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R ~SUM E 

Ces recommandations concernent I 'application des ultra-sons 
la d6terminat ion des propr i6t6s 61astiques, de la r6sistance 

et de I 'homog6n~it6 du b6ton structural ,  ainsi qu'~ la Iocali- 
sation des d~fauts internes, etc. On examine les m6thodes de 
mesure de la vitesse de propagat ion et I ' inf luence des condit ions 
d'essai sur la pr6cision des mesures. On attend de ces recom- 
mandations qu'el les ent ra inent  une mei l leure normal isat ion des 
techniques de mesure. On expose les diff icult~s d ' in terpr6ta-  
t ion associ6es ~ la d6terminat ion des propr i~t~s ~lastiques et 
de la r~sistance ~ par t i r  des mesures sur chant ier ;  des m6thodes 
sont recommand~es pour  ven i r  ~ bout  de ces difficult6s. 

SUMMARY 

These recommendations deal with the application of the ultra- 
sonic pulse method to derive the elastic properties, strength and 
homogeneity of structural concrete, and for locating internal 
defects, etc. 

Methods of measuring the pulse velocity, and the influence of 
test conditions on the accuracy of the measurements are discussed. 
Recommendations are made which it is hoped will lead to better 

�9 standardization of measuring techniques. 
Interpretational difficulties associated with the derivation of 

elastic properties and strength from in-situ measurements of pulse 
velocity a're given, and methods are recommended for overcoming 
these difficulties. 

I. I N T R O D U C T I O N  

These recommendations deal with the non-des- 
tructive testing of concrete and reinforced concrete 
test specimens, precast components and structures 
by the ultrasonic pulse method. 

The objects of the ultrasonic pulse method are to 
establish: 

a) the dynamic modulus of elasticity and the Pois- 
son's ratio of the concrete, 

b) the compressive strength of the concrete, 

c) the homogeneity of the concrete, 
d) changes in the concrete properties caused by 

time, corrosion, wear etc. 
e) defects in the concrete. 

The above method can be applied: 

a) at factories making precast concrete, 

b) at building sites, 

c) to test structures in use, 

d) in research work. 
The application of the ultrasonic pulse method 

is based on the correlation between the elastic pro- 
perties or concrete strength and the propagation 
velocity of the onset of a pulse Of ultrasonic longitu- 
dinal waves (in future this will be called simply--  
pulse velocity). Measurements of the pulse atte- 
nuation are not yet considered to be precise enough 
to include in these recommendations, although the 
usefulness of approximate comparative measurements 
of pulse amplitude is indicated later for defectoscopy 
(w 9). 

2. BASIC PRINCIPLES OF THE NIETHOD 

A pulse of longitudinal vibrations is produced by 
an electro-acoustical transducer which is held in 
contact with one surface of the concrete member  
under test. After traversing a known path length 
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(L) in the c o n c r e t e  the pu l se  of v ibra t ions  is c o n v e r t e d  
into an e lec t r i ca l  s ignal  b y  a s e c o n d  e lec t ro -acous t ica l  
t r ansducer ,  and  e lec t ron ic  t iming circuit  e n a b l e  the 
t ransi t  t ime T of the pu l se  to b e  m e a s u r e d .  The 
pu l se  ve loc i ty  (v) is g iven  by :  

v -- L/T ( i )  

A pu l se  of v ibra t ions  of ul t rasonic f r e q u e n c y  is 
u s e d  for two reasons :  

a) to g ive  a pu l se  with a s h a r p  onset  

b) to g e n e r a t e  max imum e n e r g y  in the d i rec t ion  
of p r o p a g a t i o n  of the pulse .  

2,1 .  C o u p l i n g  t h e  p u l s e  i n t o  t h e  c o n c r e t e  

T h e r e  a r e  two ways  of mak ing  the m e a s u r e m e n t s :  

a) b y  d i r ec t  t ransmiss ion  th rough  the concre te ,  
h e r e  the t r a n s d u c e r s  a r e  h e l d  on oppos i t e  faces of 
the m e m b e r  u n d e r  test  (fig. 1). 
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FIG. t. - -  Direct transmission of  ultrasonic 
pulse through concrete (TX = emitter, TR = receiver). 

b) p r o p a g a t i o n  a long  the surface  (fig. 2) is u sed  
when  only one  face of the conc re t e  is access ib le .  
In this conf igura t ion  the t r a n s d u c e r s  a r e  less  effi- 
cient  than for 2.1. (a) b e c a u s e  the max imum e n e r g y  
of the pu l se  is b e i n g  d i r e c t e d  into the concre te .  
This me thod  will not g ive  information about  w e a k e r  
conc re t e  which m a y  b e  b e l o w  a s t r o n g e r  surface  
layer .  
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Concrete 

FIe.  2. - -  Propagation of ultrasonic pulse along a surface 
(TX = emitter, TR1 = receiver at position 1, TR2 = receiver 
at position 2 etc . ) .  

It is essent ia l  that t he re  b e  a d e q u a t e  acoust ica l  
coup l ing  b e t w e e n  the c o n c r e t e  and  the face of each  
t r ansducer .  F o r  most  c o n c r e t e  sur faces  met  with 
in bu i ld ing  construct ions,  p r e c a s t  units, etc. the 
finish is usual ly  sufficiently smooth  to ensu re  g o o d  
acoust ica l  contact  b y  the  use  of a coupl ing  m e d i u m  

and  b y  p r e s s i n g  the t r a n s d u c e r  aga ins t  the conc re t e  
surface .  Typica l  couplan t s  a r e  Solidol,  technical  
vase l ine ,  l iquid soap  and  k a o l i n / g l y c e r o l  paste .  
W h e n  the conc re t e  sur face  is v e r y  r o u g h  and  uneven  
it is n e c e s s a r y  to smooth  a n d  l eve l  an a r e a  of the sur-  
face w h e r e  the t r a n s d u c e r  is to b e  fixed�9 

3. M E A S U R I N G  T H E  P U L S E  V E L O C I T Y  
I N  C O N C R E T E  

It will b e  s e e n  f rom equa t ion  (1) that the pu lse  
ve loc i ty  is d e r i v e d  f rom m e a s u r e m e n t s  of the path  
l eng th  (L) and  the t ransi t  t ime  (T) in the  conc re t e  

3.1.  M e a s u r e m e n t  o f  p a t h  l e n g t h  

In most  s t ructura l  units the pa th  l e n g t h  can b e  
m e a s u r e d  easi ly;  the a c c u r a c y  of m e a s u r e m e n t  
shou ld  a lways  b e  b e t t e r  than • 1 % .  

3.2 .  M e a s u r e m e n t  o f  t r a n s i t  t i m e  

The m e a s u r i n g  a p p a r a t u s  is d i s c u s s e d  in Section 10. 
Two ways  have  b e e n  s u g g e s t e d  and  a re  in use  for 
m e a s u r e m e n t  of the transi t  t ime:  

a) The r e c e i v e d  pu l se  is amp l i f i ed  to the max imum 
p o s s i b l e  level ,  l imi ted  usua l ly  only  b y  the a p p e a r -  
ance  of noise  on the t ime -base  t race  of the osci l los-  
c o p e  display.  The onse t  of the  pu l se  is taken  to 
b e  the point  of t angen t  of the s ignal  cu rve  with the 
initial horizontal  t ime -base  line, and  this point  is 
i nd i ca t ed  b y  A in f igure  3. 

A 

/ 

FIG. 3. - -  Oscilloscope display for m a x i m u m  
amplitude measuring technique. 

b) The r e c e i v e d  pu l se  is ampl i f i ed  to a f ixed half- 
ampl i t ude  of one  q u a r t e r  to o n e  th i rd  of the v i s ib le  
he igh t  of the ca thode  r ay  tube  m e a s u r e d  at the first 
q u a r t e r  cyc le  (fig. 4). The onse t  of the pu l se  is 
t aken  to be  the s l ightes t  ve r t i c a l  d i s p l a c e m e n t  i.e. 
about  0.5 m m  which  is p e r c e p t i b l e  b y  eye ,  the poin t  
of m e a s u r e m e n t  is i nd i ca t ed  b y  B in f igure  4. 

The accu racy  of t ime m e a s u r e m e n t  b y  e i ther  
t echn ique  should  b e  be t t e r  than • 2 %. It was n o t e d  
e a r l i e r  that the pa th  length  can b e  m e a s u r e d  to b e t t e r  
than -4- 1 % .  If the transi t  t ime  can b e  m e a s u r e d  
to an accu racy  of • 2 %, the  p u l s e  ve loc i ty  m e a s u r e d  
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FIG. 4. - -  Oscilloscope display for fixed 
amplitude measuring technique. 

at a s ing le  poin t  is ob ta inab le  to an a c c u r a c y  of about  
4- 3 %. As is shown in equat ion  (2) be low,  the elast ic  

modulus  va r ies  as the s q u a r e  of the pu l se  velocity,  
so that the accu racy  of m e a s u r e m e n t  of the modulus  
at a s ingle  posi t ion of the t r a n s d u c e r s  is about  -4- 6 %. 

