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cpm. , the speed of te.sting has p r ac t i ca l l y no 
effect . T h i s is i m p o r t a n t , since i t suggests t h a t 
considerable t i m e can be saved i n f u t u r e i n ­
vest igat ions b y conduc t ing the tests a t the 
higher speeds. 

SUMM.̂ -RY 

I t should be no ted t h a t several specimens 
fa i led a f t e r sustaining over 1 m i l l i o n cycles of 
stress. Few da ta are avai lable i n th i s f i e ld f r o m 
tests t h a t have been carr ied beyond 1 m i l l i o n 
cycles. E v e n t h o u g h these tests wei'e con­
duc ted t o a m a x i m u m of 10 m i l l i o n cycles (d 
stress, no specimen f a i l e d a t a stress less t h a n 
55 percent of the s tat ic s t rength . Never the ­
less, there is no ind ica t ion t h a t an endurance 
l i m i t e.xists. 

T h e results of the tests indica te t h a t the 
speed of tes t ing, w i t h i n the range inves t iga ted , 
has l i t t l e effect , i f any , on the fa t igue s t r eng th 
and l i fe of concrete, assuming the concrete t o 

be of the s t rength n o r m a l l y used i n construc­
t i o n . T h i s conclusion mus t be l i m i t e d t o con­
cretes made of sound aggregates. However , as 
a w o r d of cau t ion , i t should be po in ted ou t 
t h a t o ther fac tors , such as moistui-e content , 
over w h i c h no con t ro l was exerted i n tliese 
tests, m i g h t have had as great an i n f l u e n t * on 
these results as the speed of t es t ing . F u t u r e 
tests are contempla ted to s t u d y the inf luence 
of these and other variables. 
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Testing of Concrete by Ultrasonic-Pulse 
Technique 
R . J O N E S , Road Research Laboratory 

Harmondsworth, England 

A DESCRIPTION is g iven of the apparatus f o r m a k i n g high-precis ion measurements 
of the ve loc i ty of an ul trasonic pulse i n concrete. T h e use of th i s ve loc i ty ( the long i ­
tud ina l -wave ve loc i ty ) as a c r i t e r ion of q u a l i t y is discussed w i t h reference t o such con­
ven t iona l cr i ter ia as the modulus of rup tu re , compressive s t rength , dens i ty of the 
concrete. T h e effect of a large number of variables has been s tudied, and i t was f o u n d 
t h a t the long i tud ina l -wave ve loc i ty could be used t o measure changes i n the q u a l i t y 
of the concrete, except when the aggregate-to-cement ra t io was va r ied . F o r th i s reason 
the long i tud ina l -wave ve loc i ty cannot be used as a general c r i t e r i on of concrete q u a l i t y . 

T h e technique can be app l ied d i r e c t l y t o the concrete i n s t r u c t u r a l members and 
can be used t o detect a n y weakness due t o de te r iora t ion or poor compac t ion . Where 
test specimens of the s t r uc tu r a l concrete are avai lable , a ca l ib ra t i on curve can be 
ob ta ined f r o m w h i c h the equivalent s t rength of the concrete can be in fe r red . Examples 
of such tests are g iven . 

L a b o r a t o r y a i jp l ica t ions of the technique have been the s t u d y of crack f o r m a t i o n 
i n conci'ete (1) under load, (2) subjected to f ros t ac t ion , and (3) when invers ion takes 
place i n h igh-a lumina cement. A n in teres t ing result showed t h a t concrete cubes i n 
compi'ession develop i n i t i a l cracks w i t h jslanes paral le l t o the d i r ec t i on of app l i ca t ion 
of the load a t about 30 percent of the u l t i m a t e load. 
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• I N V E S T I G A T I O N S i n t o the use of non­
des t ruc t ive methods fo r tes t ing concrete wei'e 
stai ' ted a t the Road Research L a b o r a t o r y i n 
1945 w i t h the objec t of measur ing the t h i c k ­
ness of conci-ete road slabs. Pai-allel w i t h th i s 
reseai-ch has been the s t u d y of the t ransmiss ion 
of an ul t rasonic pulse t h r o u g h concrete w i t h 
the objec t of developing a m e t h o d of measur­
ing the q u a l i t y of concrete in siiu. E a r h ' w o r k 
showed t h a t there ai-e m a n y d i f f i cu l t i e s asso­
ciated w i t h the thickness measurement (1) and 
mos t of the efTort has been devoted t o the 
second inves t iga t ion . 

T h e con\-entional methods of tes t ing con­
ci'ete i n roads and structures invo lve m a k i n g 
test specimens f r o m the concrete a t the t i m e 
of cons t ruc t ion . S igni f icant differences m a y 
arise hei'e, however, because the test specimens 
are usual ly be t ter compacted t h a n the placed 
concrete and ai-e conset juent ly of bet ter qua l -
it>-. T h e re la t ive compac t ion of test specimen 
and placed concrete vai'ies considerably w i t h 
the t y p e of cons t ruc t ion and degree of con t ro l . 
Tests have i-evealed l i t t l e or no difference i n 
wel l -cont ro l led prestressed concrete w o r k (S) 
b u t a large difference i n poor ly compacted 
concrete i n a g r a v i t y w a l l (3) . 

T h e ultrasonic-pulse technique has t w o ad­
vantages over the convent iona l methods: (1) 
T h e results obta ined are d i r ec t l y related t o the 
proi:)erties of the conci-ete of the road or s t ruc­
tu r e and (2) u.seful results can be ob ta ined on 
s tructures of any age w i t h o u t damage. 

L o n g , K i u ' t z , and Sandenaw (4) were the 
first to use a ])ulse technique f o r t es t ing con­
crete in silu. T h e pulse was produced b y a 
hammei- b l o w and the long i tud ina l -wave ve­
l o c i t y was measured along the surface of a 
concrete ])avement. T h e dynamic modulus 
(E) was calculated f i ' om the long i tud ina l -wave 
ve loc i ty ( V ) by the re la t ion 

( 1 - < T ) 

p ( 1 + - 2a) 
( 1 ) 

Here the dens i ty of the concrete (p) was 
k n o w n and Poisson's I 'atio (<r) was assumed 
to be 0.15. T h e dynamic modulus was deter­
mined l)ecause i t had ])reviously been shown 
t o be related t o the q u a l i t y of the concrete by 
tests on beam specimens using the sonic 
m e t h o d (S, 6). A disadvantage of the me th o d 
was t h a t the ve loc i ty was measured a t or near 

the surface of the slab and there was no means 
of s t u d y i n g the v a r i a t i o n w i t h f l e p t h . Also , i m -
f o r t u n a t e l y , i t is no t permissible t o assume a 
constant value of Poisson's i-atio; measure­
ments have shown i t t o range f r o m 0.18 i n a 
concrete con ta in ing i-ounded-gravel aggregate 
to 0.31 i n a concrete con ta in ing ci'ushed Ume-
stone (7) . T h e difference i n the dynamic m o d ­
ulus due t o such a v a r i a t i o n is of the order of 
28 percent. 

