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ABSTRACT

Experimental investigations to study the efficiency of using single non destructive test and
combined methods to predict the concrete compressive strength have been conducted. Different
concrete mixes including different types of coarse aggregates and mix proportions are considered.
Concrete age's ranges from one to sixty days were covered. The statistical analysis of the results
reveals that; with a reasonable correlation coefficient, rebound hammer and ultrasonic pulse
velocity tests could be implemented individually to measure the compressive strength of concrete
at age rang from one to sixty days. Moreover, the use of both the rebound hammer and the
ultrasonic pulse velocity tests as a combined method produces more reliable results that are closer
to the actual compressive values compared to the use of one of the implemented methods
individually. A proposed equation combines both rebound hammer and ultrasonic pulse velocity
tests could be implemented securely for in situ concrete strength assessment has been established
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1. INTRODUCTION

Non-destructive testing (NDT), which estimates the
strength of concrete without destroying the
structure is widely used. That method has been used
successfully to measure either the strength property
of concrete or a physical or mechanical property,
which can be correlated to strength [1].

Non-destructive testing could be applied to both of
old and new structures. For new structures, the
principal applications are likely to be for quality
control or the resolution of doubts about the quality
of materials used in construction. Testing of
existing structures is wusually related to an
assessment of structural integrity or adequacy. In
either case, if destructive testing alone is used, for

instance, by removing cores for compression testing,
the cost of coring and testing may only allow relatively
a small number of tests to be carried out on a large
structure, which may be misleading. Non-destructive
testing could be used in such those situations as a
preliminary to subsequent coring [2].

In essence, the objective of in-place testing is to
estimate the compressive strength of concrete in the
structure. Estimation of in situ strength requires a
previous known relationship between the result of the
in-place test and the strength of the concrete. For new
constructions, the relationship is usually established
empirically in the laboratory. Whereas, for exist
constructions, the relationship is usually established by
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performing in-place tests at selected locations in the
structure and determining the strength of cores
drilled from adjacent locations [3].

Nondestructive test methods are applied to concrete
structures to achieve four primary reasons [4]:

* Quality control of new construction;

* Troubleshooting with new

construction;

e Condition evaluation of older concrete for
rehabilitation purposes; and

* Quality assurance of concrete repairs.

Currently, in Egypt the use of non-destructive
testing NDT has become significant and wide for
guidance on the level of quality control of in situ
concrete or /and to determine the validity of the
building by deducing its compressive strength from
rebound hammer RH curves or catalogue.

Many research works have concluded several
simple equations that correlate between concrete
compressive strength Fc and ultrasonic pulse
velocity V. Moreover, multi equations can correlate
concrete compressive strength with both rebound
number R and pulse velocity V have been
concluded by researchers. Despite of all these and
the widely use of ultrasonic pulse velocity in situ,
no recommended equations are given in codes of
practice can correlate between compressive strength
Fc and pulse velocity V.

Some of the pioneering works in this field, carried
out in the 1950s and 1960s, were reported [5-7].
Establishment of a series of specific correlations

of problems

between the combination of rebound hammer number
R and ultrasonic pulse velocity V and the compressive
strength Fc of concretes, each containing a particular
aggregate type and being of a particular age mix, was
completed in the early 1970s [8].

As a result, over a wide range of maturity, the
relationship between compressive strength and pulse
velocity is highly nonlinear. Figure 1 shows a typical
relationship between compressive strength and pulse
velocity V. That figure is only an illustrative example
and the actual relationship depends on the specific
concrete mixture. At early maturities, a given increase
in compressive strength results in a relatively large
increase in pulse velocity, while at later ones the
velocity increase is smaller for the same strength
increase. Combined methods are reported to increase
the reliability of the estimated strength. The underlying
concept is that if the two methods are influenced in
different ways by the same factor, their combined use
results in a canceling effect that improves the accuracy
of the estimated strength. For example, an increase in
moisture content increases V but decreases R [3].
Relatively higher correlation coefficients for the
estimated strength are recorded using the combined
methods for NDT tests compared to those estimated
using individual methods.

Several previous studies [9-13], concluded that there is
a good correlation between V, R or both and the
compressive strength as a single-variable equations
(Egs. 1 to 6) or multi-variable equations (Egs. 7 to 9)
as given in Table 1.