The ' pu lse  ve loc i ty  ' m e a s u r e d  b y  the two tech-  
n iques  will only  b e  ident ica l  when  the pu l se  onse t  
is pe r fec t ly  s h a r p  (i.e. a r ight-angle) ,  and, as the 
start  of the pu l se  b e c o m e s  m o r e  rounded ,  T2 (fig. 4) 
will tend  to b e c o m e  g r e a t e r  than T 1 (fig. 3). 

The first t echn ique  p r o v i d e s  a pu l se  ve loc i ty  (vm) 
which  is a c lose  app rox ima t ion  to the ve loc i ty  
of longi tudinal  w a v e s  in bulk  media ,  and  is r e l a t ed  
to the elastic constants  b y  the equat ion:  

vm - T1 - ( 1 + 8 )  (1--28)  (2) 

w h e r e  E and 8 a r e ' t h e  dynamic  Young ' s  Modulus  
and  dynamic  Poisson ' s  ratio of the concre te ,  and  

is the densi ty .  

If the ob jec t  is to obtain the .elastic p r o p e r t i e s  of 
the concre te  then the first t echn ique  should  b e  used .  
The m e a s u r e d  pu l se  ve loc i ty  p r o v i d e s  a fairly relia~ 
b l e  m e a s u r e  of ~ when  the pu l se  onset  is sha rp  and  
wel l -def ined .  T h e r e  is inev i tab ly  some  r o u n d i n g  
of the  pu lse  onse t  as it p a s s e s  t h rough  the concre te ,  
e spec ia l ly  p o o r  qual i ty  conc re t e  or  a long a s l e n d e r  
section,  and a lack of p r e c i s i o n  in def in ing  the pu l se  
inset  will l e ad  to e r r o r s  in the es t imat ion of ~. 

The s e c o n d  technique,  e spec i a l l y  the use  of a 
f ixed  signal  ampl i tude ,  p r o v i d e s  m o r e  c o m p a r a b l e  
condi t ions of m e a s u r e m e n t  i r r e s p e c t i v e  of the pa th  
l eng th  or  qual i ty  of the concre te .  The pu l se  ve loc i ty  
(v:,) m e a s u r e d  b y  this t echn ique  is almost  a lways  
less  than the pu l se  veloci ty  m e a s u r e d  b y  the first 
technique,  and  it is t he re fo re  less  wel l  c o r r e l a t e d  
with the elast ic  constants  of the concre te .  The de-  
viat ion b e t w e e n  the pu l se  ve loc i ty  at f ixed s ignal  
ampl i tude  and  at max imum ampl i tude  tends  to in- 
c r e a s e  as the pu l se  onset  b e c o m e s  m o r e  r o u n d e d  
a n d  d i f ferences  of up  to 5 % have  b e e n  o b s e r v e d  
at 60 kHz and  pa th  lengths  of 100 to 150 mm; the 
d i s c r e p a n c i e s  t end  to i nc rea se  at l o w e r  f r equenc ie s  
but  d e c r e a s e  with i n c r e a s e  of pa th  length  and  fre-  
quency .  The pu l se  ve loc i ty  at f ixed ampl i tude  is 
m o r e  sensi t ive to changes  in the qual i ty  of the c o n c r e t e  
than is ~ b e c a u s e  of the influence of the quali ty of the 
conc re t e  on the s h a p e  of the pulse .  Pu lse-ve loc i ty  
m e a s u r e m e n t s  b y  the s e c o n d  t echn ique  a r e  u s e d  in 
s e v e r a l  countr ies  for tes t ing in-situ concre te ,  e s p e -  
cial ly to assess  its s t rength.  

v v 
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4. I N F L U E N C E  OF TEST C O N D I T I O N S  
ON M E A S U R E M E N T  OF PULSE V E L O C I T Y  

The ob jec t  of the  m e t h o d  is to p r o v i d e  a me asu r -  
e m e n t  of pu l se  ve loc i ty  b y  e i the r  of the t echniques  
d e s c r i b e d  in 3.2 a b o v e  which  is r e p r o d u c i b l e  and  
which  d e p e n d s  only  on the p r o p e r t i e s  of the conc re t e  
u n d e r  test. It is t h e r e f o r e  essent ia l  to examine  test- 
condi t ions which  of t he mse lve s  could  p r o d u c e  
c h a n g e s  of pu l se  ve loc i ty  i r r e s p e c t i v e  of changes  
in the p r o p e r t i e s  of the concre te .  

4.1. Sur face  c o n d i t i o n s  

The d e g r e e  of smoo thnes s  r e q u i r e d  for the conc re t e  
sur face  and  the  coup l ing  condi t ions  b e t w e e n  the 
t r a n d u c e r  and  c o n c r e t e  have  b e e n  d i s c u s s e d  in 
Section 2.1. It is a lso de s i r a b l e ,  when  poss ib le ,  
to avo id  w o r k i n g  with the  t r a n s d u c e r s  in contact  
with the u n m o u l d e d  o r  cas t ing  surface  of the conc re t e  
b e c a u s e  the p r o p e r t i e s  of the conc re t e  n e a r  this 
sur face  a r e  not n e c e s s a r i l y  r e p r e s e n t a t i v e  of the 
r e m a i n d e r  of the conc re t e .  If it is n e c e s s a r y  to work  
on this sur face  then  it is d e s i r a b l e  to m e a s u r e  o v e r  
a l o n g e r  pa th  l eng th  than wou ld  normal ly  b e  used.  
A min imum pa th  l eng th  of 150 m m  is r e c o m m e n d e d  
for d i rec t  t r ansmiss ion  (2.1.a) involv ing  one  unmould-  
e d  sur face  and  a min imum of 400 m m  for the sur face  
t ype  of p r o p a g a t i o n  (2.1.b) a long an unmou lded  
surface.  

4.2, A m b i e n t  t e m p e r a t u r e  

Variat ions of the ambien t  t e m p e r a t u r e  b e t w e e n  5 
and  30 ~ have  b e e n  found to cause  no significant 
change  in the  m e a s u r e d  pu l se  ve loc i ty  in concre te .  
At h ighe r  and  l o w e r  t e m p e r a t u r e s  changes  in pu lse  
ve loc i ty  in a i r - d r i e d  and  wa te r - s a tu r a t ed  conc re t e  
have  b e e n  o b s e r v e d ,  and  s u g g e s t e d  co r rec t ions  to 
the m e a s u r e d  pu l se  ve loc i ty  a r e  g iven  in Table  I. 
Cor rec t ions  for t e m p e r a t u r e s  a b o v e  30 ~ may  b e  
ob t a ined  b y  l inear  in te rpo la t ion  of the va lues  quo t ed  
at 40 ~ and  60 ~ The resul ts  g iven  in Table  I 
a r e  b a s e d  on tests  on one  t y p e  of conc re t e  m a d e  
with normal  Por t l and  cement ,  and  a re  t he re fo re  of 
a tentat ive nature .  

TABLE I. - -  Co r r ec t i ons  to pu l se  veloci ty  
a r i s ing  f rom c h a n g e s  in t e m p e r a t u r e  

Temperature ~ 

+ 60 
+ 40 
+ 20 

0 
U n d e r - - 4  

Correction (%) 

Air-dried 
concrete 

+ 5  
+ 2  

0 
- - 0 . 5  
- - 1 . 5  

Water-saturated 
concrete 

-4-4 
-4- 1.7 

0 
- - 1  
- -7 .5  

The r educ t ion  in p u l s e  ve loc i ty  at 40~ and  60 ~ 
is l ike ly  to b e  c a u s e d  b y  in ternal  mic roc rackJng  
within the concre te .  T h e r e  is no c o r r e s p o n d i n g  
reduc t ion  in c o m p r e s s i v e  s t r eng th  at these  t e m p e -  
ra tures ,  and  the c o r r e c t i o n s  g iven  in Table  I can b e  
u s e d  in co r re l a t ions  b e t w e e n  pu l se  ve loc i ty  and  
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c o m p r e s s i v e  s t r eng th  . ( see  l a te r  w 6.2) on c o n c r e t e  
t e s t e d  at h i g h e r  t e m p e r a t u r e s .  It is not known 
w h e t h e r  the tens i le  p r o p e r t i e s  of the conc re t e  re -  
main  unaffec ted  at the h i g h e r  t e m p e r a t u r e s  and  the 
co r r ec t ions  in Table  I m a y  not b e  just i f ied in c o r r e -  
lations b e t w e e n  pu l se  ve loc i ty  and  f lexural  s t rength.  