I t seemed logical a t th i s stage to consider 
the use of the long i tu f l i na l -wave ve loc i ty as a 
c r i t e r i on o f q u a l i t y , p a r t i c u l a r l y since th is 
q u a n t i t y can i n v a r i a b l y be measured i n con­
crete in silu. E a r l y measurements us ing an 
ultrasonic-pulse technique gave emi) i r ica l rela­
t ions between the long i tud ina l -wave ve loc i ty 
and the dens i ty and stat ic s t rengths of satu­
ra ted specimens of a concrete of fixed propor­
t ions . T h e apparatus emplo^-ed i n these tests 
was ra ther crude, and i t w^as obvious t h a t the 
tes t ing of smal l l abo ra to ry specimens w o u l d 
require a m u c h higher precision of measure­
men t . A n i m p r o v e d measur ing technique was 
devised (7 ) , b u t th i s i n t u r n has been super­
seded is), and the final f o r m of the ap j ja ra tus 
is described i n the f o l l o w i n g section. 

APPARATUS AND EXPERIMENTAL TECHNIQUE 

T h e m e t h o d is s im i l a r i n i ) r inc ip le t o t h a t 
devised independent ly a t the H y d r o - E l e c t r i c 
Powei ' Commiss ion of On ta r i o and embodied 
i n the i n s t r u m e n t k n o w n as the soniscope (9, 
10). T h e m a i n difference lies i n detai ls , fo r 
whereas the soniscope was designed fo r long-
range tes t ing i n dams, the apparatus described 
be low is f o r distances of 4 i n . t o 8 f t . T h e i-e-
duced range, however, has made i t possible t o 
achieve a higher accuracy of measurement, 
and even over a 4 - in . p a t h length i t is i)()ssible 
t o measure to w i t h i n ± 0 . 5 percent ( ± 0 . 1 m i ­
crosecond). F u l l detai ls of the apparatus com­
plete w i t h the electronic c i rcui ts have been 
g iven elsewhere {S), b u t the f o l l o w i n g gives the 
essential elements of the technique: 

T h e long i tud ina l -wave ve loc i ty is calculated 
f r o m the t i m e t aken f o r the leading edge of the 
pulse of v ib ra t ions t o traverse a k n o w n length 
of concrete. T h e pulse is sent ou t 50 t imes per 
second f r o m a piezoelectr ic-crystal t ransducer 
he ld i n contact w i t h one face of the concrete 
member under test. A f t e r passing t h r o u g h the 
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concrete, the pulse is received b y a second 
c rys ta l t ransducer w h i c h converts the me­
chanical pulse i n t o a corresponding electr ical 
signal . T h i s is amp l i f i ed and produces a v i sua l 
image of the pulse on the trace of a cathode-
ray tube , w h i c h sweeps across the screen 50 
t imes per second i n synchronism w i t h the 
t r a n s m i t t e d pulse. T i m i n g marks also appear 
on the trace a t in te rva ls of 10 microseconds. 
T h e t i m e of p ropaga t ion of the pulse is meas­
ured b y the displacement of the v isual signal 
w i t h respect t o the t i m i n g marks when the 
transducers are lespec t ive ly (1) i n contact 
w i t h each other and (2) separated b y the con­
crete member under test. A n i n t e r p o l a t i o n 
device enables the t i m e t o be measured t o 0.1 
microsecond and reading is f a c i l i t a t e d b y ex­
pand ing the j j a r t of the t i m e scale i n whic'h 
the signal lies. 

T h e accui-acy of measurement depends u p o n 
the sharpness of the onset of the pulse, and f o r 
shor t p a t h lengths, th i s is im]) roved b y using 
c rys ta l transducers w i t h a h igh natui-al f r e ­
quency'. A f u r t h e r advantage of us ing such 
crystals lies i n the increase of d i r e c t i o n a l i t y , 
since the angular spread of the v i b r a t i o n a l 
enei-gy is reducetl w i t h increase of f requency . 
However , there is an upper l i m i t to the f r e ­
quency wh ich can be used, due to the increased 
a t t enua t i on of the v ib ra t ions when the wave 
length becomes comparable w i t h the size of 
the coarse aggregate i n the concrete. A qua r t z -
crys ta l t ransducer of frequency- abou t 200 kc. 
per sec. has been f o u n d sui table f o r use on 
concrete specimens u)} to 2 f t . t h i c k , when the 
m a x i m u m size of the stones was about ^ i n . , 
and the wave l eng th is about 1 i n . F o r longer 
I ja ths i t is necessai'v t o use transducers w i t h a 
lowei- n a t u r a l fre<iuency, and i n the ])resent 
apparatus , Rochelle salt transducers of f r e -
((uency 60 k ( \ per sec. have been used fo r 
thicknesses of up to 8 f t . , w h i l s t i n the soni-
scope a range of u]) t o 50 f t . has been ob ta ined 
w i t l i a f r e t juency (jf 20 kc. per sec. 

T h e me thod is p a r t i c u l a r l y easy to app ly t o 
specimens used i n l abo ra to ry tests, sin(!e the 
on ly l i m i t a t i o n imposed on the specimen w i t h 
I'espcct t o shape is the existence of t w o smoo th 
oj iposi te faces. A t h i n f i l m of o i l between the 
surface of the t iansducers and the mou lded 
faces of the specimens j i rovides adecjuate con­
tac t . S t r u c t u r a l concrete cast against steel 
shu t t e r ing can be tested i n a s imi la r manner . 

and o n l y v e r y rough surfaces have recjuired 
special p repara t ion , such as, a t wors t , coat ing 
w i t h a t h i n layer of plaster before a p p l y i n g 
the o i l . 

T h e presence of large-sized aggregate i n con­
crete renders i t heterogeneous, and i t is t o be 
an t i c ipa ted t h a t i n smal l l a b o r a t o r y speci­
mens observat ions t h r o u g h d i f f e r en t parts of 
the specimen w i l l show appiec iable scatter. 
Ana lys i s of the t imes of ] ) ropagat ion of the 
ul t rasonic pulse over a p a t h l eng th of 4 i n . i n 
cube specimens gave the d i s t r i b u t i o n shown 
i n F igure 1. T h e three sections, t op , nuddle , 
and b o t t o m , are a l l w i t h reference to the posi­
t i o n of the cube as cast and w i t h the floated 
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surface uppermost . AA'hen the i )a th i n concrete 
is l ong , the ma t e r i a l becomes s ta t i s t i ca l ly ho­
mogeneous, and f o r u n i f o r m compac t ion , su('-
cessive observat ions ai'e i n excellent agree­
ment . There is, however, more v a r i a b i l i t y i n 
j j o o r - q u a l i t y concrete, and i t has been sug­
gested t h a t th i s \ -ar ia t ion is related t o the 
q u a l i t y of the concrete (11). 

A t t e n t i a t i o n of the ul t rasonic v ib ra t ions also 
depends on the ( j u a l i t y of the concrete, the 
loss of energy being greatei ' i n jx i rous concrete 
t h a n i n wel l -compacted ma te r i a l . T h u s the 
a m j i l i t u d e of the received signal can p rov ide 
an i nd i ca t i on of the q u a l i t y . Howevei ' , i t is 
d i f f i c u l t to derive a q u a n t i t a t i v e test of con­
crete q u a l i t y because of the d i f f i c u l t y of ob­
t a i n i n g reproducible contac t between the 
transducei's and the concrete and also because 
of the large inci-ease i n a t t e n u a t i o n of the 
signal accomi)anying a decrease i n the mois­
tu re content . 
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LONGITUDINAL-WAVK VELOCITY AS CKITERION 
OF QUALITY 

