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S. K. Kaushik, Lathika Jaisingh and M. P. Jaisingh

The article presents results of a laboratory tnvestigation can -
ried ot on 1300 concrete cube specimens using nllrasonic
pulse velocity teclutique. The investigations were carried oul
toestablish correlations between ultrasonic pulse velocity and
compressive strengtl for both undamaged concrele and con-
crete damaged by chemnical attack.

The ullrasonic pulse velocity method is one of the reliable and
time-tested methods of non-destructive lesting. This tech-
nique hasbeenapplied for the evaluation of the properticsand
quality of concrete. Research in liboratary consists of testing:
small-sized specimens mainly rclating the pulse velocity with
strength and elastic modulus of concrete for assessing the
durability of concrete oritsresistance to damage inapgressive
environiments, studies on setting and hardening of concrete
elc. Studies in the field have been mostly conducted to assess
the quality of concrete, for estimating deterioration of concrete
and for detection of cracks in concrete. It has been established
by various investigators that the pulse velocity measurements
in concrete are influenced by a number of parameters. The
lype of ceiment used, type of aggregate, addition of admix-
tures, waler/cement ratio, aggregate cement ralio, age at test,
moisture condition of concrete, smoothuess of surlace under
test, honeycombing in concrete, pulse travel distance, and
presence of reinforcing steel are soime factors which influence
the pulse velocity readings. For the correct assessmient of the
quality of concrete the influence of some of theee paameters
was studied indetail ina faboratory and the paper desaibes
the results of the investigation. When concrete gets damaged
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ductochemicataction, its micro-structure undergoes changes,
alfecting the travel of ultrasonic pulses through it. Correla-
fions between pulse velocity and compressive strength estab-
lished for undamaged concrete may not be applicable to
concrete that has undergone deterioration. Hence, investiga-
tions were also carried out to establish correlation between
ultrasonic pulse velocily and compressive strength for un-
damaged conerele and conerete affecled by chemical attack.

Experimental work

Test specimens

Effect of honeycombing

Well compacted and honeycombed cubes of 15-cim size were
cast from concrete mix 1:2:4 by weight with a water cement
ralio ol 185, Fine apgregate used was naturat sand known as
Badarpur cand having a fineness medulus of 2.96. The coarse
aparegate was well graded rounded gravel of 20 mm maxi-
mum size. Well compacted cubes were consolidated on a
vibration table. Tor this study honey-combed cubes were
prepared by incomplele compaction. The moulds were filled
with concrete and the top of concrete just levelled. The extent
of compaction achicved was due to the pressure of levelling
aperation and sell weight of concrete.

Effect of cracks '

Artiticial cracks wereintroduced in the beam while casting, to
ctindy the effect of cracks on polae veloddty readings, The
bueams were cast with the same mix proportion of concrete
explained above and the details of the beams are shown in
Tz 1. Beam 2 had a single crack, 6 cm deep and 2 mim wide at
the centre of the beam. Beam 3 had three cracks, 6 cm deep
and 2 mmowide, andbeamd had a crack having 40.8 an depth.
The cross sectional size of all the beams was 105 x 155 cm. In
brams 2 and 2, the cracks were introduced while casting, with
the helpof 2 nun thick pieces of Clsheel The oiled GUI sheet
pieces were keptin preplanned crack positions while casting.
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Fig 1 Posilions of probes on cracked beams for measurement
of path length and crack depth

A day after casting, the G.I. sheet pie'ces were removed. In
beam 4 the crack was introduced by filling sawvdust at mid
depth ol the beany while casting. Concrete was placed, coimn-
pacted and levelled upto mid depth of the mould. At oneend
of the mould a polythene sheet of 40.8 cin length and 10.5 cm
width was laid over the concrete. Then a layer of sawdust,
about 1 cm thick, was put on this sheet. Over this laver of
sawdust, another sheet of polythene of 40.8 x 10.5 cmsize was
again laid. The concrete was now poured and the mould
completely filled and levelled. After curing the specimen the