The i n c r e a s e  in pu l se  ve loc i ty  at t e m p e r a t u r e s  
b e l o w  f reez ing  is the resul t  of the wa te r  f r eez ing  
within the concre te .  The co r r ec t ions  in Table  I 
for  the t e m p e r a t u r e  r a n g e  of u n d e r  - -  4 ~ a p p l y  to 
c o n c r e t e  which is in a f rozen condit ion.  They  do  not 
n e c e s s a r i l y  a p p l y  to conc re t e  which is s u b j e c t e d  to 
f r eeze - thaw condi t ions  b e c a u s e  any  d a m a g e  sus ta ined  
b y  the conc re t e  will b e  m o r e  a p p a r e n t  in the t h a w e d  
than in the  f rozen condi t ion.  

4.3. Path Length,  Shape of Spec imen  
and Natural Frequency  of Transducers  

m u m  pa th  length  a n d  the c h o i c e  of t r a n s d u c e r  na tura l  
f r e q u e n c y  for va r ious  pa th  l e n g t h s  and  t r a n s v e r s e  
d imens ions .  These  r e c o m m e n d a t i o n s  a r e  b a s e d  
mainly  on prac t ica l  e x p e r i e n c e ,  and  may  n e e d  to 
b e  modi f i ed  in the  l ight  of fu tu re  k n o w l e d g e .  

4.3.1. Minimum r e c o m m e n d e d  path length. It is 
d e s i r a b l e  to m e a s u r e  o v e r  a pa th  length  which is 
sufficiently long to avo id  the s o - c a l l e d  ' n e a r - f i e l d '  
of the t r ansduce r s ,  and  also l o n g  e n o u g h  not to b e  
s ignif icant ly in f luenced  b y  the h e t e r o g e n e o u s  na ture  
of the  concre te .  The la t te r  is the m o r e  important ,  
and  the fol lowing min imum p a t h  lengths  a r e  r ecom-  
m e n d e d : -  

I00 mm for c o n c r e t e  in w h i c h  the ma x imum size 
is less  than 30 mm, 

150 m m  for c o n c r e t e  in w h i c h  ma x imum a g g r e g  ate 
size is less  than 45 mm. 

T h e r e  a r e  still d i f ferent  opin ions  as to w h e t h e r  
the m e a s u r e d  pu l se  ve loc i ty  is in f luenced  b y  chan ge s  
in pa th  length,  o r  changes  in the natural  f r e q u e n c y  
of the t r ansducer .  F r o m  o the r  s tudies  it can b e  
i n f e r r e d  that the ve loc i ty  ~ of cont inuous longi tudinal  
w a v e s  in mass  conc re t e  is not s ignif icant ly in f luenced  
b y  changes  in pa th  length  o r  the f r e q u e n c y  of the 
v ibra t ions .  In the  p r o p a g a t i o n  of a longi tudina l  
pu l se  in mass  concre te ,  the  h i g h e r  f r e q u e n c y  compo-  
nents  a r e  a t t enua ted  m o r e  than the l o w e r  f r e q u e n c y  
componen t s ,  and  the s h a p e  of  the onset  of the  pu l se  
changes ,  b e c o m i n g  m o r e  r o u n d e d  at g r e a t e r  dis-  
tances.  Deviat ions in pu l se  ve loc i ty  with d i s tance  
o r  with natura l  f r e q u e n c y  ( b e t w e e n  20 kHz and  
200 kHz) a r i se  f rom difficulties of def in ing  accu ra t e ly  
the  onse t  of the pulse .  The devia t ions  a r e  usual ly  
small  and  a re  invar ian t ly  less  than ~ 2 % for var ia -  
t ions of d i s tance  and  natura l  f r e q u e n c y  when  the 
p u l s e  ve loc i ty  is m e a s u r e d  b y  e i ther  the t echn ique  
d e s c r i b e d  in Section 3.2.(a) o r  in 3.2.(b). 

W h e n  cont inuous longi tudinal  waves  t rave l  a long  
s p e c i m e n s  of thin sec t ion  i.e. b a r s  o r  pla tes ,  the w a v e s  
b e c o m e  d i s p e r s i v e  and  a l a r g e  n u m b e r  of m o d e s  
of p r o p a g a t i o n  a r e  p o s s i b l e  in which the ve loc i ty  
is a different  function of the w a v e l e n g t h  of the v ibra-  
tions in re la t ion  to the  th ickness  o f  the p la te  or  c ross-  
sec t ion  d imens ion  of the  bar .  These  d i s p e r s i v e  
re la t ions  for cont inuous w a v e s  cannot  b e  a p p l i e d  
d i r ec t l y  to pu l se  p r o p a g a t i o n  but  t hey  do  indicate  
that different  f r e q u e n c y  componen t s  of the pu l se  
onse t  will t rave l  with di f ferent  ve loci t ies  (i.e. less  
than ct), and  will cause  the  p u l s e  to b e c o m e  m o r e  and  
m o r e  i l l -def ined  as it t rave ls  a long  the pla te  o r  bar .  
Ult imately,  the initial pu l se  loses  its ident i ty  and  at 
l a r g e  pa th  lengths  the  m e a s u r e d  pu l se  ve loc i ty  m a y  
a p p r o a c h  the ve loc i ty  of longi tudina l  w a v e s  in infi- 
n i te ly  long  p la tes  o r  ba r s ;  t he se  a r e  l ike ly  to have  
m a x i m u m  devia t ions  b e l o w  ~ of 16 and  22 % r e s p e c -  
t ive ly  when  the Po isson ' s  ratio of the conc re t e  is 0.35. 
As the  m e a s u r e d  pu l se  ve loc i ty  m a y  lie a n y w h e r e  
b e t w e e n  a and  these  limits, d e p e n d i n g  upon  the 
t r a n s v e r s e  d imens ions  of spec imen ,  the longi tudinal  
pa th  length,  the natura l  f r e q u e n c y  of t r ansduce r s ,  
the  amplif icat ion and  f r e q u e n c y  r e s p o n s e  of appa ra tu s  
etc., it is r e c o m m e n d e d  that m e a s u r e m e n t s  a long  thin 
sec t ions  b e  m a d e  b y  r e s o n a n c e  o r  o the r  cont inuous  
w a v e  techniques .  

In o r d e r  to m a k e  these  r e c o m m e n d a t i o n s  of p r a c -  
tical value,  the fol lowing p a r a g r a p h s ,  4.3.1 and  4.3.2, 
s u g g e s t  l imitations which a r e  d e s i r a b l e  in the  mini- 

4.3.2. Choice of  transducer natural f requency for 
different path lengths and minimum transversal di- 
mensions. G u i d a n c e  is g i v e n  in Table  II be low.  
It will b e  seen  that a r e c o m m e n d e d  min imum f r e q u e n c y  
is quo t ed  in column 2, and  the min imum t r a nsv e r se  
d imens ion  in co lumn 3; t r a n s d u c e r s  with h i g h e r  
f r equenc ies  up to about  200 kHz can be  u s e d  with 
a d v a n t a g e  e spe c i a l l y  on s h o r t e r - p a t h  lengths  up  
to 500 m m  to obta in  a s h a r p e r  p u l s e  onset,  p r o v i d e d  
the appa ra tus  is d e s i g n e d  for thei r  u s e .  

TABLE II 

Path length 

(mm) 

100-700 
200-1 500 
> 1 500 

Natural 
Frequency of 

Transducer 
(kHz) 

> 60 
4O 

/> 20 

Minimum trans- 
verse dimensions 

of members 
(mm) 

70 
150 
300 

4.4. Effect of Re inforc ing  Bars 

The pu lse  ve loc i ty  m e a s u r e d  in  r e i n fo r c e d  c o n c r e t e  
in the vicinity of r e in fo rc ing  b a r s  is often h i g h e r  
than in plain c o n c r e t e  of t h e  s a m e  composi t ion.  
This is b e c a u s e  the  pu l se  v e l o c i t y  in s tee l  is 1.2 to 
1.9 t imes the ve loc i ty  in pla in  conc re t e  and,  u n d e r  
ce r t a in  condit ions,  the  first p u l s e  to a r r ive  at the 
r e c e i v i n g  t r a n s d u c e r  t r ave l s  p a r t l y  in conc re t e  and  
pa r t l y  in steel.  The a p p a r e r l t  i n c r e a s e  in pu l se  
ve loc i ty  d e p e n d s ,  u p o n  the p r o x i m i t y  of the measu-  
r e m e n t s  to the r e in fo rc ing  ba r ,  the  d imens ions  and  
n u m b e r  of the r e in fo rc ing  b a r s ,  the i r  or ienta t ion  
with r e s p e c t  to the p r o p a g a t i o n  path,  and  the pu l se  
ve loc i ty  in the s u r r o u n d i n g  c o n c r e t e .  