T h e q u a l i t y of concrete can be def ined, f r o m 
convent iona l tests, hy the f o l l o w i n g ]3roper-
t ies: (1) the densi ty , (2) the s t r eng t i i i n com­
pression, and (3) the s t rength i n flexui'e. I n 
Grea t B r i t a i n the test most f r e t j u e n t l y used is 
the s t reng th i n com])ression and the test speci­
men is usual ly a cube of ei ther 4- or 6- in . side. 
T h i s f ac t has tended to bias the i-esearch to ­
wards the use of the cube s t rength as a c r i ­
t e r i o n to a greater e.xtent t h a n eithei ' dens i ty 
or f l exura l s t reng th . I t w i l l be a j iprec ia ted t h a t 
cubical specimens give higher compressive 
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Figure 2. Longitudinal-wave velocity and density at 
various depths in a road slab. 

sti 'engths t h a n c y l i n d r i c a l ones made f i ' o m the 
same conci'ete. A l t l i o u g h t l i e exact re la t ion is 
no t i)rocisely def ined, i t is o f t e n t aken as 

cube s t rength 4 

cyl inder s t i e n g t l i 3 ' 

T h e re la t ion between dens i ty and ve loc i ty 
i n F igure 2 was obta ined f o r a c y l i n d r i c a l core 
d r i l l ed f r o m a road slab and sliced i n t o sec­
t ions 2 i n . t l i i c k . I t w i l l be seen t h a t the den-
sit\- of the concrete var ied considerably w i t h 
dep th and t h a t the var ia t ions i n l o n g i t u d i n a l 
wave ve loc i ty wei'e of a s imi lar nature . A s imi ­
la r change i n ve loc i ty occurs i n l i q u i d emul ­
sions when the percentage of the inc luded 
phase is var ied , and p r o v i d e d th is percentage 
is smal l , a theory can be developed (13, 7). 
T h e effect m a y be regarded, q u a l i t a t i v e h ' , as 
due t o an increased j j a th length when the 
pulse is d i f f r a c t e d round the air or water voids. 

A decrease of dens i ty of concrete is k n o w n 
to i^roduce a decrease of s t i ' ength , so i t is t o 
be expected t h a t i f the dens i ty o n l y is changetl , 
there w i l l be a unique re la t ion between the 
long i tud ina l -wave ve loc i ty and the s tat ic 
s t reng th . I n s t ruc tu ra l concrete, however, 
there are m a n y fac tors w h i c h inf luence the 
q u a l i t y of the concrete, and i t is essential t o 
k n o w the effect of these on the l o n g i t u d i n a l -
wave ve loc i ty before the technique can he ap­
pl ied w i t h confidence. T h e remainder of th i s 
section considers the effect of the f o l l o w i n g 
fac tors on the long i tud ina l -wave ve loc i ty i n 
wel l -compacted concrete: (1) age, (2) water-
cement r a t io , (3) aggregate-cement r a t i o , (4) 
t y j j e of aggregate, (5) moistui 'e con ten t , ((i) 
presence of mild-steel I 'einforcement, (7) pres­
ence of ca lc ium chlor ide, (8) a i r en t r a inmen t , 
and (9) t y p e of cement. 

N o r m a l p o r t l a n d cement was used t h i m i g h -
o u t (except f o r I t e m 9) a n d a i r e n t r a i n m e n t 
was on ly employed under I t e m 8. T h e test 
si)ecimens were cured in water , and except f o r 
I t e m s 5 and (i , t hey were tested i n a sa tura te f l 
cond i t i on . A n y measurement of s tat ic s t i 'ength 
was made on the same specimens i m m e d i a t e l y 
f o l l o w i n g the dynamic tests. 

I t has been shown t h a t the f i n a l se t t ing of 
concrete is associated w i t h a r ap id increase i n 
the long i tud ina l -wave ve loc i ty as w i l l be seen 
f r o m the results i n F igure 3 w h i c h were ob­
ta ined f r o m culjes and beams of 1 t o 1'2 to 3 
('(mcrete w i t h a water- to-cement i-atio of 0.40. 
A f t e r th i s j ier iod the ve loc i ty continues to 
increase b u t a t a slower rate. Cube sti 'engths 
f i-om the same m i x showed a s imi l a r t y j i e of 
increase w i t h age and the re la t ion between the 
compressive s t rength and the l o n g i t u d i n a l -
wave ve loc i ty is of the f o r m given i n F i g u i e 4 , 
w h i c h was obta ined fo r cul)es of ages 1 to 7 
days. 

I t is of interest t o note, f i o m Figure 3, t h a t 
I 'oisson's ra t io , calculated f r o m the tests on 
beams, showed a r ap id deci-ease as the concrete 
set b u t a])i)i'oacherl a constant value beyond 
an age of 28 days. 

F o r a f u l l e r discussion of the effect of age 
on wave velocity' , reference should be made 
to a recent repor t of work carr ied ou t by A n ­
dersen and Xerens t in D e m n a r k ( ; / ) . I n this 
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ar t ic le an expression is g iven w h i c h gave good 
agreement w i t h the exper imenta l results. 

Watei-Cement Ratio 

Other fac tors r ema in ing unchanged, an i n ­
crease i n the wa te r -cement r a t io produces an 
increase i n the number of water voirls , and as a 
result , the long i tud ina l -wave velocity-, com-

Aggregate-Cement Ratio 

Coai-se aggregate i n v a r i a b l y has a d y n a m i c 
modulus m u c h higher t h a n t h a t of the concrete 
i n w h i c h i t is conta ined. I t is no t unexpected 
to find, therefore , t h a t increasing the i)ercent-
age of coarse aggregate increases the l o n g i t u ­
d ina l -wave ve loc i t y (7) , whereas the s tat ic 
s t reng th is no t appreciably , a l te red . As a re-
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])ressive s t reng th , and f i exu ra l s t r eng th are al l 
1 educed. Consequent ly , there exists a r e l a t ion 
between the l ong i tud ina l -wave v e l o c i t j ' and 
each of the s tat ic s t rengths, as shown i n F igure 
5 fo i ' comjjT'essive s t r eng th a n d F igure 6 f o r 
modulus of r u p t u r e f o r concrete of m i x propor ­
t ions ei ther 1 t o I J ^ t o 3 or 1 t o 3 t o 6. I t has 
also been f o u n d t h a t the long i tud ina l -wave -
ve loc i ty - to-s ta t ic -s t rength curve is independ­
ent of age or wa te r -cement r a t io . 

sui t , a d i f f e r en t r e l a t ion exists between the 
long i tud ina l -wave ve loc i ty and stat ic s t i 'ength 
f o r each aggregate-cement r a t io w h i c h w i l l 
have been observed i n Figures 5 and 6. 

F o r s imi la r reasons, the dynamic modulus is 
also dependent u p o n the aggregate-cement 
r a t i o , and F igure 7 gives the r e l a t ion between 
d y n a m i c modulus and modulus of ruptui 'e f o r 
the beams used i n F igure 6. 

