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Abstract: Failures occur in the structures of reinforced concrete buildings and facilities during
their continuous exploitation, without being overloaded or exposed to extreme impacts, the most
common being cracks. Their detection and change in time are related to the assessment of the state of
the structures, their safety, and reliability during their construction and especially for their safety
exploitation. This paper describes the results of the experimental studies conducted by authors aiming
to verify the possibility of using the non-destructive ultrasonic pulse velocity method (NDUPVM) for
detection and evaluation of cracks. Results of an experimental study of 12 reinforced concrete beams
are presented. In previous experiments, some of them were subjected to bending until the maximum
crack width of 0.3 mm was reached and others until yielding of the longitudinal reinforcement.
The results obtained from the measurements of the depths of the normal cracks with different widths
with NDUPVM were compared with the visually measured ones. In the present research cracks with
the same width and with a similar depth were chosen. The influence of extreme external conditions
to the accuracy of the measured crack depths by the NDUPVM was investigated. Non-destructive
ultrasonic research was done by a portable device Proceq TICO.

Keywords: cracks; defects; reinforced concrete; non-destructive testing; ultrasonic testing

1. Introduction

As a result of improper and/or continuous operation, inevitable aging, poor maintenance, making
unregulated reconstructions, fatigue in materials and structures, overload, temperature changes,
shrinkage, action of aggressive chemical environments, change in humidity, fire damages, and other
factors in the structures of reinforced concrete buildings and facilities damages occur [1-3]. Some of
the most common in reinforced concrete buildings and facilities are cracks. They worsen the service
properties and durability of structures. The crack width for elements, subjected to bending has to
be limited for ensuring the durability of the structures (reinforcement protection), the acceptable
appearance of the elements, and the stiffness of the elements. Cracks in concrete are a natural result
of its low tensile strength. Tensile stresses can occur in different situations, at different times in the
structural members or in their separate sections. Even under proper operation and maintenance
most reinforced concrete structures, with the exception of fully compressed elements and beams with
prestressed reinforcement, work with cracks in the tension area.
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Ensuring the safety, security, and reliability of reinforced concrete structures and extending their
service life requires evaluation and diagnosis of their condition. Depending on the method of impact,
on the condition and suitability of the structures after the test, the control of the materials and elements
of reinforced concrete structures can be destructive and non-destructive [3].

In the case of destructive (traditional) control, we have complete damage in the test area. It is
labor-intensive and expensive. The study is limited to individual points and does not provide
information on the quality and damages of the whole structure [3-5].

With non-destructive testing (NDT) the parameters of materials, elements and joints of reinforced
concrete structures can be verified, tested and evaluated non-invasively [3]. This can be done both
during construction and during service. The tests can be repeated several times, in different sections
of the structure, to track in real time the change of important parameters for the reinforced concrete
structure, related to their suitability and proper operation.

The advantages of NDT are many [3-22], namely:

e  The integrity of the structural element is preserved.

e There is an ability for measuring locations that are difficult to reach or within considerable
distances from the surface of the elements.

e High sensitivity, allowing detection of very small defects.

e  Obtaining data on structures that are unsafe.

e  Opportunity to study part or all of the structure.

e Evaluation of the effectiveness of reconstructions.

e  Repeatability of results.

e  Safety for operators.

e  Faster execution.

e  Saving of materials and equipment.

e  Method automation, continuous data recording, integration into information systems.

e  Portability of equipment.

e  Minor energy consumption.

e  Minimal impact on staff.

For tracking the appearance and propagation of cracks in reinforced concrete elements in real
time different non-destructive methods can be used. The main methods are:

e  Acousticemission (AE) is a method used for characterization of the crack initiation and propagation
mechanisms of a structure in real time. It enables recording of the initiation and spreading of
elastic waves of acoustic signals at propagating cracks. Information regarding the location of
the cracking sources and their mode can be supplied by proper analysis of acoustic emission.
The experience of the user is essential in order to explain the acoustic emissions trends [23].