sawdust filling was removed with a handsaw. When re-

Table 1: Materials and mix pmporhon for specin

l)r_su_\-uulmu Aoy Ty Cement .Cuu.l, Conge
e fricness aggrexile
muh(llu
11 12306 are AR Crushed
12 T | ore a3 Crushed
1 RV e RE] Crushed
1.4 1- 442 oirc 34 Crushed
21 1137 ¢6 ore 19 Crushed
22 1 e 19 Crushed
2% 1:1'/2:3 e 19 Crusched
21 1:1-2 0Ic 1.9 Crushed
31 1:3:6 orc 34 Matural
32 1 2 4 olIC 34 Natural
33 21203 ¢ 34 Matural
3.4 l t122 oI1c Ad Natural
ER| 1:3:6 orc 1.9 Natural
42 1:24 orc 19 Natural
43 111213 oI 19 Natural ®
4.4 140 %2 orc 1.9 Natural
51 1:3.6 rec RE| Crushed
S2 1:2:4 rec R Crushed
51 1:1'72:3 e 3 Crushed
S.4 1:1:2 rec 34 Crushed
61 1:3:6 rec 19 Crushed
62 Y209 rerc 19 Crushed
63 1:1'72:2 e 19 Crushed
64 1:1:2 c 19 Crushed
71 1-3:6 Irrc 34 Natural
72 1:2:4 rrc 34 Natural
73 ! e 31 Natural
7 e a4 Natural
81 rec 19 Natueaf
82 e 19 Natural
81 rec 19 Natural
A "¢ 19 Natural

moved, the sawdust packing gavea well designed arack
beam.

Effect of path length

Beams of cross sectional size 10.5 x 15.5 cmand length 31
and 94 con were cast and from these specimens path leng
105, 155, 31.5, 63 and 94 cm were available for study.
concrete for all the specimens was mixed at one time in i
mixer. T he specimens were removed [rom the mould 48
after casting. 'this much time was given, as casting was d
in cold weather. The specimens were then immersed in wa
for curing. After 28 days they were removed from water
then allowed to dry under room temperature till testing.

Etffect of corrosion

1,300 conarete evbes of size 15 < 15015 cnwere cast with fo
ditferent conciete mixes Le. 100, 1:2:, 14 /P and Lk 1:2 (
ment: sand: coarse aggregale) by volume with water cen
ratio of 0.55. Two types of cement, that is, ordinary Port
cement {O1I'C) and Porlland pozzolana cement (I'1°Q),
types of sand i.e. coarse sand and fine sand having finen
modulus of 34 and 1.9 respectively and two types of co
aggrepates, that is, crushed aggiegate and natural aggregal
having linencss modulus of 673 and 6.77 respectively w
used far making concrete for the test cubes. The materials an
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Fig 2 Positions of probes on a pair of opposite faces ofa 15 ¢cm
tube

- mix proportions for the concrete test speciimens are given in
Table 1.

Thirty six cubes were cast in each setand cured underwater
lor28days. Out of each set 0f 36 cubes, 6 cubes were subjected
lo non-destructive and destructive tests at 28 days. Twelve
tubes were immersed in saturated solution of ammonium
sulphate and six cubes in saturated solution of urea. Remain-
ing twelve cubes were kept untreated, to be tested along with
Irealed cubes. Although it is preferable to test the specimens
“exposed to chemicals for a long period, it is not practicable to
prolong the investigation to such a long duration. tlence, in
Ihe present study the process of corrosion was accelerated by
subjecting the cubes to alternate cycles of iimmersion in satu-
raled solution of chemicals for a day and drying in sun tor 3
days for a period uplo 270 days. When dipped in satarated
wlution of ammonium sulphate/urea, the solution penetrates
inlo the pores and when the cubes are dried, the solution in
the pores crystallises. Crystallisation causes swelling, leading
lodisintegration of concrete. The treated cubes were tested at
igesof 90 days, 150 daysand 270 days together with untreated
tbes of the same age, to establish correlation between de-
slructive and non-destructive tests.