Tijye of Aggregate 

I t is general ly assumed t h a t the t y p e of 
coarse aggregate has no appreciable effect on 
the compressive s t reng th of concrete fo r a 
g iven wa te r -cemen t ra t io . T h i s is no t s t i ' i c t ly 
t rue , b u t the differences are r e l a t ive ly m u c h 
smaller t h a n those produced i n the l o n g i t u ­
d ina l -wave ve loc i ty and modulus of r up tu re . 
T h e exper imenta l results show t h a t the rela­
t i o n between the long i tud ina l -wave ve loc i ty 
and modulus of r u p t u r e is sensibly independ­
ent of the t y p e of aggregate ( F i g . 6) whereas 
separate relat ions exist between the l o n g i t u ­
d ina l -wave ve loc i ty and compressive s t rength 
fo r each t y p e of aggregate ( F i g . 8 ) . 
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Moisture Content 

W h e n concrete cubes are a l lowed to d r y 
p r io r to test, the compressive s t reng th is 
s l igh t ly higher t h a n f o r und r i ed cubes of the 

T o invest igate the effect of mois ture content 
on the long i tud ina l -wave ve loc i ty , measure­
ments have been made on beams 32 b y 3 ^ 4 b y 

i n . made f r o m concrete of m i x p ropor t ions 
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Figure 5. Relation between the longitudinal-wave velocity and the compressive cube strength at 28 days. 
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Figure 6. Relation between longitudinal-wave velocity 
and modulus of rupture of concrete beams. 

same age and composi t ion . T h e modu lus of 
r u p t u r e and overal l dens i ty of the concrete, 
however, show s l ight deci'eases w i t h loss of 
mois ture . 
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Figure 7. Relation between dynamic modulus of 
elasticity and modulus of rupture of concrete beams. 

1:4/0.39, 1:6/0.50 and 1:9/0.68 b y weigh t , 
w h i c h were cured i n wate r f o r 58 days, d r i ed 
i n a i r fo r 132 days and subsequently soaked i n 
water fo r a f u r t h e r 17 days. T h e changes i n 
long i tud ina l -wave ve loc i t y and dens i ty , a f t e r 
the i n i t i a l cu r ing per iod , are g iven i n F igure 9. 
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T h e results show t h a t as the concrete d r ied 
the long i tud ina l -wave ve loc i t y and the overa l l 
densi ty of the concrete decreased i n a s imi la r 
manner . 

Presence of Mild-Steel Reinforcement 

f i T h e influence of re inforcement on the wave 
ve loc i ty has been inves t iga ted i n tests on slabs 
con ta in ing various fo rms of re inforcement . I n 
a l l tests, quai ' tz transducers of natvu'al f r e ­
quency 200 kc. per sec. and 1 i n . i n d iameter 
were used t o ] jroduce the ul t rasonic pulse. 

I : l ' '2:3 Rounded gr^re 
I: l"2:3 Crulhld limcitonc 
1: t"2: 3 Cruihed grantta 

O 2 0 0 0 4 0 0 0 6 0 0 0 
COMPRESSIVE STRENGTH -

SOOO 
Ib/ iq. in. 

Figure 8. Effect of type of aggregate on relation 
between wave velocity and compressive cube strength of 

concrete. 

T h e f i r s t slal) was 2 f t . 6 i n . s(]uai-c l )y 4 i n . 
t h i c k and contained square-mesh re inforce­
men t a t 3- in . centers, placed a t the m i d d e p t h . 
Ex tens ive tests wei-e made b o t h t h r o u g h the 
thickness of the slab and also i n a d i r ec t ion 
a long the re inforcement , b u t i n no case d i d the 
wave ve loc i t y near the reinfoi 'cement d i f f e r 
s ign i f i can t ly f r o m t h a t i n the i ) la in concrete. 

F u r t h e r te.sts were made on slabs 2 f t . 
square b y 3 i n . t h i c k conta in ing r e in fo rc ing 
bars of d'ianictei-s 0.325, 0.50, 0.60, 0.75, and 
1.0 i n . i)laced a t midde ] ) th and w i t h about 
i<j i n . of cover a t each end. .Measurements 
t lu 'ough the thickness of the slab showed t h a t 
on lv when the diameter of the bar became 

comparable w i t h the d iameter of the t rans­
ducer was there any s igni f icant change in the 
wave ve loc i ty . T h r o u g h sections con ta in ing 
the 0.6-, 0.75-, and 1.0-in. d iameter bars, the 
decrease i n the wave ve loc i ty was 1 to 2 i)er-
cent, 2 to 3 percent, and 6 t o 7 jjei 'cent, respec­
t i v e l y , of w h i c h o n l y the l a t t e r was s igni f icant 
when the scatter of the obser\-ations on j i l a i n 
concrete is considered. Measurements a long 
the axis of the bai's gave t w o separate signals 
f o r bars w i t h diameters greater t h a n 0.6 i n . , 
of w h i c h the i n i t i a l signal t h r o u g h the steel 
was of m u c h smaller magn i tude t h a n t h a t 
t h r o u g h t h e concrete. F igure 10 gives the 
t ransmiss ion t imes i n the slab con ta in ing the 
bars of 0.5-, 0.75-, and 1.0-in. diameters, and 
i t w i l l be seen t h a t even t h o u g h no double 

Figure 9. Eflect of drying on the wave velocity in con­
crete beams of mix proportions: a) 1:4/0.39; b) 1:6/0.50; 

c) 1:9/0.68. 

signal was obta ined ax ia l ly i n the v i c i n i t y of 
the 0.5-in.-diameter bar, the wave ve loc i ty 
was increased. T h e results ind ica te t h a t o n l y 
a smal l a m o u n t of energy is coupled i n t o the 
steel bars, b u t since a n y resul tant signal pre­
cedes t h a t t r a v e l l i n g i n the concrete, care 
should be t aken t o a v o i d j j ropaga t ing the 
pulse near the axis of t h i c k r e in fo rc ing bars. 

Effect of Calciimi Chloride 

I n the win te r mon ths i t is no t unusual t o 
add about 2 percent of ca lc ium cl i lor ide t o the 
cement t o accelerate the hardening of the con­
crete. Tests on a structui 'e led to the conclu­
sion t h a t the presence of ca lc ium chloride 
inf luenced the comi)ressive-st i 'e i igth-to-longi-
tud ina l -wave-ve loc i ty re la t ion and the effect 
has now been s tudied in greater f l e t a i l . The 
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wave ve loc i ty and comjjressive s t rength were 
obta ined fo r a concrete of m i x p i o j i o r t i o n s 1 
t o ()/0.60 b y weigh t a t ages of 1, 3, 7, 14, and 
28 days. H a l f of the 12 cubes tested a t each 
age contained cement t o wh ich 2 j jercent of 
ca lc ium chlor ide b y weigh t of the cement had 
been added; the cement i n the con t ro l cubes 
was un t rea ted . T h e wave velocity' was meas-
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Figure 10. Transmission times in concrete containing 
1.0-, 0.75-, and 0..?-ln.-diameter reinforcing bars. 

ured a t posit ions w i t h i n the top , midd le , and 
b o t t o m sections of the cube. T h e wave veloc­
i t y and modulus of r u p t u r e wei-e also measured 
on t w o 16- b y 4- b y 4- in . beams f r o m the same 
conci-ete mixes a t ages of 1, 3, 7, and 28 days. 

The comjjressive s t reng th , modulus of ru))-
tu re , and mean longi tudinal -wa\-e ve loc i ty are 
gi\-en in F igure 11. T h e f o l l o w i n g conclusions 

emerge: (1) T h e i n i t i a l hardening is accel­
erated b y the i)resence of ca lc ium chlor ide, fo r 
a t an age of one day, the sti 'engths and wave 
velocity- were lower i n the con t ro l cubes. (2) 
A t an age of 28 days, however, the ca lc ium 
chlor ide produced a 12-percent increase i n 
compressive st i 'ength, a 5-percent decrease i n 
modulus of r u j i t u r e , and no s igni f icant change 
i n the long i tud ina l -wave ve loc i ty . 