e  The ultrasonic pulse velocity method is based on the propagation of ultrasonic waves in the
elements. Short ultrasonic pulse-waves are transmitted into materials to detect internal flaws
or to characterize materials. It continues to be an important non-destructive technique, which
provides reliable results based on rapid measurements with relatively inexpensive equipment.
It has many advantages, such as: it does not affect the appearance or the functioning of the
structures under analysis and there is no need for application of cables, fibers, and equipment on
the structure; data can be periodically collected from the same test points, making possible the
control of variations over time; the ultrasonic pulse velocity can be employed for the detection of
cracks but this cannot be used solely and should be accompanied by other techniques for better
accuracy and identification of the cracks. The main disadvantages of non-destructive ultrasonic
pulse velocity method (NDUPVM) are: it is necessary to have free access to the examined element
and surfaces (sometimes it requires a cut in traffic temporary, a need for additional facilities, etc.);
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results are affected in the case of the elements are exposed on direct external conditions (such as
rain, snow, etc.), as the results of this research shows.

e Digital image correlation (DIC) is a non-destructive, non-contact and precise method for crack
measurements in reinforced concrete elements [23-27]. This method is of interest for monitoring
at different loading stages in real time. Digital images are taken and by comparing the images it
is possible for the crack initiation and crack propagation to be obtained in the object subjected
to external loads. It gives a clear depiction of the surface strain field and its transient changes
according to stress redistribution which occurs after fracture moments [28]. This method is very
effective for measuring the crack growth in concrete. Different pattern that should be printed on
the object can be used to get the best results with this method [27]. The main disadvantage is that
only the surfaces of the elements can be evaluated. DIC has big advantages to other methods,
but it is more appropriate if we start monitoring an element, or even a whole structure from
the beginning—after the structure is built and the pattern is printed on an unloaded structure.
There are still some limitations for application on existing concrete structures, especially if they
have existing cracks.

e  Fiber optic crack sensors are used for detecting and monitoring cracks in real time in concrete and
reinforced concrete structures, where the crack locations are often not known in apriori. Tiny cracks
before visual recognition could be detected with these sensors [28-30]. Their advantages are the
small weight and dimensions, the strong immunity to electromagnetic interference and the scale
flexibility for small-gauge and long-gauge measurements, and they provide high-resolution and
measurement capabilities that are not feasible with conventional technologies [30]. They can
be placed on the surface or to be embedded in reinforced concrete elements. Fiber optic crack
sensors are a powerful tool for detection, even very small cracks, and are useful in many cases,
such as usage of high performance concrete, concrete structures, and bridges that should not open
cracks during their exploitation, etc., but they are very expensive and they still cannot be used to
determine the depth of the cracks.

e  Visual observation by crack magnifiers [3,10,11,15-17,20] is a conservative and very reliable
method. As it is well known that cracks have different patterns, and depths, because of the
nature of the concrete (they follow gravels, internal small defects, etc.), the method has the same
disadvantage, like DIC, that cracks can be evaluated only on the surfaces of the elements and
require a clear access to the elements.

In recent years, for assessment of reinforced concrete structures, construction quality control,
and detecting existing cracks, NDUPVM has gained increasing popularity and interest [3-11,21]. It is
a highly specialized and complex method that requires careful data collection and expert analysis.
It is possible to be carried out periodically or by continuous measurements for the same test points
during the service of the reinforced concrete structure and the process of detecting the damages to be
automated. Among the available methods of NDT, the NDUPVM methods can be considered as one of
most promising methods for evaluation the concrete structures.

2. Essence of the Non-Destructive Ultrasonic Pulse Velocity Method

In the assessment, diagnosis, forecasting, and control of defects and cracks in existing reinforced
concrete structures very often only one of their sides is available. Then, NDUPVM is irreplaceable
and reliable. The method is based on the propagation of ultrasonic waves which passes through the
material. The speed of the wave varies as a function of the density and elastic properties of the material,
allowing the estimation of the porosity and the detection of discontinuities.

Two transducers are used—one transmitter of ultrasonic signals and the other as a receiver of
these signals [3-22]. They usually operate in the frequency range of 25-60 kHz. The transmitter of
ultrasonic pulses [10,11] causes longitudinal, transverse, and surface waves, which undergo numerous
reflections on the boundaries of the various components of reinforced concrete within the reinforced
concrete element. The receiving transducer registers the beginning of the longitudinal ultrasonic waves,
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which are the fastest. It is measured the velocity and/or time of passing of the pulses between the two
transducers. In concrete without any defects, the transmitting time of the ultrasonic signal is less than
in the case with defects. Thus, by determining this time, the properties of structural concrete can be
assessed [10].