Instrument

Ultrasonic concrete tester of type SEA-690 manufactured in-
digenously by Saraswathi Engineering Agency, Roorkee, was
used for studying the effect of honeycombing, presence of
tfacks and effect of path length. The frequency of the
nsducers was approximately 200 kHz and the diameter of
lie probes was 7.5 cm. The instrument had a measuring range
1 mand the accuracy of the instrument was + 0.1 microsec-
nd. For the study of effect of corrosion the concrete tester
wd was of Lype SEA 685 with transducers having a frequency
150 k117, The instrument has a measuring range of 2.5m of
ncrete and an accuracy of + 0.1 micro seconds.

lest procedure

r maintaining a proper accouslical contact beltween the
nsducers and concrete surface tested, grease was used asa
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Fig 3 Varlation of pulse velocity with strength of concrete

coupling medium. o all the specimens the probe positions
were marked prior to testing to ensure proper :\lignmeut of
probes. Grease was applied on the concrete surface as well as
on the probes. The pulse travel time was measured up to 0.1
microsecond. The velocity was calculated from the equation,

where,

Vo= longitudinal pulse velocily inm/s
m = traveldistance in muelres
t = timeof travel in microsecond.

Eftect of honeycombing :

The pulse travettime was measured ona pair of opposite faces
uf the cubes as shown in Fig 2. Oneach pair of faces four sets
ofreadings were takenand theaverageis reported asthe pulse
velocity apainst each cube. After the pulse velocity measure-
mentsthe cubes were tested ina compiession testing machine.

Etfect ol cracks

Toarive at the path fenglh and crack depth tests were con-
dudted onbeams 2,3 and 4. Fig 1 shows the position of probes
for pulse readings. In beam 2, 1-1 is a measurement across the
aack and 2-2 through uncracked concrete, swhile 34 is a
measurement to eslimate the crack depth. In this case the
probes are on either side of the crack. Similarly in beam 3, 1-1
and 2-2 measurements are as explained for beam 2. Observa-
tions 4-5, 5-6 and 6-7 are to measure crack depth. In case of
beam b the centre of probes are kept at 10 e centers along,
the Jength of the beam to measure arack depth,

Elfect of path length
Velodly measurements were taken on five different path
lengthe, thatis, 10.5, 15.5, 315, 63 and 9 { cms in beaws.

Etfect of corrosion

Pulse velocity readings svere taken as explained in case (a),
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lable 2: Crack depth and path length

Dysignation Nittuere o aneastr vinents Resnbnegs el oo !
of specinen Lo
s sy !
Beam 2 1-1 ns
0cm 10cm
o x e
‘ ‘ ‘ 375 cm -
=< P2 o5 |
‘ 1_—_9_""[‘ T -]‘ 121
2 B cm -3 2:2 o
t l . 3-4 RO
Il_ LL.7¢m (X_50-3em _!
L, 35c¢m |
X-X 53

The cubes were then tested for compressive stiength. Tests
were conducted at the ages of 28 days, 90days, 150 days and
270 days for both treated and untreated cubes.

Nt Y Pale Conlovdatid
purihy e bl prethohongth, o badopth,
hongth hrmch cm sol
o cornrede, s ) o 4
05 10 9R.82 Actual path len
ABC The cals
Tengthis 359y
muore then acly
length
ns 2041 9s .
PRARK 2153 6 108 Actual path lﬁﬁ*{ ;
DBE. Calculat 1
depthis 13
than actual dey
1550 21245 - -

pulse velocity comes out to be 2405 kg/m‘. 1f this is e
in density ratio, that is, the ratio of density of hone

et e s

Caolodated - Rrnurks

Test data and discussion

Effect of honeycombing

The average pulse velocity for vibrated cubes was 4175m/s

concrete o density of fully-compacted concrete, it cor
to 0.86. Five percent voids (5 percent of volume of co
canlowerthe strength by 30 percent and 10 percent vo
a highly honeyvcombed concrete”. The strength redu
the concrete tested is 50 percent and hen-e this conc
have voids belween 5 and 10 percent and kan be rated.

while the velocity for honeycombed cubes of the same mix
was 3525m/s. This gave a reduction of 18.5 percent in the
velocily readings due to honeycombing in concrete. Itisestab-
lished that the pulse velocity measurements are influenced by
the properties of the basic materials used in concrete, that is,
the type of cement, type of aggregate and also the aggregate
cement ratio and water cement ratio"". The conslituent mate-
rials were kept the same for vibrated and honeycombed con-
crete in this test as the effect of honeycombing was to be
studied. Hence, the reduction in velocity is due to the lower
density of the concrete as a result of honeycombing. The
approximate density of this concrete from the pulse velocity
density relationship’ is 2075 kg/m’. From the same relation-
ship the density of well compacted concrete with an averape

Table 3: Crack depth and path length

Nature of measurcinents

high honeycombed concrete.