4.4.1. Axis of  reinforcing b a r  perpendicular to 
direction of propagation. The max imum inf luence 
of the p r e s e n c e  of the  r e i n f o r c i n g  b a r s  can b e  calcu-  
lated,  assuming  that the  p u l s e  t r a v e r s e s  the full 
d i a m e t e r  of each  b a r  d u r i n g  i ts  path.  If t he re  a r e  
n different  ba r s  of d i a m e t e r  Qi (i = I to n) d i r ec t ly  
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a) Reinforcing bars perpendicular to direction of propagation. 
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b) Reinforcing bar parallel to test surface. 
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c) Reinforcing bar parallel to direction of propagation. 

F I G .  5.  - -  M e a s u r e m e n t s  o n  r e i n f o r c e d  c o n c r e t e .  

in the path of the pulse, with their axes at right 
angles  to the path of p ropaga t ion  (see fig .5): 

(3) 
v (i L s v ~  

LvJ 

where  v is the pulse velocity in the re inforced con- 
crete i.e. the m e a s u r e d  pulse  velocity 

v c is the pulse velocity in the plain concrete  

v ,  is the pulse  velocity in the steel 

L is the to ta l 'path  length 

L~ = f Q~ is the path length through steel 
z 

Values of v~ are g iven  in Table III for different 
v 

amounts of steel in three  types of concre te  which 
could p robab ly  be  rated as ve ry  poor, fair and 
ve ry  good materials. 

TABLE III. - - I n f l u e n c e  of steel re in forcement  - -  
line of m e a s u r e m e n t  p e r p e n d i c u l a r  to axis of bar  

L~/L 

1/12 
1/8 
1/6 
I/4 
1/3 
1/2 

v~ = pulse velocity in concrete 
v measured pulse velocity 

very poor qua- 
lity 

vc = 3 000 m/s 

0.96 
0.94 
0.92 
0.88 
0.83 
0.75 

fair quality 
vc = 4000m/s 

0.97 
0.96 
0.94 
0.92 
0.89 
0.83 

very good 
quality 

v~ = 5 000 m/s 

0.99 
0.98 
0.97 
0.96 
0.94 
0.92" 

In pract ice,  v~ is l ikely to b e  slightly h igher  than 
v 

the values  g iven  in Table  III because  of misa l ignment  
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of the re in forc ing  ba r s  and  b e c a u s e  only  a small  
fraction of the pu l se  e n e r g y  will t r a v e r s e  the full 
d i a m e t e r  of each  bar .  

4.4.2. Axis  o f  bar  parallel to direction of  propa-  
gation. If the e d g e  of the  b a r  is l oca ted  at a d i s tance  
' a ' f rom the line jo in ing  the n e a r e s t  points  of the 
two t r ansduce r s ,  and  the pa th  length  b e t w e e n  trans- 
d u c e r s  is L, then  the t ransi t  t ime T in e i the r  of the 
conf igurat ions  of f igures  5b o r  5c i s : - -  

for 

-- 1 fV2-~-- W 2 
T= L + 2 e l /  ~ 

V~ V Vs Vc 

V 
_ 

a 1 v s- v~ 

g < ?  v~+v~ 

There  is no inf luence of the  s tee l  when  

a 1 ]/v~v__ r 
-s > ~ , v v s + v c  

The difficulty of a p p l y i n g  equa t ion  (4) l ies in dec id -  
ing  on the ve loc i ty  (vs) of p r o p a g a t i o n  of the  pu l se  
a long  the s teel  bar .  P ropaga t i on  of the pu l se  is 
in f luenced  b y  g e o m e t r i c a l  d i s p e r s i o n  and  the dis-  
cuss ion in Section 4.3 is appos i te .  The va lue  for v~ 
is thus l ike ly  to b e  b e t w e e n  about  6,000 m / s  (i.e. 
the  ~ ve loc i ty  in the s teel)  a n d  5,200 m / s  (i.e. the b a r  
ve loc i ty  in the steel).  A m e a s u r e  of this veloci ty  
can often b e  o b t a i n e d  b y  p r o p a g a t i n g  a long  the axis 
of the e m b e d d e d  bar ,  and  mak ing  a l lowance  for any  
conc re t e  c o v e r  at e i the r  end.  

Cor rec t ions  to the  m e a s u r e d  pu l se  ve loc i ty  in 
the  d i r ec t ion  pa ra l l e l  to the r e in fo r cemen t  a r e  g iven  
in Table  IV. This tab le  also indica tes  that, for ba r s  
which span  most  of the sect ion,  the la te ra l  d i sp la -  
c emen t  of the l ine of m e a s u r e m e n t  from the axis ot 
the b a r  will usual ly  b e  of the o r d e r  of 0.2 to 0.25 L 
b e f o r e  the inf luence of the s tee l  b e c o m e s  neg l ig ib le .  

TABLE IV. - -  Inf luence of s tee l  r e in fo rcemen t  - -  
l ine on m e a s u r e m e n t s  pa ra l l e l  to axis of b a r  

0 
1/2o 
1/15 
1/10 
t / 7  
1/5 
1 / 4  

True pulse velocity in concrete vc 
Measured pulse velocity in concrete v 

V c V e V c Vc 
- - =  0 .90 - - =  0 .80  - - =  0.71 - - =  0.60 
V~ V s Vs V~ 

0.90 
0.94 
0.96 
0.99 
1.00 
1.00 
1.00 

0.80 
0.86 
0.88 
0.92 
0.97 
1.00 
1.00 

0.71 
0.78 
0.80 
0.85 
0.91 
0.99 
1.00 

0.60 
0.68 
0.7t 
0.76 
0.83 
0.92 
1.00 

but  it may  b e c o m e  i m p o s s i b l e  to m a k e  any r e l i ab l e  
co r rec t ions  for m o r e  c o m p l i c a t e d  heav i ly  r e in fo rced  
concre te .  

5. DETERNIINATION OF D Y N A M I C  MODULUS 

OF ELASTICITY A N D  DYNI%MIC 

POISSON'S RATIO OF C O N C R E T E  

As d i s cus sed  in Section 3.2, a m e a s u r e m e n t  of 
pu l se  veloci ty  at m a x i m u m  s igna l  ampl i tude  p r o v i d e s  
a g o o d  a pp rox ima t ion  to the  ve loc i ty  of longi tudinal  
w a v e s  in mass  c o n c r e t e  p r o v i d e d  the res t r i c t ions  
g i v e n  in Section 4.3.2 a r e  o b s e r v e d .  The dynamic  
Young ' s  modulus  (E) of the c o n c r e t e  can b e  d e t e r -  
m i n e d  from this pu l se  ve loc i ty  (%,) and  the dynamic  
Poisson ' s  ratio (3) b y  the fo l lowing  relat ion:  

E = (1 + 3) (1--2 3) P v~ = f(3) p v~ (5) 
(I--3) 

The dynamic  Po isson ' s  rat io of c o n c r e t e  o v e r  14 days  
o ld  containing na tura l  r i ve r  g r a v e l s  is usual ly  about  
0.25 but  var ia t ions  within the  r a n g e  of 0.2 to 0.35 
have  b e e n  r e p o r t e d  for c o n c r e t e  conta ining o the r  
t y p e s  of a g g r e g a t e .  O v e r  this r a n g e  of var ia t ion  
the factor f(3) in equa t ion  (5) va r i e s  from 0.90 to 0.63, 
and  it is c lea r ly  d e s i r a b l e  to h a v e  an i n d e p e n d e n t  
m e a s u r e  of the dyna mic  Po i s son ' s  ratio for the par t i -  
cu lar  t ype  of c o n c r e t e  u n d e r  test.  

The dynamic  Poisson ' s  ratio is o b t a i n e d  from me asu r -  
ements  on conc re t e  t e s t - b e a m s  of the pu lse  ve loc i ty  
v,, a long  the length  1 of the b e a m  and  the fundamenta l  
r e sonan t  f r e q u e n c y  n of the  b e a m  in longi tudina l  
m o d e  of v ibra t ion  (*). F r o m  these  m e a s u r e m e n t s  
the factor f(3) is ca lcu la ted  b y  the relat ion:  

f(3) (2nl)2 = - (6) 
(V,,,) 2 

The value of 3 may be derived from f(~) by table V. 