Air Entrainment 

V e r y l i t t l e w o r k has been dcme nn air-en­
t r a ined concrete, and the results i n Tab le 1 

0 Con 
• Spe 

con 

trol ipccimt 
ciment of co 
ainjn9 2%ca 

chloride 

ncrete 
(cium 

Figure U. Effect of calcium chloride on the compressive 
strength, modulus of rupture, and wave velocity of 

concrete of mix proportions 1:6/0.60 by weight. 

were obta ined on a series of t r i a l mixes tested 
a t an age of 7 days. 

T h e sand content and watei ' -cement ra t io 
were ad jus ted s l i g h t l y to give comparable 
workab i l i t i e s . I n F igure 12, the results for the 
compressive s t reng th and longit>idinal-wa\ 'e 
velocit ies are shown to be i n agreement w i t h 
the curve obta ined f r o m a s imi la r l - to-7i -2 m i x 
w i t h water- to-cement rat ios 0.52 to 0.68 and 
tested a t ages of 3 t o 28 days. 

T h e scattei- of t ransmiss ion t imes w i t h i n the 
to]) 01- b o t t o m sections of the cubes showed no 
s igni f icant difference f o r a l l the mixes, and the 
mean s tandard dev i a t i on was 0.35 mic ro ­
second (coefficient of vai- iat ion 1.5 percent) . 
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Type of Cement 

I n one series of tests, i n f o r m a t i o n was re 
qu i red on the long i tud ina l -wave ve loc i t y i n 

suits f r o m a l - to -2- to-4 m i x using the same 

t y p e of aggregate b u t w i t h o r d i n a r y p o r t l a n d 

cement. T h e results g iven b y the t w o cements 

T A B L E 1 

Mix Proportions by Weiglit T y p e of 
Aggregate 

A i r 
Content 

Cement 
Content 

Compact ing 
F a c t o r 

Compressive 
Strengtii 

Longi tudinal 
Wave Velocity 

% (bags per 
cu. yd.) Ib./sq, in. ft./sec. 

1:7.5/0.75 (37% sand) 
1:7.5/0.70 (35% s a n d ) 
1:7.5/0.65 (33% s a n d ) 
1:7.5/0.65 (33% sand) 

R i v e r 
G r a v e l 
( C h e r t s e y ) 

0.4 
1.7 
4.1 
8.1 

4.53 
4.63 
4.68 
4.48 

0.874 
0.891 
0.888 
0.947 

1830 
1950 
2080 
1620 

15,270 
15,300 
15,430 
15,050 

Lin. q.ycn br I .7 I IJ mix W/C to 
052 to 0- t i8 (iw oir-MtTolnmuiO 
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Figure 12. Effect of air entrain ment on relation between 
longitudinal-wave velocity and compressive 8tre^gt^ 

in a l:7y^ concrete. 
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Figure 13. Compressive strength and longitudinal-
wave velocities in concrete made with two types of 

cement. 

concrete made f r o m h igh-a lumina cement. T h e 
results i n F igure 13 were obta ined f r o m con­
crete of a l - to -2- to -4 m i x w i t h wa te r -cemen t 
ra t ios of 0.49 and 0.60 and tested a t ages of 6 
hr . t o 3 y r . I n c l u d e d on the d iagram are re-

f a l l on the same curve between l o n g i t u d i n a l -
wave ve loc i ty and compressive s t rength , i r re ­
spective of age or water-cement r a t io . 

C O N C L U S I O N S 

I n on ly the v a r i a t i o n of aggregate-cement 
r a t i o are there s t rong grounds fo r re jec t ing the 
long i tud ina l -wave ve loc i ty as a general c r i ­
t e r ion of q u a l i t y when the concrete m i x is no t 
k n o w n . W h i l e th i s u n d o u b t e d l y l i m i t s the 
scope of the m e t h o d , i t is s t i l l valuable and the 
best avai lable fo r tes t ing concrete in situ. 

I n a l l tests on re inforced concrete, care mus t 
be t aken t o avo id measur ing the l o n g i t u d i n a l -
wave ve loc i ty near t o bars of d iameter com­
parable w i t h the d iameter of the transducers. 

A P P L I C A T I O N T O T H E T E S T I N G O F C O N C R E T E 

I N S I T U 

Concrete Walls and Structures 

T h e type of concrete to be tested m a y f a l l 
i n t o one of t w o categories, u n k n o w n and 
k n o w n . B y " u n k n o w n " is mean t concrete f o r 
w h i c h no details of the concrete m i x are ava i l ­
able. I n " k n o w n " concrete no t o n l y is the 
concrete m i x specified b u t , also, test specimens 
are avai lable. T h i s l a t t e r category usual ly i n ­
cludes s t ructures w h i c h are i n the course of 
cons t ruc t ion and i n w h i c h , f o r some reason, 
d o u b t has arisen concerning the q u a l i t j - of the 
placed concrete. 

I t is obvious, f r o m the results of the pre­
ceding section, t h a t no s t r i c t l y accurate assess­
m e n t of the q u a l i t y can be der ived f r o m meas­
urements of the long i tud ina l -wave ve loc i ty i n 
u n k n o w n concrete. O n the other hand , there 
is a b ig difference i n the results between v e r y 
good and very poor concrete, and such a rough 
d iv i s ion is possible. Leslie and Cheesman (9) 
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and W h i t e h u r s t (13) have suggested a d i v i s i o n 
of the wave ve loc i tv i n t o the classif icat ion i n 
T a b l e 2. 

Such a classif icat ion was based on w o r k on 
concrete i n lai'ge s t ructures and i n par t ic rdar 
concrete dams. I t should be realized, however, 
t h a t a cond i t i on w h i c h is acceptable i n one 
class of w o r k m a y be re jec ted i n others. T o 
i l lus t ra te th i s the m i n i m u m wave velocit ies 
accepted fo r a few specific s t ructures i n Grea t 
B i - i t a in ai-e g iven i n Tab le 3. 

The wave ve loc i ty was the mean value ob­
ta ined f r o m a suff ic ient number of measure­
ments t o be representati\ 'e of the concrete i n 
the member. 

T A B L E 2 

Longi tudinal Wave Velocity 

/ / . per sec. 

A b o v e 15,000 
12,000 to 15,000 
10,000 to 12,000 
7,000 to 10,000 

Be low 7,000 

Condit ion of Concrete 

E x c e l l e n t 
G o o d 
F a i r or quest ionable 
Poor 
V e r y poor 

T A B L E 3 

T y p e of Work 

Prestressed concre te—T sections 
Prestressed concrete—anchor un i t s . 
R e i n f o r c e d concre te f rame bu i ld inR. . 
S u s p e n d e d floor s lab 

Min imum Value of \ 
Wave Veloci ty for 

Acceptance 

/ / . per sec. 

15,000 
14,300 
13,500 
15,500 

T h e me thod is p a r t i c u l a r l y sui table for 
s t u d y i n g the var ia t ions of qualit>- w i t h i n 
s t r u c t u r a l members a n d th is t y p e of test is 
l i k e l y to be of most use on u n k n o w n conci'ete. 
W h i t e h u r s t (13) has already commented on 
th is aspect, and i n his tests w i t h the soniscope, 
he was able t o detect areas of good-qua l i ty 
concrete w i t h i n a s t ruc ture w h i c h , i n general, 
had deter iorated bad ly . As a result , emphtisis 
is placed on the impor tance of m a k i n g an ade­
quate number of measurements t o obvia te 
di-awing w r o n g conclusions f r o m spot tests. 