The mechanical properties, the deformation characteristics, and the concrete parameters such
as compressive strength and modulus of elasticity [3,6,7] can be determined from the velocity or
transmitting time of the ultrasonic signal. The NDUPVM is used in order to verify the concrete
homogeneity, to detect internal imperfections (presence of caverns, internal defects and cracks), to
evaluate the depth of imperfections, to estimate the modulus of elasticity and the compressive strength
of the concrete, and to monitor the characteristics variations of concrete throughout time [3-22,31-41].

The ultrasonic pulse velocity in concrete reaches 4500-5000 m/s.

There are difficulties when using the NDUPVM related to the non-homogeneity of the concrete,
which should be taken into account in the measurements. There are many factors that affect the
accuracy of the measurement [3-22]:

° temperature;

° water—cement ratio;

e inclusion of air in the concrete;

e age, type, properties, and parameters of the concrete, through which ultrasonic pulses passes;

e type and size of coarse aggregate (crushed stone, gravel, chemical and/or mineral additives, etc.);
e technology for preparing and laying the concrete mix;

e  contact between transducers and the surface of the reinforced concrete element;

e distance between the transducers.

The dependence of ultrasonic spread on all the factors above is very complex.

3. Experimental Setup

The research was carried out on four series of three specimens (total 12) of reinforced concrete
beams (Figure 1), which differed in longitudinal reinforcement, concrete cover, and reinforcement ratio.
All beams had a span of 3 m.

e  Specimens type A had a cross section of 27/15 cm, bottom longitudinal reinforcement 2N12 (steel
B500), stirrups $8/10(15) cm (steel B235).

e  Specimens type B had a cross section 27/15 cm, bottom longitudinal reinforcement 2N18 (steel
B500), stirrups N8/10(15) cm (steel B500).

e  Specimens type C had a cross section 30/15 cm, bottom longitudinal reinforcement 2N12 (steel
B500), stirrups $8/10(15) cm (steel B235).

e  Specimens type D had a cross section 30/15 cm, bottom longitudinal reinforcement 2N18 (steel
B500), stirrups N8/10(15) cm (steel B500).

Figure 1. The 12 tested beams preparation (personal archive).
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The 12 beams were prepared of concrete grade C25/30, a fine fraction of the coarse aggregate
(dmax = 12 mm), and with a consistency S3.

Their structural parameters were chosen to meet the characteristic parameters of the beams
used in practice in industrial and civil construction. The laboratory nature of the experimental study
required scaled elements. For the longitudinal tensile reinforcement of the beams for the different types
of specimens, reinforcing steel with common reinforcement ratios were used as in the real practice.
The distance between the stirrups was chosen to ensure that the specimen’s failure would be due to
bending, and not by sheer force. Different reinforcement ratios, cross sections, and concrete covers
resulted in different density and inclination of the cracks for each type of specimen (Figure 2).
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Figure 2. Typical crack patterns on both sides and bottom surfaces for the Specimens—(a) type A,
(b) type B, (¢) type C, (d) type D.
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Some of the beams were loaded (Figure 3) until the stage corresponding to yielding of the
longitudinal reinforcement and others to a loading stage reaching a maximum crack width of 0.3 mm.

The impact was from two concentrated forces located in the thirds of the span with the static
scheme of a simply supported beam (four-point bending test). According to EC2 for exposure classes
XC2, XC3, XC4, XD1, XD2, XS1, XS2, and XS3 the maximum allowed crack width is 0.3 mm for
non-prestressed structures at quasi-permanent combination. During previous experimental studies
on the two side-surfaces of the beams, the cracks were outlined in the order of their appearance and
their depths were noted at each of the loading stages. After completion of each of the experiments the
location of the cracks on the bottom surfaces of the beams were outlined too (Figure 2). For all the
cracks, the distances between them (at the reinforcement’s centroid), and their depths were measured.