TABLE V. - -  Relat ion b e t w e e n  3 a n d  f(3) 

f(~) 

0 0 
0.05 0.995 
0.10 0.975 
0.15 0.950 
0.18 0.922 
0.20 0.900 
0.22 0.877 
0.25 0.833 
0.27 0.800 
0.30 0.742 
0.32 0.698 
0.35 0.625 
0.37 0.666 
0.40 0.467 
0.45 0.264 

4.4.3. Two-way  reinforcement .  Steel re inforce-  
ment  in two o r  m o r e  d i r ec t ions  compl ica tes  the  inter-  
p re ta t ion  of pu l se  ve loc i ty  measu remen t s .  C o r r e c -  
t ions b a s e d  on Tab les  III a n d  IV may  b e  ca lcu la ted  
for s imple  we l l -de f ined  sys tems  of r e in fo rcemen t  

(*) Details for this measurement a re  given in. the appro- 
priate standard i.e. Recommendations of R.I.L.E.M. Working 
Group on Non-Destructive Testing of Concrete for Resonance 
Testing or in certain national s tandard specifications. 
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6. ESTIMATION OF COMPRESSIVE 
STRENGTH OF CONCRETE 

The concre te  compress ive  s t rength  (R) may be  
d e t e r m i n e d  from pulse  velocity ei ther  by: 

a) graphical  correla t ions  b e t w e e n  v and  R obta ined  
on test spec imens  or by  

b) known  analytical  correlat ions b e t w e e n  v and  R. 
In general ,  me thod  6a gives more  rel iable  results 

than method  6b. 

The pulse  veloci ty may be  m e a s u r e d  ei ther  at 
fixed ampli tude (i.e. v = vj.) or at maximum ampl i tude  
(i.e. v = vm) p r o v i d e d  one or the other is used  
consistent ly to test the s t ructure  and  the test-speci- 
mens.  The correla t ions  b e t w e e n  R a n d  v~ and  R 
and  v;, will be  different, and  it seems likely that the 
former  will be  more  sensi t ive to changes  in R. 

6.1. Preparation of correlation be tween  pulse  
ve loc i ty  and c o m p r e s s i v e  strength 

from tes t - spec imens  

To obtain the graphical  correlat ions r e fe r red  to 
in 6a requ i res  a min imum of 30 tes t -specimens having  
the same d i m e n s i o n s . ,  An ave rage  value of pulse  
velocity and  s t rength  is obta ined  on a set of three  
spec imens  sub jec ted  to identical  test conditions. 
Variations of s t rength  and  pulse  velocity r e q u i r e d  
for the corre la t ion are in t roduced  by  a l ter ing the 
amount  of water  or the d e g r e e  of compact ion in each 
other set of three  specimens .  All the other  character-  
istics of the concre te  (i.e. amount  and  type of cement,  
amount,  type and  g rad ing  of aggrega te ,  additives) 
the method of prepara t ion ,  the cur ing  condit ions and  
age of test must  be  the same as in the c o r r e s p o n d i n g  
precas t  unit or  s t ructure  for which the in-situ s t rength  
is requi red .  

The transit time of the ultrasonic pulse  is m e a s u r e d  
across the tes t - spec imen in a direct ion pe rpend i cu l a r  
to the casting di rect ion of the concre te  in the mould.  
There  should be  at least three posit ions of measur -  
ement  spaced  b e t w e e n  the top Land bottom of the 
tes t -specimen but  not in the ne ighbou rhood  (within 
20 mm) of the u n m o u l d e d  (top) surface. The varia- 
tion b e t w e e n  the m e a s u r e d  transit times (on s ingle  
test spec imen)  should be  within • 5 % of the m e a n  
value, otherwise the tes t -specimen should be  rejected.  

The mean  pulse  velocity and  m e a n  s t rength  ob-  
ta ined from each set of three  similar tes t -specimens 
p rov ides  the exper imenta l  data to construct  the 
graphical  corre la t ion curve  be tween ,  v and  R. The 
co-ordinates  of this curve  are d e t e r m i n e d  by  any  
Standard curve  fitting p rocedure ,  and  for an accept-  
able  correla t ion curve  90 % of the exper imenta l  
points should lie within 4- 12 % of the s t rength  at 
the m e a s u r e d  value of pulse  velocity. 

6.2. Use of analytical  correlations 

It is often poss ib le  to fit an  analytical express ion  
to the correlat ion curve  and  the following have b e e n  
employed :  

R = av ~ 

R = a e  b" 

R = a v  2 + b y  + c 

v 

R. J O N E S  - -  h F A C A O A R U  

Once an analytical corre la t ion has b e e n  found for 
a part icular  type of concre te  by  the method  of Sec- 
tion 6.1., subsequen t  checks r equ i re  only a few 
test-specimens.  If no tes t -specimens  are available 
and  the composi t ion is unknown,  it is possible  to 
p rov ide  an estimate of the s t rength  by  assuming an 
analytical formula and  obta in ing the constants from 
tests on cores  cut from the structure.  

Estimates of the s t rength  can be  ob ta ined  for in- 
situ concre te  us ing  analytical relations in the follow- 
ing c i rcumstances  : - -  

a) W h e n  the composi t ion of the in-situ concre te  
is known and  there  are  at least three  r emain ing  test- 
spec imens  of the same age  as the s t ructure  or alter- 
nat ively at least th ree  cores  can be  cut from the 
structure. 

b) W h e n  the composi t ion of the concre te  is known 
and there  are no r ema in ing  tes t -specimens of the 
original  concre te  but  mater ia ls  are available to make 
at least th ree  n e w  tes t -specimens.  

c) W h e n  the composi t ion of the concre te  is un- 
known but  at least th ree  cores from the structure 
are available. 

d) W h e n  only the composi t ion of the concre te  
is known. 

In gene ra l  the est imate of s t rength obta ined  by  
correlat ion 6.2(a) is m o r e  rel iable  than 6.2(b) which 
in turn is more  re l iable  than 6.2(c) or 6.2(d). The 
accuracy of the corre la t ion  6.2(c) may be  improved  
by  first mak ing  a homogene i ty  su rvey  of the struc- 
tural concre te  (see later); if it is relat ively homoge-  
neous, results from three  cores are  ave raged ;  if 
there  are  wide variat ions in pulse velocity, g roups  
of there cores  are  *aken at two or more  values of 
pulse  velocity. 

7. HOMOGENEITY OF CONCRETE 

Inhomogenei t ies  in the concre te  within a s tructure 
cause variations in pulse  velocity which in turn are 
re la ted to variat ions in strength.  Measurements  
of pulse  velocity p r o v i d e  a means  of s tudying the 
homogenei ty ,  and, in such measurements ,  a system 
of me a su r i ng  points  must  be  chosen which covers  
uniformly the whole vo lume of concre te  in the struc- 
ture. The spac ing  b e t w e e n  individual  test p o i n t s  
d e p e n d s  upon  the size of the structure,  the accuracy 
requi red ,  and  the variabi l i ty  of the concrete.  In a 
la rge  s t ructure  of fairly uniform concrete,  testing at 
the corners  of a 1 - -m  gr id  is often adequate  but  on 
small units or  var iab le  concre te  a finer gr id  may be  
necessary .  

The coefficient of variat ions (Cv) of s t rength in 
the s t ructure  may be  def ined  as: 

C ~ = ~___~R (7)  
Ro  

where  ZR is the s t anda rd  deviat ion and  R o is the 
mean  value of the compress ive  s t rengths  obta ined  
from the m e a s u r e d  pulse  veloci t ies . ,  

A useful approx imat ion  for Cv which c a n b e  d e r i v e d  
direct ly from the m e a s u r e d  pulse  velocities is: 

C v = 4 ~_.__~ (8) 
V~ 
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w h e r e  zo is the s t a n d a r d  dev ia t ion  of the  m e a s u r e d  
va lues  of pu lse  ve loc i ty  and  Vo is the mean  value.  

C ,  in equat ions  (7) or  (8) is a function of the pa th  
length  b e c a u s e  of var ia t ions  p r o d u c e d  b y  d i f fe rences  
in the d is t r ibut ion  of c o a r s e  a g g r e g a t e .  It is l ike ly  
that the  inf luence of a g g r e g a t e  d is t r ibut ion  can b e  
n e g l e c t e d  when  the pa th  length  is g r e a t e r  than 400 m m  
for m a x i m u m  d imens ions  of the  a g g r e g a t e  of 20-30 mm 

8. F O L L O W I N G  CHKNGES 

IN THE PROPERTIES  OF C O N C R E T E  

Changes  occu r r i ng  in the p r o p e r t i e s  of conc re t e  
with t ime e i ther  c a u s e d  b y  the h a r d e n i n g . p r o c e s s ,  
b y  the inf luence of an a g g r e s s i v e  env i ronmen t  o r  
b y  o v e r l o a d i n g  a re  d e t e r m i n e d  b y  r e p e a t e d  mea su r -  
emen t s  of pu l se  veloci ty.  Changes  in pu l se  ve loc i ty  
a r e  indica t ive  of changes  in s t r eng th  and  they  have  
an a d v a n t a g e  in that the s ame  test  p i e c e  is r e t a ined  
th roughout  the invest igat ion.  

