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Abstract: In this study, a relationship is determined between concrete strength and UPV (Ultrasonic Pulse Velocity) by
using the data obtained from many cores taken from different reinforced concrete structures having different ages and
unknown ratios of concrete mixtures. Also, a correlation is set up so as to find concrete strength-UPV relationship
between the data obtained from the earlier laboratory researches on the concrete specimens with various mixture ratios.
By processing correlation between these data sets, the best fit formula for the concrete strength- UPV relationship is
obtained. Therefore, with this study, a general concrete strength-UPV formula is developed without taking the concrete
mixture ratios into consideration. This new formula enables to find concrete strengths practically in existing concrete
structures that their records of concrete mixture ratios are not available or not present. It can also be used in conditions
that the number of the structures is too many and the time of the examination of them is too restricted.
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l. Introduction

This template, modified in MS Word 2003 and saved as “Word 97-2003 & 6.0/95 — RTF” for the PC, provides authors
with most of the formatting specifications needed for preparing electronic versions of their papers [1, 2] and [3-5] The
non-destructive testing (NDT) of concrete is of great scientific and practical importance. The subject has received growing
attention during recent years, especially the need for quality characterisation of damaged constructions made of concrete,
using NDT methods. Malhotra [1] presented a comprehensive literature survey for the nondestructive methods normally
used for concrete testing and evaluation. Leshchinsky [2] summarized the advantages of nondestructive tests as reduction
in the labor consumption of testing, a decrease in labor consumption of preparatory work, a smaller amount of structural
damage, a possibility of testing concrete strength in structures where cores cannot be drilled and application of less
expensive testing equipment, as compared to core testing. These advantages are of no value if the results are not reliable,
representative, and as close as possible to the actual strength of the tested part of the structure.

Longitudinal ultrasonic waves are an attractive tool for investigating concrete. Such waves have the highest velocity so
it is simple to separate them from the other wave modes. The equipment is portable, usable in the field for in situ testing, is
truly nondestructive and has been successful for testing materials other than concrete. In addition, none of the available
nondestructive methods for testing concrete strength is better. Nevertheless, there are intrinsic and practical factors that
may interfere with the determination of concrete strength by ultrasonic means. Concrete is a mixture of four materials:
portland cement, mineral aggregate, water and air. This complexity makes the behavior of ultrasonic waves in concrete
highly irregular, which, in turn hinders nondestructive testing. In the view of the complexities of the problem it would
appear to be overly optimistic to attempt to formulate an ultrasonic test method for the determination of concrete strength.
However, considering the seriousness of the infrastructure problem and the magnitude of the cost of rehabilitation, major
advancement is desperately needed to improve the current situation. For instance, it has been demonstrated

repeatedly that the standard ultrasonic method using longitudinal waves for testing concrete can estimate the concrete
strength only with + 20 percent accuracy under laboratory conditions [3]. Earlier researches [4-21] on finding the
correlation between concrete strengths and UPV were generally limited to the specimens prepared in laboratory conditions.
In these researches different correlation formulas were found for different concrete mixture ratios.

Furthermore, a general expression of a concrete strength and UPV correlation by not taking the ratio of concrete mixture
and its age into consideration does not exits in these earlier researches [4-21]. In this research, a new correlation is found
by comparing the strength-UPV relationship of concrete cores taken from existing reinforced concrete structures and the
data obtained from specimens in laboratory condition which consist of different concrete mixture ratios. In earlier
researches [4-21] the concrete mixture ratios were variable and the ages of the specimens were generally 28 days. Only
one research [4] used a restricted amount of specimens with 28 years old. In this research, the ages of existing reinforced
concrete structures taken cores ranges between 28 days to 36 years and their concrete mixture ratios are not known.

Unknown concrete mixture ratios in existing reinforced concrete structures are one of the most common issues that cause
difficulties so as to determinate the strength-UPV relationship. In this respect, because of variability in the concrete
mixture ratio findings obtained from laboratory researches [4-21] do not have a general pattern, the strength of concrete
can not be determined appropriately. Thus, these findings can not represent a general way of analysis as well. In this
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research, a general best fit formula is developed by comparing the values obtained from existing reinforced concrete
structures and the findings of earlier researches [4- 21]. Namely, a new general strength-UPV correlation formula is
developed via analyzing the relationship between the curves obtained from laboratory experiments [4-21] and the curves
obtained from existing reinforced concrete structures.