For two years, the reinforced concrete elements were in enclosed premises and the following
three years were left outdoors, subject to external atmospheric impacts, such as wind, rain, and snow
(Figure 4). Presented measurements were made in the springtime, when it often rains, after the
wintertime when the specimens were exposed to rain and snow.

This experiment aimed to explore the possibilities for the application of NDUPVM for detecting
and determining the depth of normal cracks and to examine the impact of the extreme external
conditions to the accuracy of the measured crack depths.

The results obtained for the depths of normal cracks with NDUPVM were compared with those
visually measured using a crack magnifier Proceq (Figure 5b) [42].

For the experimental research of the normal cracks with NDUPVM, portable ultrasonic testing
instrument Proceq TICO [12] was used (Figure 5a). The operating frequency of the transmitting and
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receiving transducer was 54 kHz, the resolution was 0.1 us. The contact between the piezoelectric
transducers and the surface of the reinforced concrete element must be very good, so the surface must
be smooth. Ultrasonic waves cannot move through the air, so the surfaces of the transmitting, receiving
transducer and concrete surfaces have to be covered with a special coupling paste.

(b)

Figure 4. The 12 beams—series A to D, (a) subject to external atmospheric impacts, (b) preparation for
measurements (personal archive).
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(b)

Figure 5. Determination of crack depths in reinforced concrete elements by ultrasonic testing instrument

Proceq-TICO (a), visually by using crack magnifier Proceq (b) (personal archive).

If there are no defects or cracks in the test area of concrete with a homogeneous structure, the
ultrasonic signal will pass in the least amount of time between the transmitting and the receiving
transducer. If there is reinforcement, the ultrasonic signal spreads faster. In the case of very small
defects or cracks and if they are filled with water or other inclusions, the transmitting time will not
change significantly.

When the ultrasonic pulses encounter a crack, they do not pass through the air-filled space [8-11],
and some of them surround it by moving along trajectories that allow it to pass in the shortest way, i.e.,
with the highest velocity [9], see Figure 6a.

The distance between the transducers should be in the range from 10 cm to 25 cm depending
on the frequency of the used transducers. According to [9], if the distance is less than 10 cm, the
surface waves arrive faster to the receiver than the reflected longitudinal waves, and if the distance is
greater than 25 cm the receiver will have multiple reflected waves and this will increase the error in
the measurement.

For the ultrasonic testing instrument Tico [12], used in the research, the minimum distance
between the transducers for concrete, with ultrasonic pulse velocity from 3600 to 4800 m/s, is from
5.4 cm to 7.2 cm, and the maximum distance is 25 cm.

Depending on the location of the sensors on the reinforced concrete beams the following transition
is possible: direct (the sensors are located on two opposite sides), semi-direct (the sensors are located
on two adjacent sides) and indirect (the sensors are located on one side). In the experimental tests, an
indirect location of the sensors on the bottom surface of the reinforced concrete elements was used.

4. Results and Discussion

4.1. Measuring the Depth of Normal Cracks

Different normal cracks with different widths located on the tested beams (Figure 7) were
investigated by the NDUPVM and by visual observation. The width of the investigated cracks was
between 0.05 and 1.30 mm. The transmitter and receiver were located on both sides of the crack at the
same distances (Figure 6). For cracks that were located closer to each other (a distance less than 5 cm)
the depth could not be measured due to the minimum gap between the transducer and the crack.
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b b

Crack
Tansducer

Reinforced C)anrete beam

() (b)

Figure 6. (a) Location of the transmitter and the receiver relative to the crack and distribution of the
ultrasonic signal for normal cracks, (b) measurement (personal archive).

(b) (© (d)

Figure 7. Different normal cracks in the tested beams, (a) typical general view, (b), (c), (d) detailed
views (personal archive).

At least nine measurements were made for each of the typical crack’s width. The measured
velocity of ultrasonic pulse Vpg crack in the region of the beam without crack was in the range between
5050 m/s and 5160 m/s. The measured transmitting time of the ultrasonic pulse tp crack in the region of
the beam without a crack (Figure 8) was in the range between 19.38 pus and 19.802 ps. Results confirmed
the good quality and homogeneity of the concrete used for the production of tested elements.