Pulse ve loc i ty  m e a s u r e m e n t s  a r e  pa r t i cu la r ly  useful 
for fol lowing the h a r d e n i n g  p r o c e s s ,  e spec ia l ly  
d u r i n g  the first 36 hours .  Here,  r a p i d  change s  in 
pu l se  ve loc i ty  a r e  a s soc ia t ed  with phys i co -chemica l  
c hanges  in the cemen t  s t ructure ,  and  it is d e s i r a b l e  
to m a k e  m e a s u r e m e n t s  e v e r y  hour  or  two. As the 
conc re t e  ha rdens ,  the in terva ls  b e t w e e n  tests m a y  
b e  l e n g t h e n e d  to one d a y  at ages  of 8 to 14 days  and  
e v e n  l o n g e r  if fur ther  tests a r e  r e q u i r e d .  The 
pu l se  ve loc i ty  in Por t l and-cemen t  c o n c r e t e  i nc r ea se s  
v e r y  s lowly  b e y o n d  an a g e  of about  28 days  and  
s t r eng th  prediction b e c o m e s  m o r e  i m p r e c i s e  than 
at e a r l i e r  ages .  

A g g r e s s i v e  at tack o r  d a m a g e  to c o n c r e t e  b y  freez-  
ing and  thawing or  chemica l  act ion causes  a r educ -  
tion in pu l se  veloci ty.  P r o g r e s s i v e  de t e r io ra t i on  
can b e  fo l lowed b y  mak ing  repe t i t ive  pu l se  ve loc i ty  
m e asu remen t s ,  p r e f e r a b l y  ac ross  the  d i r ec t ion  of 
the t e s t -p iece  w h e r e  t h e r e  is the h ighes t  ratio of 
e x p o s e d  surface  to th ickness  d imens ion  and  w h e r e  
the changes  a re  l ike ly  to b e  most  m a r k e d .  Such 
tests a r e  pa r t i cu la r ly  useful  for fol lowing the de te -  
r iora t ion  of s t ructural  conc re t e  or  for tes t ing s p e c i m e n s  
in o r d e r  to co r re l a t e  them with the in-situ concre te .  
Al though  the ul t rasonic  p u l s e  m e a s u r e m e n t s  can 
also b e  a p p l i e d  to s p e c i m e n s  u s e d  in p u r e l y  labora-  
tory  invest igat ions,  t he re  a r e  dist inct  a d v a n t a g e s  
in us ing  f lexural  r e s o n a n c e  tests  w h e r e  poss ib le .  

9. D E F E C T O S C O P Y  

The use  of the u l t rasonic  pu l se  t echn ique  for locat- 
ing  flaws, vo ids  o r  o the r  defec ts  in conc re t e  is b a s e d  
on the neg l ig ib l e  t ransmiss ion  of u l t rasonic  e n e r g y  
ac ross  a conc re t e -a i r  interface.  Thus any  air- f i l led 
c rack  o r  vo id  ly ing  i m m e d i a t e l y  b e t w e e n  two trans-  
d u c e r s  will obs t ruc t  the d i r ec t  u l t rasonic  b e a m  when  
its p r o j e c t e d  a r e a  is g r e a t e r  than the a r e a  of the 
t r ansduce r s .  W h e n  this h a p p e n s  the  first pu l se  
to a r r i ve  at the r e c e i v i n g  t r a n s d u c e r  will b e  di f f racted 
a r o u n d  the  p e r i p h e r y  of the  de fec t  and  the t ransi t  
t ime will b e  l o n g e r  than in h o m o g e n e o u s  concre te .  
A p a r t  f rom the a p p a r e n t  d e c r e a s e  in pu l se  ve loc i ty  
the ampl i tude  of the r e c e i v e d  pu l se  is usual ly  less  
than in h o m o g e n e o u s  conc re t e  and  the d e c r e a s e  
is most  m a r k e d  for t r a n s d u c e r s  which p r o d u c e  a 
we l l -de f ined  b e a m  i.e. those  hav ing  a h igh  resonan t  
f r e q u e n c y  and  l a r g e  cross-sec t ion .  

9.1. D e t e c t i n g  l a r g e  v o i d s  or c a v i t i e s  

Large  voids  o r  cavi t ies  c a n  b e  d e t e c t e d  when 
thei r  p r o j e c t e d  a r e a  at r ight  a n g l e s  to the path  of 
p r o p a g a t i o n  is sufficiently e x t e n s i v e  to g ive  a s igni-  
ficant change  in the p u l s e  t ransi t  t ime re la t ive  
to the transit  t ime in h o m o g e n e o u s  concre te .  The 
min imum change  in p u l s e  t ime  for  voids  of the 
same  p r o j e c t e d  a r e a  occu r s  vchen the vo id  is mid-  
way  b e t w e e n  the t r a n s d u c e r s  and  it can b e  shown 
that: 

T d = T h f o r a  ~ d  (9) 

T__~d = ~/1 + (a--d)2  for a > d (10) 
T h L 2 

w h e r e  a is the min imum t r a n s v e r s a l  d imens ion  of 
the p r o j e c t e d  a r e a  of the de fec t  and  d is the d i a m e t e r  
of the t r a n s d u c e r  

T d is the transit  t ime a c r o s s  t h e  cen t r e  of the defect  

T~ is the transit  t ime in h o m o g e n e o u s  concre te .  

It will b e  s een  f rom equa t ion  (10) that ove r  a path-  
length  of 300 mm it wou ld  r e q u i r e  a cavi ty with a 
min imum t r a nsve r se  d i m e n s i o n  of  150 mm to p r o d u c e  
an i n c r e a s e  of t ransi t  t ime of 10 % when  us ing trans- 
d u c e r s  with a d i a m e t e r  of 25 rnm. 

Equat ion (9) r e p r e s e n t s  c a s e s  w h e r e  the p r o j e c t e d  
a r e a  is smal le r  than the d i a m e t e r  of the t r ansducer ,  
and  indica tes  that vo ids  of this type cannot  b e  de tec t ed .  
One such void  is a long  cy l ind r i ca l  cavi ty  with its 
axis a long  or  ac ross  the d i r e c t i o n  of p r o p a g a t i o n  and 
its d i a m e t e r  sma l l e r  than that o f  the t ransducer �9  

9.2. E s t i m a t i n g  the  d e p t h  o f  a sur face  c r a c k  

It is somet imes  r e q u i r e d  to es t imate  the dep th  
of a c rack  which is v i s ib le  at the sur face  of a conc re t e  
s t ructure .  An es t imate  of c r a c k  d e p t h  is ob ta ined  
b y  c o m p a r i n g  the t ransi t  t imes  ac ross  the c rack  
and  in n e a r b y  h o m o g e n e o u s  c o n c r e t e  from trans- 
d u c e r s  a p p l i e d  to the c o n c r e t e  sur face  at the same 
d is tance  apart .  If the  c r ack  is s p a c e d  m i d w a y  be t -  
w e e n  the t r a n s d u c e r s  the  c r ack  d e p t h  (c) is ob ta ined  
as follows : - -  

c = b V ~ - - I  (11) 

w h e r e  T~ is the t ransi t  t ime a c r o s s  the c rack  

T[ is the transi t  t ime a l o n g  the sur face  of the 
s ame  type  c o n c r e t e  without defects  

c is the d e p t h  of the c r a c k  

b is the d i s t ance  of the n e a r e s t  poin t  of the 
act ive a r e a  of the  t r a n s d u c e r  from the 
crack.  

The d e p t h  of c racks  will b e  u n d e r e s t i m a t e d  when 
they  b e c o m e  b r i d g e d  b y  s o l i d  mate r ia l  or  filled 
with wa te r  b e c a u s e  t r ansmis s ion  of the ul t rasonic 
pu l se  then occurs .  