Table 1: Equations of previous studies used for estimation compressive strength of concrete

Feferences Eqg. =g
Equations Units _(1 RMSE [14]
No. No.
Single-vanable equations
Fe=12x107 =V Fo(MPa), 1 6.0074
Kheder, G. F. [11] Fe= 0.403xR* ™ Vim/s) 2 2.1651
Fo= 36 72xV-129.077 3 36081
Qasrawi, ¥. H. [12] s - FfC':«IE‘_a}. ] F}
Fc=1.353xR-17.393 Vikm's) 4 28152
Shariati. M. et al Fc=15333xV - 34338 Fe(MPa) 5 33746
[13] Fc=1.7206xR. - 26.505 Vikm's) 6 21024
Multi-variable equations
Meynik et al. [9] Fe= 24 668+1.4275R+0.0294xV* Fe(MPa). 7 7.0654
¥ Vikm's)
2
Tanigawa Y. [10] Fe= 0.745xR+0.951xV-0.544 Fc(MPa). ] 21
Vikm's)
Kheder, G. F. [11] Fe= 0.0158x Vo #HxR 11T Fc(MPa). ] 2.1375
i Vikm's)
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The development of the non-destructive
determination of concrete strength using 200
concrete core specimens taken from randomly
chosen columns and shear walls of various
reinforced concrete structures in Istanbul and Izmit,
Turkey since 2000 was studied [1].

In the non-distractive methods of testing, the
specimens were not loaded to failure and as such
the strength inferred or estimated cannot be
expected to yield absolute values of strength. Those
methods, therefore, attempt to measure some other
properties of concrete from which compressive
strength could be predicted. Among the available
NDT methods, rebound hammer RH method
provides an inexpensive, simple and quick method
for obtaining an indication of concrete strength. The
ultrasonic pulse velocity UPV method is an ideal
tool for establishing whether concrete strength is
uniform or not. It could be used for both existing
structures and those under construction.

Moreover, other methods tend to be more time
consuming and expensive to use than the RH and
UPV methods [15].

The main objective of this study is to establish a
correlation between the compressive strengths
measured by compression tests and both of RH and
UPV tests as non-destructive test methods NDT.
The combination of both RH and UPV methods are
the most commonly used. In the majority of cases,
the need for in situ concrete strength evaluation
arises as a result of suspect of concrete quality.

So, this study is amid at implementation of non
destructive combined test methods to estimate the
in situ concrete compressive strength at different
ages.
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Fig. 1: Schematic of typical relationship between pulse
velocity and compressive strength of a given concrete
mixture

2. Experimental Program

The present experimental program is designed to
investigate the concrete compressive strength by

applying both of RH and UPV tests of previously
prepared concrete samples. Furthermore, the actual
compressive strength values are measured by
performing compressive strength tests on the
previously investigated samples. Age of specimens,
aggregate type, cement content and mix proportions
are being the main investigated parameters. Table 2
presents the schedule of the experimental program.

Table 2: Experimental program

Mix Tests properties
Aggegate | Cement content, propery
no.
type ke/m’ Fresh Hardened
1 Gravel 350 - Compressive strength of
cubes (1501501 30mnm)
2| Dolomite 330 - Shmp At13,7,28.60 days
- - Compacting - Rebound hammer
3| Gl o factor A3728.60 days
4 Dok 450 - Ultrasonic pulse velocity
At3.7,28,60 days

2.1 Materials and procedure

The constituent of materials used in this study were
locally available materials in Egypt and specified
by the following:

1- Cement: Ordinary Portland cement of grade
42.5N was used in this investigation. The used
Cement is confirmed to the Egyptian Standard
Specifications ES requirements (4756-1/2005).

2- Fine aggregates: Medium well-graded sand of
fineness modulus 2.2 was used.