The pulse velocity readings are plotted against strer
shown in I'ig 3. A power type relation is established r
pulse velocily and strength as given below :

Vo= K I
Ve

In the above equation V is the ultrasonic pulse velo
m/s, I' is the cube compressive strength in kg/cm
and K, are constants. K, is 1267 and K, is 0.233.

Path length and crack depth
Pulse velocily measurements through different bean

Designation Remdngs Prler teasxd Actual path - Pulecvcdocty Caleudatad Colculated Renurks
of spectmen foee, fagth. threngh path length, crack dopth,
nicre sceed o congrete, mjs om cm \d
Beam 3 Wem 1S 10 10 1S em 1-1 3 99.7 s 110.82 - Actual path length is |
:l—J——FQ— - 22 - a5 RTRt 99.5 ABCD. The calculated
jr p7ey path fengihis 115
vl B2 J( ) T pereent more Thaa actual
AF2 LT feem Lot ~
71— 83 3T ~1 path Tength
X| IX IX 33 24 105 175
em 2!._55_3 ;-’é PRETI 45 93 w2 159 6066 Caleulated crack
.M "
Y is 6.1 percent mure
A 5 69 933 2267 6.02 Calculated crack
1rsom ) is 5 33 percent mor
AR 6-7 ag ] RAKCH) Tos Caleulated crack d
42 =, ie A2 S percent
Cfg of beom- 2 N\ NS =S 2391
(B41]
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table 4 : Crack depth and path length

Readniga Pod v o

Decignatum Nt of icasui e nts
Of apecninen time,
mircro seeend
Beam 4 7 7 1-1 230
Nem
—— A Cl—
10e¢m \ ¢
— 22— /' L_z
0 em < l/
~ Je=a iy | —
! v/ z 22 152
Qem
41— —
0cm 5
e ed [
Qem a1 TS
e | .
1L Scm
44 09
. SN
55 39.9
77 66 M6
S I
1
> sem 77 247

path length and crack depth calculations are given in Tables 2
to 4. From the pulse velocity measured in a cracked specimen
the path length and crack depth can be found out.

m=Vxt
where,
nm = pulsetravel distance in m
V= average pulse velocity through uncracked
concrete, m/s

measured travel time through cracked con-
crete (microsecond).

For crack depth, if the probes are placed on eilher side of
cracks as 3-4 reading, Beam2

2 4 (2 +_h_2)
1 VZ
t, = traveltime
x = horizontal distance of probe from crack
V= pulse velocity of uncracked concrete
h =

crack depth.

From Tables 210 4, it is seen that the calculaled path length
and crack depth are more than that provided. This is because
the pulse pathis assumed Lo be straight lines joining the centre
of probes and bottom of crack. But in actual case, the pulses
do not travel in straight lines. Hence, the pulse path will be
morethan what hasbeen assumed, giving a higher traveltime
than for the straight line path assumed and a higher path
length. In case of one crack in bean 3, the variation is 32.3
percent. This much variation may be due to the presence of a
microcrack below the crack already provided extending the
depth of the crack. In case of beam 4, the cracks are deeper
than that in other beams and the crack depth prediction is 18
to 30 percent on higher side. In smaller crack depths, the

tal path

Pl todeaity Caliutatold Calenloted - Remar ke

leagth, thiengh path dength, crack depith,
ont conende, mfs ont ot
61582 R2 10 40.01 Actual patk
Tengthis AUC,
Crack depth
calculated is
30.87 percent
more
A0 S2.00 24.80 Caleulated crack
depthis 1929
percent more
26 BR PR} 12.80 Calcubted crack
depth (2 1852
percent more
155 azra 7
155 A8R1.72
155 RVAE W E
845 342105

curved pathlengthwillnot give a big variationand hence they
can be predicted to a better accuracy than in deep cracks.

Effect ot path length

The pulse velocity readings recorded for different path
lengths are plotted against the path length, Fig 4. Itisseenthat
the pulse velucily decreases when the path length increases.
But this tendency is found only upto 60 cm path length. After
that there is no appreciable change in pulse velocity due to
changein path length. The possible reason for this may be that
voids in smaller path length will be lesser than svhat will be
detectedinalonger pathlength. tHence, insmaller pathlength
lesser distraction of waves, leading to higher pulse velocity.
The pulse velocity in 63 cm path length is 12 percent less than
the pulse velocily in 15.5 cm path length.