9,3. T h i c k n e s s  o f  d a m a g e d  l a y e r s  

The thickness  of a d a m a g e d  su r face  l a y e r  of s truc-  
tural  conc re t e  can b e  e s t i m a t e d  f rom ul trasonic 
m e a s u r e m e n t s  of t ransi t  t imes  a long  the surface.  
The t ransmit t ing t r a n s d u c e r  is usua l ly  h e l d  in a f ixed 
posi t ion and  the r e c e i v e r  m o v e d  a long  the surface  
b y  f ixed inc remen t s  of d i s tance .  W h e n  the t rans-  

282 



R. JONES - -  I. FAC.~ ,OARU 

d u c e r s  a r e  n e a r  t oge the r  the pu l se  "travels t h rough  
the d a m a g e d  conc re t e  and  the s l o p e  of the e x p e r i -  
menta l  l ine re la t ing  d i s tance  of s epa ra t i on  of t rans-  
d u c e r s  (as ord ina te )  to the transi t  t ime (as abscissa)  
g ives  the pu l se  veloci ty  in this sur face  layer .  Beyond  
a cer ta in  d i s tance  of separa t ion ,  the first pu l se  to 
a r r i ve  is r e f r ac t ed  a long  the sur face  of the u n d e r -  
ly ing  u n d a m a g e d  c o n c r e t e  and  s u b s e q u e n t  e x p e r i -  
menta l  points  lie on a l ine whose  s l o p e  g ives  the 
pu l se  ve loc i ty  in the u n d a m a g e d  concre te .  The 
d i s tance  x o at which  the c h a n g e  of s lope  occurs  
t oge the r  with the m e a s u r e d  pu l se  ve loc i t ies  in the 
d a m a g e d  and  u n d a m a g e d  c o n c r e t e e n a b l e s  an est i-  
mate of the th ickness  of the d a m a g e d  l aye r  to b e  
found as follows: 

xo l i v e - -  vd (12) 
= 2 [ v ,  + v~ 

w h e r e  v~ is the pu l se  ve loc i ty  in the d a m a g e d  con- 
c r e t e  

-v~ is the pu l se  ve loc i ty  in the u n d e r l y i n g  
sound  conc re t e  

is the th ickness  of the l a y e r  of d a m a g e d  
concre te .  

This a b o v e  m e t h o d  is a p p l i c a b l e  to ex tens ive  sur-  
face a r e a s  of fair ly uniform th ickness  of d a m a g e d  
concre te .  Leca l i s ed  a r e a s  of d a m a g e d  o r  honey-  
c o m b e d  c o n c r e t e  a r e  more.,  difficult to test, but  it 
is p o s s i b l e  to d e r i v e  an a p p r o x i m a t e  th ickness  of 
such loca l i sed  p o o r  qual i ty  mate r ia l  if both  d i rec t  
t ransmiss ion  and  sur face  p r o p a g a t i o n  m e a s u r e m e n t s  
a re  made .  The th ickness  m a y  b e  ca lcu la ted  as fol- 
lows :-- 

T 1 \ 

= L ~ - -  (13) 

w h e r e  L is the pa th  length  t h rough  the th ickness  of 
the t e s t -p iece  at r ight  ang l e s  to the sur face  conta inihg 
a r e a s  of d a m a g e d  o r  h o n e y c o m b e d  concre te .  

T,  is the  transi t  t ime m e a s u r e d  th rough  a sect ion 
( thickness L) of u n d a m a g e d  conc re t e  

T is the transi t  t ime m e a s u r e d  th rough  a sect ion 
( th ickness  L) conta ining a th ickness  8 of d a m a g e d  
conc re t e  

v. is the pu l se  ve loc i ty  in s o u n d  conc re t e  v. = 

v d is the  pu l se  ve loc i ty  in d a m a g e d  conc re t e  for 
which  an es t imate  is o b t a i n e d  f rom surface  p r o p a g a t -  
ion m e a s u r e m e n t s  on an a r e a  of d a m a g e d  or  honey-  
c o m b e d  mater ia l .  

10. THE MEASURING APPARATUS 

10.1, The  e l e c t r o n i c  a p p a r a t u s  

The e lec t ronic  a p p a r a t u s  for tes t ing conc re t e  b y  
the ul t rasonic  pu l se  m e t h o d  should  have  the fol lowing 
charac ter i s t ics :  

a) It should  b e  c a p a b l e  of m e a s u r i n g  transit  t imes  
to an accu racy  of within 4- 1 %  o v e r  a r a n g e  of 
20 m i c r o s e c o n d s  to 1 mi l l i second  (or l o n g e r  if pa th  
l eng th  g r e a t e r  than 4 m a r e  to b e  tes ted) .  

b) the e lec t ron ic  exci ta t ion pu l se  a p p l i e d  to the  
ransmit t ing  t r a n s d u c e r  shou ld  h a v e  a r i se  t ime of 

t 

not g r e a t e r  than one  q u a r t e r  of its natura l  pe r iod .  
This is to e n s u r e  a s h a r p  pu l se  onset,  and  is e spec ia l ly  
impor tant  w h e n  m e t h o d  3 . 2 . ( a ) i s  u s e d  for the mea-  
su remen t  of ~. 

c) the p u l s e  r epe t i t i on  f r e q u e n c y  should  b e  low 
enough  to e n s u r e  that the onse t  of the r e c e i v e d  s ignal  
in small  c o n c r e t e  t e s t - s p e c i m e n s  is f ree  from inter-  
f e rence  b y  r e v e r b e r a t i o n s  p r o d u c e d  within the 
p r e c e d i n g  w o r k i n g  cycle .  

d) The r e c e i v e r  ampl i f i e r  should  have  an u p p e r  
f r equency  r e s p o n s e  of at least  five t imes the natural  
f r e q u e n c y  of the  t r ansduce r s .  Some at tenuat ion 
at low f r e q u e n c i e s  is p e r m i s s i b l e  as a means  of im- 
p r o v i n g  s ignal - to-noise  ratio, but  a fiat r e s p o n s e  
should  b e  ma in t a ined  d o w n  to about  one-fifth of the 
natural  f r e q u e n c y  of the  t r ansduce r s .  

The ga in  of the ampl i f i e r  should  b e  as l a rge  as 
poss ib l e  cons is ten t  with a h igh  s ignal - to-noise  ratio, 
p e a k  l imit ing is, p e r m i s s i b l e .  

The re  shou ld  b e  no a t t empt  to i m p r o v e  the s ignal-  
to-noise rat io or.  ar t i f icial ly s h a r p e n  the r e c e i v e d  
signal  b y  ad jus t ing  the t h re sho ld  r e s p o n s e  of the 
ampli f ier  (i.e. no ' g r a s scu t t i ng  '). 

e) To e n s u r e  that t ransi t  t imes  a r e  m e a s u r e d  cor-  
rec t ly  the r e c e i v e d  s ignal  should  b e  d i s p l a y e d  for 
m e a s u r e m e n t  on a c a thode  r ay  osc i l loscope .  

f) The a p p a r a t u s  shou ld  have  a sys tem for check ing  
the a c c u r a c y  of t ime m e a s u r e m e n t  e i ther  b y  internal  
or  ex te rna l  r e l i ab l e  e l ec t ron ic  cal ibrat ion,  or  b y  the 
use  of s tab le  s t a n d a r d  p r i sms  with accura te ly  known 
pulse  t rave l  t imes. 

g) The a p p a r a t u s  shou ld  maintain its p e r f o r m a n c e  
ove r  an a mb ie n t  t e m p e r a t u r e  r ange  of - - l 0  ~ to 
§ 45 ~ at a re la t ive  humid i ty  of up to at least  90 % 
and for var ia t ions  in s u p p l y  vo l tage  of • 10 %. 

10.2, T h e  t r a n s d u c e r s  

10.2.1. Natura! Frequency .  The two t ransducers  in 
use  to any  one  t ime usual ly  have  natural  f r equenc ie s  
which a r e  a p p r o x i m a t e l y  matched .  The natural  
f r e q u e n c y  of the  t r a n s d u c e r s  is usual ly  within the  
r ange  of 20-200 kHz, and  the choice  d e p e n d s  upon  
factors which  w e r e  d i s c u s s e d  e a r l i e r  in Section 4 
of these  r e c o m m e n d a t i o n s .  F r e q u e n c i e s  h ighe r  than 
200 kHz a r e  some t imes  u s e d  but  only r a r e l y  b e c a u s e  
the  r a n g e  of m e a s u r e m e n t  is' r e s t r i c t ed  b y  the increas -  
e d  a t tenuat ion in the  conc re t e .  