3- Coarse aggregates: Natural well-graded gravel
aggregate of 37.5 mm maximum nominal size was
used. It included a combination of round and
angular particles. The surface of the particles was
more or less smooth and regular. Natural crushed
lime stone or dolomite aggregate of 37.5 mm
nominal size as given by quarries was also used in
this investigation. The dolomite was obtained from
Attaka quarries its particles have a granular porous
texture, rough surface and irregular. Fine and
coarse aggregates confirmed the Egyptian standard
specifications ES requirements (1109-2002) were
used. Figure 2 shows the grading curves of the
used aggregates. The percentage passing of sieve
9.5 mm for gravel aggregate is somewhat lower
compared to the lower limit of ES. That trend was
noticed for the gravel used in this work. In contrary,
a remarkable increase of the percentage passing of
the used dolomite from sieve of 9.5 mm opening
size was recorded. Furthermore, the aggregate is
usually used as a combined aggregate, in which
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combinations of coarse and fine aggregates are
suitably proportioned. In fact, used combined
aggregate was well comply with ES requirements
and the grading curve is located between the lower
and upper limits of grading stated in ES. So the
results could be considered comparable based on
grading of combined aggregate not based on
grading of coarse aggregate.
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Fig. 2: Grading of used aggregates

Four concrete mixes were investigated. The
proportions of mixes are given in Table 3.
Immediately, after complete mixing of the
constituent, slump test and compacting factor test in
accordance to Egyptian code of practice ECP 203-
2007 [16] and British standard specifications BS
1881 part 103 [17] were conducted to measure the
fresh properties for each mix and the results are
given in Table 3.

Standard cubes (150x150x150 mm) of concrete mix
were prepared to measure compressive strength
conforming to ECP 203-2007 [16] and BS 1881
part 108 and part 115 [18,19]. The cubes were
removed from moulds after 24 hours of casting.
The hardened concrete  specimens  were
continuously stored in water (20+2 °C) until the age
of testing. A total of 100 concrete cubes were
investigated for the four studied concrete mixes.
For each mix, twenty-five concrete cubes were
studied at five different ages namely, 1, 3, 7, 28 and
60 days. For each age, five cubes were inspected by
both of RH and UPV tests then; finally a crushing
test was preformed.

v = =+= = Upper limite of ES|
7 b
/ A / // for sand

Table 3: Concrete mixes proportions

Coare
) Cement, Sand, | Water, | wle | Shmp | Compacting
M o, . agmezate, . .

ke’ o, ke | ke’ | mho | mm factor

kg’
1 (gravel] 350 1268 834 | 1575 | 045 | 100 09
2 (dolomute) | 350 1247 B3 | 16875 [ 0483 W 053
3 (gravel 450 1133 ST | 2023 | 043 | 125 097
4 (dolomute) | 430 1107 35| 1IB2E | 0483 | 105 0.967

The ultrasonic pulse velocity test UPV has been
carried out conforming to [3, 4] using the portable
digital indicating tester known as PUNDIT. Direct
transmission  measurements on cubes  were
implemented. The pulse velocity V was measured
for the five tested cubes and the average was
considered in the next regression analysis.

For UPV test it is important to maintain good
acoustical contact between the surface of concrete
and the face of each transducer. Moreover,
smoothen of the surface is desirable by the use of a
carborundum stone and the transducers should be
held tightly against the concrete surface. In
addition, the use of a coupling medium was
essential to confirm wave transmission.

At laboratory, access to apposite surfaces is
generally available, which enables applying direct
transmission procedure for UPV test. Whereas, at
field, access to opposite surfaces of a component
may not be readily available and tests may need to
be conducted as indirect transmission procedure
[20].

Temperatures between 5 °C and 30 °C don’t
significant affect the VV measurements in concrete.
At temperatures between 30 °C and 60 °C, there is
up to 5% reduction in pulse velocity. Below 0 °C
the measured velocity values tend to increase.

Schmidt rebound hammer test RH conforming to
ACI [3,4] using type N Schmidt hammer was
implemented in this study. For RH, smoothness
under test is considered as affecting the results of R.
Using a carborundum stone for smoothness of
surface before test is essential.

In order to perform the RH test on cubes, it is
necessary to ensure that the cubes are restrained
from moving; else, the reading will not be accurate.
Hence cubes were restrained by applying a small
force using the hydraulic compression testing
machine prior to testing. Twenty readings of R at
least for each cube in horizontal direction (10
readings for each face as one set) were taken in a
predetermine intersection on two faces as a two
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sets. The results of the R were statistically analyzed
to get the average for each cube. The average of the
five tested cubes was considered to get the
alternative compressive strength.

Compression test was carried out for the hardened
concrete cubes using a hydraulic compression
testing machine with total capacity of 1500 kN.