Effect of corrosion

Figs Sand 6 show the relation hetween ultrasonic pulse veloc-
ity and cube compressive strength at different ages for un-
trealed concrele and concrete treated with ammonium
sulphate /urea®,

The surfaces of cubestreated by amimonium sulphate at the
ape of 150 days wwere white in colour and had become softer
and the bond between mortar and aggregates was seen disin-
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Fig 4 Variation of pulse veloclty with path length
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Fig 5 Pulse veloclly versus compressive strength

legrating at the surface. The cubes treated with urcawere dark
grey in colour and had not shown any disintegration. This is
probably because at this age urea is not as corrosive as anmo-
nium sulphate. Needle crystals of urea were visible on the
surfaces.

At the age of 90 days, the cubes treated with ammaonium
sulphate had a strength equal to orslightly higher than that of
untreated concrete of same age. Pulse velocity readings were
also higher by 2 percent in case of treated concrete. At 150
days, the slrength of the cubes treated with ammonium sul-
phate had gone down by 2 percent, comparcd to 90-dav
strength of treated concrete. The strength at 150 days was 30
percent less than that of untreated concrele of the same age.
A reduclion in pulse velocity of 2 to 6 percent was noticed at
150 days in concrete treated with ammonium sulphate, com-
pared lo an untreated sample of same age. At 270 days, the
reduction in pulse velocity was 60 percent in conciete treated
with ammonium sulphate, compared to untreated cube of
same age, while the strength was lower by 35 to 40 percent.

The strength of concrete treated with urea at 150 days was
only 2 percent lower than the strength of untreated specimen
of same age. Pulse velocity was 6 to 12 percent higher than
that of cubes treated with ammonium sulphate and also
higher than untreated cubes of the same age.

Reduction in pulse velocity of concrete treated with ammo-
nium sulphate at ages of 150 days aitd 270 days shows that
micro cracks have developed in the cubes. In case of concrete
treated with ammoniumsulphate, when corrosion started. the
continuity of the bond between the mortar and apprepates
must have started disintegrating, resulting in higher pulse
traveltimeand lower pulse velocity. In case of concrete treated
with urea, no significant reduction in strength was noticed at
150 days, while the pulse velocity was higher. Urea must have
crystallised in the pores of the concrete giving an unobstructed
path for the pulses to travel and it appears to be the reason for
higher pulse velocity. The results also indicate thal amimo-
nium sulphate is more corrusive than urea.

L0 -

b
2

Untreated, 270 days

20 b= .
Treated wilh

ammaonium suifphate,
270 days

Cube compressive strength N/mm

0 2 &

Pulse vetocily km /3§

I

Fig 6 Pulse velocity versus compresslve strength

Conclusions

(i) 1he presence of voids in honeycombed
causes a decrease in the pulse velocty
extent of approximately 18 percent forad
1atio of 0.86.

(i) It is difficult to specify a minimum acce)
pulse velocity fora concrete applicable un
conditions. Based on this study, for a 12
by weight a velocity rating of 3600 to 420
may represent a pood concrele. For concr
ing a velocity rating below 3,600 m/s, ad
detailed investigations will be needed.

(1) Based on this study the relationship betw

compressive strength of concrete and the pi
velocity may be represented by V=K,
“which Vs the ultrasonic pulse velogity in
I';is the compressive strength in kg/am®,
K> are constants having values of 1267 a
respoctively.
(i) The caleulated path length and crack dept
found to be more than the actual path lmgi_ ar
crack depth. The ultrasonic pulse velof
method can be used (or estimating shallow e
depth with a better accuracy than for
cracks. Fordeep cracks the predicted cra
were found to be about 30 percent higher
the actual depth.

) Pulse velocity is alfected by pulse path dengthif
the path lengthis small Beyond 60 cmvand

1he tndlnn Concrete Joumal © Degernber (9



90 cm no variation in pulse velodty has been
noticed. Hence in laboratory where smallsped-
mens are used the path length can aftect pulse
velocity.

The pulse velocity method can give a qualitative estimate
of both undamaged concrete and concrete deteriorated due to
chemical attack.
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