T h e technique is capable of p r o v i d i n g more 
precise i n f o r m a t i o n about the q u a l i t y of the 
concrete when details of the m i x are k n o w n , 
and especially when test specimens are ava i l ­
able. I n this case auxi l ia i 'y measurements on 
the test specimens make i t possible t o p rov ide 
an assessment of the equivalent s t rength of 
the conci'ete in situ {2, 3) and to s tudy the 

var ia t ions of s t rength . The m a i n source of 
eri'or arises f r o m the difference i n mois ture 
content between the test specimen and the 
conci'ete in situ. T h e results of the previous 
sect ion indica te t h a t the discrepancy m a y be 
o n l y appreciable fo r comparison of compres­
sive strengths, where the equiva lent s t rength 
in situ is underes t imated. Al lowance can be 
made i f t h e test specimens are drier l under site 
condi t ions before test, b u t even w i t h o u t such 
a ref inement , cubes cu t f r o m structures have 
been f o u n d to have a s t reng th w i t h i n 15 per­
cent of the es t imated value. 

F i r m s of contractors and consul t ing engi­
neer's are now beginning to appreciate the 
\'alue of the technique. I t s m a i n appl ica t ions 
are t o : (1) ensure t h a t the placed concrete has 
a q u a l i t y no t less t h a n t h a t required b y design, 
a p p l y i n g p a r t i c u l a r l y t o w o r k w i t h good-
q u a l i t y concrete as i n i)restressed s t ructures 
w h i c h are loaded a t t in ear ly age; (2) check 
concrete in situ when the test specimen has 
g iven a low result ; and (3) locate porous con­
crete i n s t ructures of a l l types. 

T h e number of tests have been re l a t ive ly 
smal l because of the l i m i t e d number of w o r k ­
ers. However , when the commercia l f o rms of 
the api iara tus come i n t o wider use, the tes t ing 
technique w i l l become more h i g h l y developerl 
and w i l l p robab ly result i n a higher s t a i i f l a rd 
of concrete cons t ruc t ion . 

Concrete Pavements 

A i julse-ref lect ion technique has no t ye t 
been made to w o r k , sa t i s fac tor i ly , on concrete. 
B r a d f i e l d (14) has designed several t rans­
ducers, b o t h c rys ta l and magne tos t r i c t ive , 
us ing pulses of tors ional as wel l as long i tud ina l 
waves and cover ing a wide f requency range. 
T h e m a i n d i f f i cu l t i e s include (1) reverbera t ion 
b \ ' stones and voids a t h igh frequencies; (2) 
surface wave interference a t l ow frequencies; 
i i nd (3) the smal l number of wavelengths jires-
ent i n the t o t a l p a t h l eng th m a k i n g i t neces­
sary to produce a shor t h i g h l y damped pulse. 

The re are methods w h i c h can be used t o 
s tudy the v a r i a t i o n of qua l i t \ - a t or near the 
surface of concrete slabs (4, 11), b u t these do 
no t t ; ike any account of v a r i a t i o n of q u a l i t y 
w i t h dep th w h i c h m a y occur. Nevertheless, 
these methods are ve ry valuable i n m a n y cases 
p a r t i c u l a r l y i n the s t u d y of surface deter iora­
t i o n (11). ' 

A theore t ica l anal>-sis of the v i b r a t i o n of a 
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concrete i )avement i n contact w i t h an elastic 
subgrade has been made b y P i c k e t t (15) . T h e 
results of the analysis indicated t h a t a sus­
ta ined v i b r a t i o n techniciue could be used t o 
de termine the dynamic propei t ies of pave­
m e n t and subgi-ade, b u t as ye t , no exper imen­
t a l woi 'k has been repor ted . 

D E T K C T I O X O F C R . ^ C K S OR D E T K H I O R A T I O X I N 

C O N C R E T l i 

T h e ul trasonic-pulse technique can be used 
to s tudy the f o r m a t i o n of cracks i n concrete 
becau.-ie of the i)oor acou.stical cou]) l ing be­
tween conc'rete and air , A single l i m i t e d crac'k 
w i t h i ts i)lane n o r m a l t o the l ine j o i n i n g the 
transducers presents a sui-face at w h i c h a h igh 
l^ropoi-tion of t i i e energy is I 'eflected. T l i e exact 
p r o p o r t i o n reflected depends u p o n the w i d t h 

Here , measurements t ln 'oug l i t h e thickness of 
the web gave higher wave velocities t h a n 
measurements a long the sui-face w i t h i n the 
I 'egion of damage, i nd i ca t i ng t h a t the cracks 
were n o r m a l t o the surface. T h e region of dam­
age detected i n th i s manner was greater t h a n 
t h a t which could be seen b>- visual ins j i ec t jon . 
F u r t h e r examples of t l i e de tec t ion of cracks or 
detei ' iorat ion i n concrete are now considered 
i n greater de ta i l . 

Formation of Cracks in Specimens Under Load 

Cubes, cyl inders , bobbins , and beams of con-
ci-ete were tested t o des t ruc t ion i n mechanical 
test ing 'machines of conven t iona l design. W h i l e 
the loads were being appl ied, measurements 
were made a t in te rva l s of the l o n g i t u d i n a l -
wave ve loc i ty i n the ax ia l or transverse direc-
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Figure 14. Arrangement of test specimens and transducers for measuring the velocity of ultrasonic pulses. 

of the crack and whether i t is filled w i t h a i r 
or watei ' . On the receiver side of such a crack 
the inc ident pul.se is p i -edominant ly t h a t which 
is d i f f r a c t e d r o u n d the crack and because of 
the increased distance there is reduct ion of the 
velocity' , Leslie and C'heesman (.9) ha\-e made 
u s e of th i s jn 'oper ty t o measuie the dep th of 
surface C K i c k s i n c o n c i - e t e dams. I f , however, 
the i ) h t n e of the ( ' I 'ack lies ahmg the l ine j o i n ­
i ng the transducei's, i.e,, is edgeways on to t l i e 
d i r ec t ion of pro i )agat ion , t h e n the u l t rasonic 
])ulse c a n i)ass ei ther side of the crack and 
there w i l l be no change i n ve loc i ty . F o r such 
a s imple crack f o r m a t i o n , measurements i n 
var ious direct ions make i t possible t o f le ter-
mine the o r i en ta t ion of the cracks. T h i s m a y 
be exampl i f i ed i n the de tec t ion of cracks i n 
the damaged web of a re inforced T beam. 

t i o n . T h e onset of c racking was indicated b y 
a m a r k e d f a l l i n wave \-elocity. 

T h e tests have already been re j jo r ted (/6'), 
,so on ly the m a i n lesul ts on cul)es and cyl inders 
w i l l be considered here. The exper imenta l ar­
rangements f o r cubes and cyUnders i n com-
l)ression and cyl inders in d i rec t tension ai-e 
g iven i n F igure 14, 

Specimens Tested in Compression. I n the d i ­
rec t ion of loading , the wave ve loc i ty remained 
constant whi le the load was increased t o f a i l ­
ure. T h i s ind ica ted t h a t the local elastic con­
stants of the concrete wei-e no t changed b y the 
stress. 

I n the transverse d i r ec t ion , perpendicular 
t o the d i r ec t ion of loading , the wave velocity-
I 'emained constant on ly up t o a f r a c t i o n of the 
u l t i m a t e load and t h e n decreased w i t h i n -
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creasing load , as shown i n F igure 15. T a k e n 
i n c o n j u n c t i o n w i t h the constant axia l -wave 
\-eloeity, th i s result indicates t h a t , under these 
stress condi t ions , i n t e rna l f r ac tu r e occurs b y 
cracking para l le l t o the d i r ec t ion of load ing . 