3. Results and Discussions

An experimental investigation, aims at evaluation
of using both of RH and UPV methads, to estimate
the concrete compressive strength was carried out.
Four concrete mixes include two types of coarse
aggregates have been investigated. NDT including
RH and UPV tests to evaluate concrete compressive
strength and quality process at different ages have
been carried out. Test results of the experimental
program are presented in Table 4. A statistical
analysis using Microsoft excel software for the
experimental data has been performed. The
following paragraphs illustrate the experimental
results.

Table 4: Test results for different mixes

Compressive N .
Mix | Concree | Averase” | SRR e | ol
no. age, day rne:r?]lé:‘rj rebound strength of velocity,
number, cubes, MPa km/s
MPa
1 - - 10.7
3 233 115 14.7 4
1 7 27.2 17.2 17.4 4.1
28 33 27.1 28.4 4.4
60 35.5 30 31.4 4.4
1 - - 129
3 244 14.7 16.5 4.1
2 7 28 18.5 194 4.2
28 335 29 31.6 4.4
60 35.7 315 33.1 4.5
1 - - 15.2
3 27.9 194 20.5 4.2
3 7 30.9 20.9 24.8 4.3
28 34.4 335 40.9 4.6
60 38.8 40.5 432 4.6
1 - - 18.1 -
3 28.9 18 22.2 4.2
4 7 31.8 22 27.1 4.3
28 355 35 43.5 4.6
60 40 42.5 45.5 4.6

* Average of five cubes

3.1 Results of rebound hammer RH and
ultrasonic pulse velocity UPV

Figure 3 presents the relationship between the
rebound number R and the corresponding
compressive strength from crushing test. The
results of the four tested mixes are included. For
each mix, the developments of the compressive
strength with age have been recorded. For each
concrete mix, second degree regression equation
with high correlation coefficient representing the
relation between R and the crushing strength could
be proposed as;

F.=AR*+BR+C  where;

F is the compressive strength, R is the rebound
number and A, B and C are constants

Figure 4 presents the relationship between V
results and the corresponding compressive strength
from crushing test. The results of the four tested
mixes are included. For each mix, the developments
of the compressive strength with age have been
recorded. For each concrete mix, linear regression
equation  with  high correlation  coefficient
representing the relation between V and the
crushing strength could be proposed as;

F.=DV+E where;

F. is the compressive strength, V is the pulse
velocity and D and E are constants

The relationship between the values of the R and
the corresponding crushing strength for all the
tested specimens are presented in Fig. 5. An
exponential regression equation Eg. 10, relates R
and the compressive strength, is proposed with a
correlation coefficient R?= 0.9307.

F. = 2.6819¢%0726R Eq. 10

Where, F. (MPa) is the compressive strength and R
is the rebound number.
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Fcl = 0.0504R? - 1.5061R + 22.037

50

R? = 0.9858

Fc2 = 0.037R? - 0.6162R + 8.9405
R? = 0.97

45
w0 /

Fc3 =-0.1197R? + 10.285R - 174.73

35

R?=0.9188

e A
25

Fc4 = -0.1581R” + 13.218R - 229.51

R? = 0.9356

20

gravel, 350 kg/m3

10

dolomite, 350 kg/m3

Cubes compressive strength Fc, MPa

> B 9

gravel, 450 kg/m3

X

dolomite, 450 kg/m3

15 20 25 30 35
Rebound number, R

Poly. (gravel, 350 kg/m3)
Poly. (dolomite, 350 kg/m3)
Poly. (gravel, 450 kg/m3)
Poly. (dolomite, 450 kg/m3)

40 45

Fig. 3: Relationship between R and compressive strength of standard cubes
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200

The relationship between the values of V and the
corresponding crushing strength for all the tested
specimens are presented in Fig. 6. An exponential
regression equation Eq. 11, relates V and the
compressive strength, is proposed with a correlation
coefficient R?= 0.9946.

Fc = 0.0125¢"7%%V Eq. 11

Where, F. (MPa) is the compressive strength and V
(km/s) is the pulse velocity.

Equations 10 and 11 present single variable
equations with significant correlation coefficients
since R? values are found to be 0.9307 and 0.9946
which indicates a significant correlation for R and
V, respectively.
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Fig. 6: Relationship between V and compressive strength
of standard cubes

To compare the efficiency of the present proposed
equation (Eq. 10) in prediction the compressive
strength with the previously proposed equations by
researches [11-13], the results are scattered in Fig.
7. In contrary of the previous investigations, not
only the late age results are considered but also the
early age properties are included in this curve. In
addition to the early age results different coarse
aggregate types are also considered. As concrete at
1 day age doesn't have enough surface hardness
which may cause the damage of the concrete
surface if it is tested by RH, due to that the data for
NDT at 1 day are not gathered. This figure shows a
good agreement between the present proposed
equation (Eg. 10) and the previously proposed
equations by authors.