I0.2.2. Transducer  materials .  F e r r o - e l e c t r i c  ma- 
ter ia ls  a r e  usua l ly  e m p l o y e d  in the t r ansduce r s  
b e c a u s e  of  the i r  h igh  sensi t iv i ty  and  h igh  internal  
capac i tance .  Detai ls  of spec i f ic  mater ia l s  a r e  avail-  
ab le  f rom the va r ious  manufac turers ,  and,  in this 
r a p id ly  d e v e l o p i n g  field, n e w e r  i m p r o v e d  mater ia l s  
a r e  a lways  b e c o m i n g  ava i lab le .  The mater ia l s  a r e  
p o l a r i s e d  d u r i n g  manufac tu re  and  it should  b e  no ted  
that the sens i t iv i ty  will b e  d e s t r o y e d  if the t e m p e -  
ra ture  e x c e e d s  a va lue  spec i f i ed  b y  the manufac tu re r  
for each  mater ia l :  this t e m p e r a t u r e  is usual ly  in 
excess  of 100 ~ 

F e r r o - e l e c t r i c  ma te r i a l s  o p e r a t e  in a s imilar  way  
to p i ezo -e l ec t r i c  c rys ta l s  and  an e lec t r ica l  c h a r g e  
a p p l i e d  b e t w e e n  the p o l a r i s e d  faces p r o d u c e s  a 
c o r r e s p o n d i n g  me c ha n i c a l  d i sp lacement .  To p ro -  
duce  an u l t rasonic  p u l s e  of usab le  ampl i tude  from 
these  ma te r i a l s  it is usua l ly  n e c e s s a r y  to a p p l y  a 
vo l t age  p u l s e  of 1 000 volts  peak .  The natural  
f r e q u e n c y  of the  s a m p l e  d e p e n d s  u p o n  its d imens ions  
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and  its e last ic  p r o p e r t i e s ;  in the  case  of a disc  the  
r e l evan t  d imens ion  is its th ickness  a l though in thin 
discs  na tura l  f r equenc ie s  of o the r  m o d e s  somet imes  
p r e d o m i n a t e ,  e spec ia l ly  after  the s ignal  p a s s e s  th rough  
concre te .  

Magneto-s t r ic t ive  mater ia l s  a r e  also u s e d  in t rans-  
d u c e r s  e s p e c i a l l y  at f r equenc ie s  u n d e r  50 kHz w h e r e  
they  a r e  r e l a t ive ly  efficient. They  a re  less  in f luenced  
b y  t e m p e r a t u r e  and  a r e  m o r e  robus t  than fe r ro-  
e lec t r ic  o r  p iezo-e lec t r i c  mater ia ls .  The be s t  known 
magne to - s t r i c t i ve  mate r ia l s  a r e  n ickel  and  some  of 
its al loys,  also cer ta in  ferr i tes .  To obta in  the ul tra-  
sonic  p u l s e  the mate r ia l  is p o l a r i z e d  b y  a magne t i c  
field o b t a i n e d  e i ther  f rom a p e r m a n e n t  m a g n e t  o r  
a coil  c a r r y i n g  a constant  cur rent ,  and  a p u l s e d  m a g n e -  
tic f ield is g e n e r a t e d  b y  a c o i i  c a r r y i n g  a p u l s e d  cur-  
rent.  These  t r a n s d u c e r s  o p e r a t e  at a much  h i g h e r  
cu r ren t  a n d  l o w e r  vo l tage  than f e r ro -e l ec t r i c  t rans-  
d u c e r s  and  a re  not d i r e c t l y  i n t e r c h a n g e a b l e  with 
them. 

10.2.3. Assembly  of ferro-electric type materials. 
The t r a n s d u c e r  ma te r i a l  is usual ly  in the  form of a 
disc  with meta l  coa t ed  c i rcu la r  faces. The disc  is 
m o u n t e d  on a meta l  d i a p h r a g m  and  s u r r o u n d e d  b y  
a metal  case  for p ro t ec t ion  and  e lec t r ica l  sh ie ld ing.  
It is impor tan t  that the disc b e  as c lose ly  c o u p l e d  
acoust ica l ly  to the d i a p h r a g m  as is poss ib le .  In 
s o m e  cases  a d h e s i v e  is u s e d  but  e x p e r i e n c e  s u g g e s t s  
that this b o n d  m a y  d e t e r i o r a t e  in  t ime e spec i a l l y  
if the t r a n s d u c e r  is sub jec t  to r o u g h  usage .  Ano the r  
m e t h o d  is to at tach one  face of the t r a n s d u c e r  disc  
to the d i a p h r a g m  b y  a couplant  and  to s p r i n g - l o a d  
the back  face. Sil icone g r e a s e  is one of the most  
s table  couplants  for this p u r p o s e  a l though c o m m e r c -  
ial vase l ine ,  or  oil can also b e  used .  Rough usage  
or  de t e r i o r a t i on  of the p r o p e r t i e s  of the couplant  
causes  a loss of overa l l  sensi t ivi ty  of the t r ansduce r s ,  
and  it is d e s i r a b l e  to have  a s i m p l e w a y  of c h e c k i n g  
the overa l l  p e r f o r m a n c e  of the  t r a n s d u c e r  sys tem:  
one  such  m e t h o d  is to m e a s u r e  the ampl i tude  of the 
r e c e i v e d  s ignal  when  the two t r a n s d u c e r s  a r e  he ld  
at a f ixed d i s tance  of s epa ra t i on  in air. Loss of p e r -  
fo rmance  can  i nva r i ab ly  b e  t r a c e d  to p o o r  coupl ing  
within one  t r ansduce r ;  the  r e m e d y  is to c lean  the 
face of the disc  and  the ins ide  of the d i a p h r a g m  tho- 
rough ly  and  r e n e w  the couplant ,  

It should  b e  no ted  that the t r a n s d u c e r  ma te r i a l  
is p o l a r i s e d  in one  di rect ion,  and  in some  cases  the 

sensi t ivi ty  of the t r a n s d u c e r  is h i g h e r  if the t r a n s d u c e r  
is moun te d  in this d i rec t ion .  It is thus d e s i r a b l e  to 
check  w he the r  a c h a n g e  in the  or ientat ion of the two 
t r a n s d u c e r  d iscs  causes  any  substant ia l  change  in 
sensit ivity.  It shou ld  also b e  no ted  that chang ing  
the po la r i ty  of one  d isc  only  will cause  the phase  of 
the r e c e i v e d  s ignal  to c h a n g e  b y  1800 . 

10.2.4. Assembly  of magneto-strictive transducers. 
T h e r e  a r e  s e ve ra l  t y p e s  of magne to - s t r i c t ive  assem-  
b l ies  p r o d u c e d  b y  dif ferent  manufac tu re r s  for use  
as t r ansducers .  It shou ld  n e v e r  b e  n e c e s s a r y  to 
r e a s s e m b l e  the t r a n s d u c e r  af ter  it is r e c e i v e d  from 
the manufac turer .  

10.2.5. Inherent time delay in the transducers. 
T h e r e  is a small  but  s ignif icant  t ime d e l a y  b e t w e e n  
the e lec t r ica l  shock exci ta t ion  a p p l i e d  to the t rans-  
mit t ing t r a n s d u c e r  and  the e lec t r i ca l  s ignal  at the 
r e c e i v i n g  t r a n s d u c e r  when  the  two t r ansduce r s  a r e  
h e l d  in contact. Par t  of this d e l a y  (i.e. the ' sys tem-  
d e l a y  ') a r i ses  d u r i n g  t r ansmis s ion  of the mechanica l  
pu l se  th rough  the two meta l  d i a p h r a g m s  and  cou- 
plant,  and  most  of the  r e m a i n d e r  occurs  within the 
t r a n s d u c e r  material .  In p r a c t i c e  it is convenien t  
to use  the initial e l ec t r i ca l  s h o c k  as r e f e r e n c e  mark  
for m e a s u r e m e n t s  in c o n c r e t e  spec imens ,  and  it 
is t he r e fo re  n e c e s s a r y  to sub t r ac t  the sys tem d e l a y  
f rom these  m e a s u r e m e n t s  to ob ta in  the transit  t ime 
th rough  the concre te .  

The s imples t  m e t h o d  of m e a s u r i n g  sys tem d e l a y  
is to m e a s u r e  it d i r ec t l y  w h e n  the two t r ansduce r s  
a r e  h e l d  in contact.  This is not  a lways  easy  to do 
in p rac t i ce  b e c a u s e  it is of ten difficult to p r o d u c e  
a c lean  sha rp  reference m a r k  f rom the shock excit-  
at ion pulse ,  and  any e l ec t r i ca l  b r e a k t h r o u g h  from 
this pu l se  makes  accu ra t e  m e a s u r e m e n t s  difficult 
when  the sys tem d e l a y  is t yp i ca l ly  of the o r d e r  of 
one  mic rosecond .  An  a l t e rna t ive  m e t h o d  is to 
make  u n c o r r e c t e d  t ime m e a s u r e m e n t s  th rough  dif- 
fe rent  l e n g t h s  of metal  cut f rom the same  s u p p l y  
and  to d e d u c e  the sy s t em d e l a y  f rom the results .  
Using bil lets  of b r a s s  of length,  I00, 200 a n d  300 m m  
b y  100 mm d i a m e t e r  the sy s t em d e l a y  can b e  d e d u c e d  
to an accu racy  of b e t t e r  than -4- 0.2 mic roseconds ,  
p r o v i d e d  a d a m p i n g  mate r i a l  such  as plastice_ne is 
w r a p p e d  a round  the cy l ind r i ca l  sur faces  to r e d u c e  
r e v e r b e r a t i o n .  
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