T h e first cracks were ind ica ted a t abou t 33 
percent of the u l t i m a t e load f o r the l - t o - P ^ -
to-3 m i x and a t abou t 25 percent of the u l t i ­
ma te load fo r the l - to -3 - to -6 /0 .62 m i x . The 
age a t wh ich the cubes were tested had no ap-
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Figure 1.5. Cubes tested in compression:Effcct of stress on longitudinal-wave velocity in transverse direction. 
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Figure 16. Cubes tested in compression: Effect of load­
ing cycles. 

Age and Mix Proportions. The r educ t ion i n 
the wave ve loc i ty i n the transverse d i r ec t i on 
in 4 - in . cubes a t d i f f e r en t ages is g iven i n F i g ­
ure 15 f o r concretes co i i t a in ing o r d i n a r y po r t -
l a in l cement and H a m River aggregate i n m i x 
l ) ropor t ions of 1 to I ,'2 t() 3/0.40 and 1 t o 3 to 
6/0.62 b y weight . 

preciable influence on the r a t io i n the case of 
the 1 - to - l ' ^ - to -3 /0 .40 m i x , b u t there was an 
increase of f r o m 22 percent a t 9 da\-s t o 29 
percent a t 90 days f o r the leaner m i x . 

Loading Conditions. T h e curves re la t ing the 
change i n wave v e l o c i t j ' t o the ap j j l i ed load 
were no t al tered b y v a r y i n g the rate of loading 
f r o m 600 to 5,000 psi . per m i n . 

W h e n the load was su f f i c i en t l y great t o 
cause a decrease i n the wave ve loc i ty i n the 
transverse d i rec t ion , m a i n t a i n i n g the load con­
s tan t a t th i s value f o r 12 hr . pi 'oduced no f u r ­
ther change i n ve loc i t y . 

F igure 16 shows the effect on the wave ve­
l o c i t y of reversing the load api) l ied t o a cube 
of the l - t o - U ^ - t o - 3 / 0 . 4 0 m i x a t 28 days. I n 
the transverse d i rec t ion , a decrease of N'e loci ty 
occurred d u r i n g b o t h the loading and unload­
ing . T h i s depended, however, upon the m a x i ­
m u m load, and when t h i s was such as t o give 
an i n i t i a l decrease of wave ve loc i ty of on ly 5 
percent, the subsequent decreases were smal l 
and occurred p r i n c i p a l l y d u r i n g un load ing . 
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less than 1,000 psi. The decrease was most 
marked on complete removal of the load and 
its magnitude was increased with incieasing 
number of load cycles. I t is to be inferred, 
therefore, that cracks with a horizontal com­
ponent were formed during the unloading but 
were closed again when the average stress e.\-
ceeded 1,000 psi. 

Varying End Restraint. Figui-e 17 shows the 
effect of interposing hard rubber and ply­
wood packing, each 0.125 in. thick, between 
the ends of the specimen and the ])latens of the 
testing machine. The tests were made with 
cubes (Fig. 17a) and cylinders (Fig. 17b) made 
f rom the l-to-U^-to-3/0.40 mi.x specified 
above and tested at an age of 32 days. 

Compared with specimens tested between 
steel platens, the load at which the initial de­
crease in wave velocity occuri-ed in the trans­
verse direction was reduced by the rubbei-
packing and increased by the plywood. The 
effect was smaller with cylinders than with 
cubes. 

When cubes were tested with I'ubber pack­
ing, the failure was by two cracks thi'ough the 
center of the cube and approximately parallel 
to the vertical side (Fig. 18). After test the 
rubber showed permanent deformations con­
sistent with the maximum surface stresses 
being in two mutually perpendicular direc-

F i g u r e 18. F a i l u r e s of a c o n c r e t e c u b e w i t h r u b b e r p a c k i n g ( f a c e s i n c o n t a c t w i t h r u b b e r ) . 

I n the axial direction, there was a decrease tions (Fig. 19). The fracture of the cube was 
of wave velocity when the average stress was probably due, therefore, to aggravated lateral 
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expansion of the ends in contact with rubber 
and the development of tensile stresses which 
the concrete could not withstand. A similar 
type of failure occurred with cylinders tested 
with rubber packing; in this case the cracks 

F l f t u r e 19. D e f o r m a t i o n s p r o d u c e d i n r u b b e r p a c l t l n f t . 

count for the concrete withstanding a higher 
load before the initial cracks occurred. 

Shape of Specimens. I t wi l l be seen from 
Figuie 17 that the decrease in wave velocity 
was less for cylinders than cubes. This does 
not necessarily mean that the degree of i)ie-
cracking is less and could be due to a different 
orientation of the cracks with respect to the 
direction of projjagation of the pulse. For ex-
ami)le, whereas in cubes the cracks are parallel 
to the stress-free sides, i t is possible t l ia t the 
initial cracks in the cylinders are radial and, 
therefore, have less effect. 

I t is quite definite, however, that the stress 
at which the precracking occurs is at a higher 
percentage of the ultimate stress for cylinders 
than cubes. This is shown more cleai-ly in a 
summai'v of the I'esults (Table 4). 

Type of Aggregate. The aggregate used in 
the concrete specimens in the pi-eeeding tests 
was |)red()minantlyahard flint river-gravel and 
the failuies occui red either in the mortal i)hase 
or at the coarse-aggregate-mortar interface. A 
further type of concrete was also tested in 
which some failures occurred within the coarse 
aggregate; this concrete contained norma 
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F i f t u r e 20. E f f e c t of t y p e of c o a r s e aftftreftate o n t h e f a i l u r e of c o n c r e t e c u b e s i n c o m p r e s s i o n . ( E a c h r e s u l t i s t h e 
m e a n o f t e s t s o n 6 c u b e s . ) 

were in the i-adial and circumferential direc­
tions. 

The ap])arent low strength of concrete when 
the siiecimens are compressed between lubber-
packing is probably due, therefore, to a non­
uniform stress distribution. Plywood packing, 
on the other hand, is likely to produce a uni­
form compressive stress, particularly while the 
plywood is being compressed. This could ac-

portland cement. Ham River sand and Vobster 
limestone in mix proportions of 1 to Hi to 
3/0.405 by weight. Results f i o m cubes of this 
and the comparable Ham River concrete at an 
age of 32 days are given in Figure 20. 

I t will be seen that the initial cracking oc­
curred at approximately the same load in both 
t.N'pes of concrete though the subsequent 
progress was less rapid in the limestone con-
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Crete. A t failure cubes from the limestone con-
orete showed a well-defined sj'stem of vertical 
cracks such that large flakes could be pulled 
away from the stress-free sides. 

Specimens Tested in Compression, General 
Conclusions. The results show that, in general, 
the ultimate failure of specimens in unaxial 
com|)ression is preceded by internal cracking 
parallel to the direction of loading. The load 
at which this occuis depends on the strength 
(if the concrete and on the uniformit} ' of the 
stress di.strihution, which can, of course, be 
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s t r e s s o n l o n f ^ i t u d i n a l w a v e v e l o c i t y i n a x i a l d i r e c t i o n s . 

affected by cliange of end packing and of shape 
of test ]jiece. 

Specimens Tested in Tension. When c>'lin-
ders were tested in direct tension, there was 
no change in the wave velocity in the trans-
A'er.se direction but significant deci-ea.ses of 
velocity occurred in the direction of stressing-
Figiu'e 21 shows the results obtained with a 
cylinder 18 in. long by 4 in. in diameter. The 
decreases in wave velocity were of the same 
order oi' slightly less than those obtained in the 
transvei'se direction using cylinders imder ini i -
a.xial stress; tlie init ial decrea.scs also occurred 
at appro.ximately the same pei-centage of the 
ultimate load. 