60
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o 50 *
% n
- n
It
€ 40 4 Eq. 10
‘é’ » % proposed by
5
= 30 L '3 authors
° X mEq.6[13]
2 20 =
o
g o = AEq4[12]
° 1 e
a X Eq.2[11]
0

10 15 20 25 30 35 40 45 50 55
Rebound number R

Fig. 7: Comparison between predicted compressive

strength and R

Figure 8 shows the comparison between the
predicted compressive strength and V (calculated
by Eq. 11 proposed by authors). It could be noticed
that below V of 4 km/s, there are a noticeable
agreement between the predicted values from the
present proposed equation (Eq. 11) and those
predicted by equation 3. Whereas, equations 1 and
5 are over predict the compressive strength

60

compared to Egs. 3 and 11. However, above V of 4
km/s, it could be noticed that the results predicted
by the four equations are in good agreement. The
effect of different features such as the proportions
and type of aggregate, water/cement ratio, curing
could be the cause of this difference and it does not
mean less confident of this method and/or for the
reason of date of testing.
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Fig. 8: Comparison between predicted compressive
strength and V

3.2 Analysis of test results as combined test
methods

Using NDT to predict the in situ compressive
strength is wide spread. Implementation of one
method to predict the in situ compressive strength
individually may cause, in some cases or some
times, confusing to the predicted values. So
combination of more than one method as integral
tools to predict the compressive strength values
may be a useful tool to eliminate the expected error
in the predicted property under consideration.
Considering that issue and by taking into
consideration the results of both R and V, Eq. 12 is
proposed. In view of the actual compressive
strength and the corresponding predicted values of
compressive strength based on the proposed
equation (Eq. 12), the results are presented in Fig.
9

F.= 1.341e “9%%R+0.00625e" "V Eq. 12

Where, F. (MPa) is the compressive strength, R is
the rebound number and V (km/s) is the pulse
velocity.

A good agreement is clear between the
experimentally measured compressive strength
values against the corresponding predicted values
according to Eq. 12.
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60 3.3 Concrete age and development of
compressive strength
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estimation. Therefore, the resulting equations for
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Fig. 10: Comparison of previous equations and equation
12 proposed by authors
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4. CONCLUSIONS

An experimental investigation to study the
efficiency of using single non destructive test and
combined test methods to predict the concrete
compressive strength has been conducted. Different
concrete mixes including different types of coarse
aggregates and mix proportions are considered. The
concrete strength values were continuously
followed by applying RH test, UPV test rather than
the crushing strength test. Concrete ages from one
day to 60 days were covered. Based on the results
and the analysis, the following conclusions could be
drawn;

1. With a reasonable correlation coefficient,
RH and UPV tests could be implemented
individually to measure the compressive
strength of concrete at age rang from one
to sixty days.

2. The RH method and UPV method appears
to be more competent in forecasting the
compression strength of concrete.

3. The use of both of the RH and the UPV
tests together as a combined method
produces more reliable results that are
closer to the actual values compared to the
use of one of the implemented methods
individually. An acceptable level of
precision is additionally appreciated for
concrete strength estimation. Therefore,
the resulting equations for strength
prediction could be used securely for in
situ concrete strength assessment.

4. A good single variable relation between R
and compressive strength F. is proposed
(Eg. 10). This equation is capable of
predicting the compressive strength with
correlation coefficient approaches R?=
0.9307.

5. A good single variable relation between V
and compressive strength F. is proposed
(Eq. 11). The proposed equation is capable
of predicting the compressive strength
with correlation coefficient approaches
R’= 0.9946.

6. A good multi variable relation between R
and V against compressive strength F (Eq.
12) is proposed. The proposed equation is
capable of predicting the compressive
strength with higher  correlation
coefficient.

7. A useful equation with a correlation
coefficient R* = 0.9928 could be used to
predict the strength of the corresponding
concrete mixes based on the concrete
compressive strength at a given age.
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