Il. NDT testing of concrete using ultrasound

Among the available nondestructive methods, the ultrasonic pulse velocity tester is the most commonly used ones in
practice. Test is described in ASTM C597 [22] and BS 1881-203 [23]. The principle of test is that the velocity of sound in
a solid material, V, is a function of the square root of the ratio of its modulus of elasticity, E, to its density,.
= i I]' i
V= Flghle (1)
where g is the gravity acceleration. Relationships among the pulse velocity of concrete, the strength of concrete and the
modulus of elasticity of concrete are given in references [24-27]. In the test, the time the pulses take to travel through
concrete is recorded. Then, the velocity is calculated as:
V=UT (2
where V= pulse velocity (m/s), L= length (m), and T= effective time (s), which is the measured time minus the zero time
correction. Numerous experimental data and the correlation relationship between strength and pulse velocity of concrete
have been presented and proposed. Some figures suggested by Whitehurst[28] for concrete with a density of
approximately 2400 kg/m3 are given as excellent, good, doubtful, poor and very poor for 4500 m/s and above, 3500-4500,
3000-3500 and 2000 m/s and below UPV values, respectively.

Based on experimental results, Tharmaratnam and Tan [29] gave the relationship between the ultrasonic pulse velocity in a
concrete V¢ and concrete compressive strength fc as:
fc= aebV 3)

where a and b are parameters dependent upon the material properties.

Findings of different researchers' studies [4-21] on the relationships between the concrete strengths and UPV are shown in
Figure 1. The specimens used in these researches were cube or cylinder shapes. Whole values of cylinder concrete
strengths were given by converting them into standard cube of 15 cm length. These researches [4-21] have been processed
on the different specimens prepared in laboratory conditions and have different concrete mixture ratios. As it is shown in
Figure 1, strength-UPV curves of these values are different from each other.

Table 1: Velocity Criteria For Concrete Quality Grading As per Table 2 of IS 13311 ( Part 1) : 1992

Pulse  Velocity by .
Er(.) Cross Probing g?:gir:;e e
" | (km/sec)
1. Above 4.5 Excellent
2. 3.5t04.5 Good
3. 3.0t0 3.5 Medium
4 Below 3.0 Doubtful

111 -Objectives Of The Study:
Objectives of the present work are summarized as following —

1. To find suitability of different non-destructive testing methods for evaluating the compressive strength of concrete.
2. To evaluate the advantages of UPV method over other non-destructive methods.

3. To compare the compressive strength of concrete by measuring UPV and density of concrete.

4. To find out a correlation between UPV and compressive strength of concrete.

1V- The method and discussion

A correlation is set up and showed in Figure 1 with the data obtained from earlier experimental studies [4-21] which
are produced on specimens having dissimilar concrete mixture ratios. Because developing a correlation by ignoring
concrete mixture ratios is the aim of this study, the ages and concrete mixture ratios of each specimens used in laboratory
studies are not given.
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So as to develop a new correlation on concrete strength-

25 4

e § ¥=19422x343
—F itted line

100 f —=— Ravindrarajah £ 20 4 .
. s £ » had
[ +_ﬂ_]é3ggméhems E -
s —— Gameti 1
ERP e ik g ~ ¢
e Parker a
Eoe0 fooooo- Rio J'En 10 *
2 a0 Sza = 0.087212 =
x o | R*=o0s3 _E
8 =

el F]

10 i G 0

il 35 36 37 38 39 4 4.1 4.2
34 36 38 40 42 4.4 46 48 30 52 5.4 UPVinKm/S
T elocity through conerete (kmisec)
FIG. UPV relationship, the curve obtained from correlation FIG. Relation between UPV and crushing strength:-

which represents the data produced in laboratories and the curve obtained from the correlation which represents the data
produced from existing reinforced concrete structures are compared. For this process, from 30 reinforced structures which
their ages vary between 28 days to 36 years old 82 cores were obtained. The densities of concrete cores vary between 1.88
and 2.60 gr/cm3 . Records containing the aggregate proportions, the water- cement ratio and strength value for tested
concretes were no available in structures tested for this study. The cores were obtained from columns, shear or retained
walls in the concrete structures. The size of cores was 100x200 mm. There was no reinforcement present in the cores.

All cores were drilled horizontally through the thickness of the concrete elements. For determining of the compressive
strength of cores BS 1881: Part 120: 1983 [29] and ASTM C 42-90 [30] procedures were used. Before the execution of
destructive compressive test, the cores were tested, using ultrasound for the determination of the velocities of the
longitudinal ultrasonic waves. The velocity of the propagation of ultrasound pulses was measured by direct transmission
using a Controls E48 ultrasound device. This measured the time of propagation of ultrasound pulses with a precision of
0.1 s. The transducers used were 50 mm in diameter, and had maximum
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resonant frequencies, as measured in our laboratory, of 54 kHz. The compressive strengths of the concrete cores were
converted to cube with 15 mm side length.

