000; similar curves may be calculated and 
plotted for other values of E. 

Formula (3) is Dr . Westergaard's expression 
for "equivalent radius of resisting section." I t 
represents an estimate of the size of a theoret
ical section assumed to be effective in carrying 
the stresses imposed by the assumed wheel 
load. I t is a function of the radius of the wheel 
load contact area and thickness of the slab. 
Figure 30 presents a family of curves by which 
formula (3) may be solved for any combination 
of slab thickness and load normally encoun
tered in highway design. 
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region, and this effect has been considered by 
Bradbury (10) to be equivalent to assuming the 
A;-value to be one-fourth of its true value. Such 
modfication results in Formula (7) for an un
protected corner. 

Pickett (11) has made a thorough study of 
the Westergaard and other formulas for stresses 
in the corner region of a concrete pavement 
slab. His results appear to point toward a modi
fied corner stress formula which has been 
adopted by the Portland Cement Association, 
and which has been the basis of design thick
ness curves published by the Association (11). 
Formulas 4, 5, 6, and 7 may be solved by means 
of the curves of Figures 31 and 32. 

11. Warping Stresses 
In considering the effect of warping stresses, 

two alternate procedures are available: 
a. Determining stresses due to load in the 

warped condition; or 
b. Independent determinations of stresses 

due to load in unwarped position and 
those due to restrained warping effects. 

Due to the relative rigidity of concrete pave
ment slabs, i t is believed that few pavement 
slabs of modern dimensions wil l actually warp 
to any appreciable degree. Warping tendencies 
wi l l generally be resisted by the stiffness of the 
slab, wi th the resultant development of warp
ing stresses. 

Figure 30. Equivalent radii of resisting section for use 
in Westergaard analysis. 

The factors I and 6, Formulas (2) and (3), 
must be evaluated in all calculations of stresses 
using the Westergaard analysis, since all of the 
following formulas for stresses are in terms 
of I and b. 

8. Interior Load Stresses 
The Westergaard Formula (4) for interior 

stress has not been questioned since fu l l con
tact with the subgrade is assured in the central 
portion of the slab, and also because this load 
condition generally produces less stress than 
the other oad conditions. However, in some 
cases of semiflexible design, this load case 
governs and wil l be the basis of design. 

9. Edge Load Stresses 
Formula 5 represents Dr . Westergaard's 

formula for an edge load assuming fi = 0.15 
and fu l l subgrade support. When the edges of 
such a slab are warped upward, subgrade con
tact is lost in the outer regions and the stresses 
for such a condition have been empirically 
determined to be according to Formula 5a (SI). 

10. Corner Load Stresses 
Formula (6) represents Dr . Westergaard's 

formula for a corner load wi th fu l l subgrade 
support and fi = 0.15. I f the slab is warped 
upward, subgrade contact is lost in the corner 
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Figure 31. Edge & interior slab stresses by Westergaard 
formula. 
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I t is primarily the designer's choice as to 
whether load stresses in the warped^ upward 
condition, or combined normal-position load 
stresses and warping stresses are to be the basis 
of design. The writer prefers the latter as the 
more reasonably expected manner of actual 
behavior. 

Dr . Westergaard made a study of temperature 
effects in concrete pavement slabs (14). His 
studies show that constrained warping ten
dencies wi l l produce tension in the bottom of a 
pavement slab when the top of the slab be
comes warmer than the bottom of the slab. 
For the interior section of a slab of infinite 
dimensions horizontally the warping stress is 
given by Formula (8), Figure 4: 

Eet 
2(1 - M) 

(8) 

For slabs of finite practical dimensions the 
warping stress at the center is generally less, 
and may be calculated by multiplying the stress 
ao by factors given by Figure 33. This curve was 
plotted from data supplied by Dr . Wester
gaard (14). For slabs having greater length 
than width, the stress in either coordinate 
direction wi l l be parallel to the direction of 
measurement of length or width. 

A t the edge of the slab, greater freedom of 
movement (less restraint) is provided and the 
warping stress is accordingly less; the warping 
stress at an edge may be taken as: 

0-0 = <rc (1—M) (9) 
A t a corner region, st i l l greater freedom of 

movement is provided and the warping stress 
is so small that i t may be ignored. 

12. Design Temperature Differential 
Teller and Sutherland (SO) have investi

gated warping effects due to moisture differ

ence between top and bottom of slab. They 
concluded that the wetter condition of concrete 
slabs during warm weather tends to cause up
ward warping, and that restraint of this warp
ing produces a compression in the bottom of 
the slab—which stress is such as to relieve ten-

U H P R O T E C T E O C O R N E R 

( O E F C I E N T S U B G R A D E S U P P O R T ) 

P<'-'4K 
F O R M U L A ( 7 1 E 1 G . 4 -

P B O T E C T E D C O R H E R 

- ( F U L L S O B O R A O E S O P P O R T ) -

F O R M U L A (fl) F I Q . 4 

- . R A T I O O F L O A D R A D I U S T O R A D I U S O F R E L A T I V E S T I F F N E S S 

Figure 32. Corner slab stresses by Westergaard and 
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Figure 33. Chart for determining warping stress at center of concrete pavement. 
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sile stresses produced at the bottom of the slab 
by temperature warping effects during summer 
daytime temperature effects. At such times 
the resultant warping stress wil l add to tensile 
stresses due to interior or edge loads; at other 
times the temperature warping effects wi l l not 
not be additive to load stress. Hence, the high
est total stress wil l occur at times when mois
ture warping stress wil l relieve temperature 
warping stress. 

The work of Teller and Sutherland (SO) 
proved the t ruth of this condition but did not 
yield sufficient quantitative data to permit 
accurate valuation of the relief so afforded. 
Coons (15) also made investigations on mois
ture and temperature warping and furnished 
additional data on the problem. Careful study 
of his data and that of reference (SO) has led 
the author to conclude that at the critical time, 
the maximum temperature differential is ap
proximately 3°F. per inch thickness of slab, 
and that moisture warping effects may be such 
as to relieve half of the temperature warping 
effects. 

Based on the observations of the preceding 
paragraphs, the author adopted as a practical 
design procedure a "moisture-compensated 
temperature differential" of 1.5°F. per inch 
thickness of slab. 

13. Total Stress 
The total stress for corner or edge loads wi l l 

be either: 
a. Load stress for the load condition con

cerned wi th the slab assumed to be free 
to warp and to be in a warped upward 
condition, wi th deficient subgrade sup
port; or 

b. Stress due to load with slab assumed to 
be in unwarped position, plus warping 
stress induced by constraining slab from 
warping. This restraint is enforced by 
the thickness, weight, and flexural 
strength of the slab. 

For the interior load, complete restraint 
must be assumed. For this reason and also be
cause modern pavement designs invariably 
afford a high degree of restraint for all load 
cases, the author prefers alternative " b " 
above. 

14. Critical Load Case and Critical Thickness 
Regardless of the method of determining 

total stress, the latter is ultimately compared 
wi th the anticipated ultimate flexural, or ten
sile strength, of the pavement slab. 

The critical load case for any design wheel 
load is that resulting in the highest total an
ticipated stress; the critical thickness is that 
thickness producing a total stress equal to one-
half the anticipatecl ultimate flexural strength 
for loads expected to be repeated 200,000 times 
or more. For loads expected to be repeated 
less than 200,000 times, safetj ' factors less 
than 2.0 may be used (11). 
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material presented in this appendix represents 
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