JHscussion of Results. The cracks detected 
by the tiltrasonic technique were alwa>'s in the 
natiu'e of tensile failures. Berg (17) observed 
similar crack formation by the microscoijic 
examination of the surfaces of concrete speci­
mens subjected to compression and bending. 
Hei'e, measurements showed that the micro-
cracks occurred at a lateral strain of 10"'', 
which was also the deformation l imi t of con-
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F i g i u r c 22. E f f e c t o f f r e e z i n g a n d t l i a w l n f t o n d i f f e r e n t 
c o n c r e t e m i x e s . 

Crete in tension. I t was concluded that the 
failure of concrete could be accounted foi' by 
a theory of maximum tensile .strain and was 
inde])en<lent of the type of test. 

The i)roblem comes within the scope of the 
"Theory of Rui)tui-e" derived by A. A. C!rif-
fith {IS) from the solution by Inglis {19) of 
the stress (listi'ibution around an ellii)tical 
hole in a plate. Though the theory is given in 
a two-dimensional form, the general conclu­
sions will ap])ly to three dimensions. I t is 
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shown that "the presence of internal cracks 
can give I'ise to tensile stresses large enough 
for fracture, even when the components of the 
apijlied traction are both compressive, pro-
N-ided that they are unequal." As Orowan (W) 
points out, however, there is one difficulty in 
tl iat the most dangerous cracks in uniaxial 
compression would be those at 45 rieg. to the 
sti'ess, and they should projiagate in their own 
I)lanes. I t is necessary, therefore, to find a 
mechanism which would i)roduce the init ial 
cracks in the direction parallel to the direction 
of compression. One possibility is that, due to 
the different elasticities of the aggregate and 
cement mortar, a shear stress is developed 
across the interfaces which is a maximum for 
tiiose boundaries paiallel to the direction of 
compression. I n supjxirt of this hypothesis, 
recent tests ha\'e shown that no cracks ap])eai' 
in mortar cubes or cylinders at loads equal to 
those causing cracking in t'oncrete containing 
a comparable mortal'. 

This brief discussion wil l ser\-e to indicate 
the complex nature of the compressive test, 
particularly in I'elation to cubes. I t seems cer­
tain that the test provides no fundamental in­
formation and is useful only as a compai-ative 
test, in which form i t was originally designed. 

The nature of precracking is most probably 
governed by the disti'ibution of bond .sti-engths 
between aggregate and mortar throtighout the 
specimen. The mode of preparation of the 
specimens may also affect the results, and for 
long cylinders cast vertically, it is ])o.ssiblc for 
a, iX)or bond to exist between the underside of 
a i)iece of aggregate and tlie mortar. I n direct 
tension, such weak bonds would be exjjected 
to fail early and would cause a I'eduction in the 
wave velocity'. 

EJfect of Frost Action 

Nondestructive methods ai'e i)articularly 
suitable for re])etitive tyjies of test where the 
same sijecimen is studied througliout a se-
cjuence of events. The restdts are also founp to 
be more consistent and reijroduciblc than in 
the more conventional static-strength tests, 
and thus, fewer sjiecimens are i-equii-ed. These 
advantages have led to the use of nondestiuc-
tive methods for studying the effect of frost 
action, and typical results obtained by the 
ultrasonic jnilse technique are given in Figure 
22. Six cubes of each mix were cured normally, 
and a fui'ther six cubes were subjected to fi'eez-

ing-and-thawing cycles. I t wil l be seen that 
the effect of the freezing-and-thawing cycles 
was to give a relati\-e decrease in the longi­
tudinal-wave velocity compared with cubes 
cured normally. During a prolonged thaw, the 
damaged concrete showed a remarkable degree 
of recovery, indicated by the dotted line in 
Figure 22.' 

Each velocity of Figure 22 is the mean of a 
large number of measurements from which a 
detailed study of the local deterioration within 
each cube can be made and which show that 
the deterioi'ation is not uniform. Such detailed 
information is not usually necessary, and other 
types of test, i.e. sonic tests, which give an 
average result have distinct advantages for 
laboratory studies. P. J. F. Wright of the Road 
Research Liiboratory has found that the sonic 
method can be ai)plied for a larger number of 
freezing-and-thawing cycles than the ultra­
sonic method, since in the latter, the ionise is 
considerably attenuated if there is a high de­
gree of erac'king or if the surface becomes 
badly damaged. 

Inversion Effects in High-Alumina Concrete 

I t is well known that if high tem])eratures 
are devcloiied during the setting of concrete 
made with high-alumina cement, detei-ioration 
can result from the chemical inversion pi-ocess 
which occurs. The heat developed ma>' be con­
trolled cither by spraying the conci'ete with 
cold water throughout the hardening or, pref-
eralily, by I'estricting the layer thickness to 
less than 18 in. The Lafarge Aluminous Ce­
ment ('omi)anv, L td . , had studied the tem-
pei'ature rise in 3-ft. and 18-in. cubes, and 
with their collaboration, nondestructive tests 
wei-e made on the same specimens. A 3-in.-
stjuare grid was marked on the cubes and 
measurements woi'e made between directly op­
posite positions, as shown in Figure 23. 

I n most cases the velocity distribution 
aci'oss each i)air of faces was similar and lines 
of equal velocity (or more conveniently- of their 
recijirocal, microseconds per f t . ) coukl be i)lot-
tcd. Such results are given for a 3-ft. cube 
without ' and with cold spray in Figure 24 
(a) and (b) and foi ' an 18-in. cube without and 
with cokl spray in Figure 25 (a) and (b). 

The main observations on these results are: 
1. The initial curing under a cold spray pro-

1 Tli i .^ cube KHve a different d is tr ibut i (m aeniss tlie N - S 
fac<!s due to hav ing been stored w i t h E side us base. 
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/ 

F i g u r e 23. M a k i n g m e a s u r e m e n t s o n a 3 - f t . c u b e o f h i g h - a l u m i n a c o n c r e t e . 

(o) Cured in air undtr locki CE-W (octi only') (,b) Iriliollj cur.d under cold ipro) 

F i g u r e 24. C o n t o u r s of t r a n s m i s s i o n t i m e i n m i r c o s e c o n d s p e r f o o t t h r o u g h 3 - f t . c u b e s of h i g h - a l u m i n a c o n c r e t e . 

duced a decrease in the volume of concrete and 18-in. cubes. Temperature measurements 
affected by the inversion process in the 3-ft. had shown that the effect of the spray was to 
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reduce the duration of maximum temperature 
though not the actual temperature. 

2. The quality of the concrete in the 18-in. 
cubes was superior to that in the 3-ft. cubes, 
particularly near the center. This can be ex­
plained mainly by a reduction in inversion but 
wi th a slight increase in compaction as a con­
tributory cause. 

The results confirm the advice given on the 
placing of high-alumina concrete which re­
stricts the l i f t thickness to less than 18 in. 

(a) Cured in a i r undar ] (b) Init .al lT cured under cold ipraf 

F i g u r e 25. C o n t o u r s o f t r a n s m i s s i o n t i m e i n m i c r o s e c ­
o n d s p e r f o o t t h r o u g h a n 1 8 - l n . c u b e o f h i g h - a l u m i n a 

c o n c r e t e . 
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