The values of the ultrasonic pulse velocities lay within 1.8 and 5.0 km/s. The concrete cube strengths varied
between 5.0 and 55.0 MPa.

A correlation is set up so as to find strength-UPV relationship between the data from the earlier laboratory
researches and the best fit-curve representing the relationship is given as:

SLab =0.0872e1.29VLab
Where, SLab and VLab respectively represent the strength and velocity obtained in laboratories. R2 value was found to
be 0.83. In Figure 2 the strength-UPV relation that reflects the test results obtained from the cores obtained from existing

reinforced concrete structures is shown. In here, the differences in strength and UPV values of cores stem from having
different concrete ages and mixture ratios. Variation in tested cores' mixture ratios result in obtaining different strength-
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UPV correlations. In this respect, these data can be used in terms of controlling the reliability of the curves which show

the correlation studies held in laboratories [4-21].

The correlation set up the data shown in Figure 2, represents the most appropriate strength- UPV relationship as:
Si=1.146e0.77Vi

where, Si and Vi respectively represent the strength and velocity obtained from existing reinforced concrete structures.

R2 value was found to be 0.80. Although their standard variations and strengths are different at the beginning, curves
obtained from earlier researches and existing reinforced concrete structures increase parallel as it seen in the Figure 3.
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Fig.3. Comparison of results from earlier works [4-21] and existing reinforced

The behind this should be depends on two reasons. First, most of the cores having up to 4,3 km/sec velocity were collected
from comparatively old aged existing reinforced structures.

However, earlier researches [4-21] are depended on specimens which are 28 days old. Namely, it is thought that the
difference between this study and earlier ones' [4-21] core strengths up to 4,3 km/sec is because of differences in the ages
of the specimens used. Secondly, the compressive strength tests and UVP tests of cores from existing reinforced structures
are measured with their natural humidity. However, specimens tested in laboratories have more humidity as content. As it
is known, compressive strength of wet concretes is less than dry ones but their UPV values are high [5,32]. As a
consequence, difference between values of cores taken from existing reinforced structures and values of specimens
prepared in laboratories is inevitable.

In Figure 3 the most appropriate curve is found and shown depending on the correlation between the curve obtained from
existing reinforced structures and the curve obtained from studies on laboratory originated specimens. Depending on these
curves the best fit formula is found as:

Sn =0.3161e1.03Vn

where, Sn and Vn respectively represent the new strength and velocity values. R2 value was found to be 0.80. As shown in
Figure 3, the curve obtained from existing reinforced structures and the curve obtained from laboratory originated
specimens lay and increase parallel between the values of 3.4 km/s and 4.3 km/sec. Between 4.3 km/s and 5.0 km/s these
curves begin to approach as the velocity increase. They converge at the value of 5,00 km/sec. This shows that high
strength concretes are more uniform than the less strength concretes. As a consequence, it can be claimed that in concrete
strength-UPV test increasing velocity decreases the error.

Thus, the curve obtained from the correlation of existing reinforced structure and laboratory originated specimens can be
used in terms of finding the approximate value of concrete strength.

V. Conclusions
From this study it can be concluded that:

In earlier researches [4-21] there is not a general formula representing the concrete strength by using UPV test. Although
the studies made with UPV test, until now, have depended mainly on materials which were concrete, each study found
different strength-

UPV correlations. This variation, shown in Figure 1, comes in to being because specimens used in laboratory experiments
have different concrete mixture ratio. Difference in their wetness and dryness causes a variation as well.
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In this research it is verified that, shown in Figure 3, both tests on concrete specimens used in earlier researches [4-21] and
on existing reinforced concrete structures represent that value of UPV increases as the concrete strength increases.

Depending on Figure 3 it may be claimed that using UPV tests on high strength concretes is more reliable.

StrengtA-UPV relationship obtained from laboratory originated specimens is calibrated with the test results of the cores
from existing reinforced concrete structures.

With tire formula Sn = 0.3161e1.03Vn, obtained with the correlation of earlier researches' findings and this study's
findings, approximate value of compressive strength in any point of concrete can be practically found with ignoring the
mixture ratio of concrete through using only longitudinal velocity variable (\Vn).
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