The measured transmitting time of the ultrasonic pulse teyack in region of the beam with a normal
crack (Figure 9) was in the range between 25.84 us and 80.00 us. For all the measurements the distance
between the measuring transducers was 10 cm.
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Figure 8. Transmitting time of the ultrasonic pulse ty crack in the region of the beam without a crack in
an area close to the crack for the corresponding crack widths.

Maximum, minimum, and mean value of t..,x and standard deviation at different crack widths
are given in Table 1.
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Figure 9. Transmitting time of the ultrasonic pulse t.;ack in the region of the beam with a normal crack
for the corresponding crack widths.

Depth of normal cracks “c”, based on the physics law of distance at a constant velocity Vi crack, is
determined by the formula [3,8,10,11,40]:

lL'crackz

vV k
-1= % ‘/tcrackz —tho crack2 1)

tho crack2

where:
b is the distance from the center of the transducer to the middle of the crack;
Vno crack 15 the velocity of the ultrasonic pulse in region of the beam without a crack;
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tho crack 1S the transmitting time of the ultrasonic pulse in region of the beam without a crack;

terack 1S the transmitting time of the ultrasonic pulse in region of the beam with a normal crack.

Note: In the experiment, the distance between the transducers was “2b” = 10 cm.

Experimentally determined depths of cracks by NDUPVM (cypym) and by visual observation
(Cvisual) for the corresponding crack widths are shown in Figures 10 and 11, respectively.

Table 1. Minimum, minimum, and mean value of t.,,cx and standard deviation at different crack widths.

Wineasured, (mm)  0.05 0.09 0.10 0.15 0.20 0.30 0.50 0.60 1.10 1.30
teremaxs (11S) 2674 2710 2950  27.03 3165 3165 4425 4464 6897  80.00
teromins (1) 2646 2646 2882 2584 3125 3049 4348 4348 6452 7519
teremean, (BS) 2660 2676 2922 2646 3143 3096 4390 4414 6690  77.89

s, (us) 0.09 023 022 0.44 0.12 036 0.34 0.36 1.69 1.68

Maximum, minimum, and mean value of cypyy and standard deviation at different crack widths
are given in Table 2.

Table 2. Maximum, minimum and mean value of depths of cracks determined by non-destructive
ultrasonic pulse velocity method (NDUPVM), cypynm and standard deviation for the corresponding
crack widths.

0.05 0.09 0.10 0.15 0.20 0.30 0.50 0.60 1.10 1.30
4.73 477 5.71 4.86 6.42 6.33 10.26 10.23 17.08 20.03
4.48 443 5.29 4.19 6.14 5.85 9.77 9.88 15.50 18.31

N2

Wmeasured/ (mm
CUPVM,max (cm
CUPVM,min, (cm
CUPVM, mean, (C

Na R

m) 4.59 4.65 5.53 4.54 6.27 6.12 10.02 10.09 16.33 19.24
s, (cm) 0.09 0.11 0.16 0.21 0.10 0.19 0.15 0.11 0.60 0.61
e ! ; : : : ! :
20
—&—w, = 0.05 mm
18
£ w, =003 mm
16 wk=l]10mm
wK=D.15mm
(] NSRS NS NS SRS SN S N S— [—yE
‘I; : —%—w, =020 mm
5 L] pie st S s /e iaaat Sy T | —%—w, =0.30 mm
: ; : : : : wy, = D50 mm
ITE T —e—rri——— r e H 4
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8_ ________________________________________________________________________________________ =
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n, (measurement number)

Figure 10. Crack depths determined by NDUPVM cypyy for the corresponding crack widths.
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Figure 11. Crack depths determined by visual observation cyjsya) for the corresponding crack widths.

The relative error is calculated by the formula:

g% = —visual ZCUPVM 100 () @)
Cvisual

where: cyigyal is the visually measured depth of the crack, cypywm is the measured depth of the crack
determined by the NDUPVM.

The depths of 99 normal cracks were experimentally determined, using both methods—by
NDUPVM and by visual measurement.

From the visual observation and NDUPVM measurements of crack depths the relative errors
were calculated, by Equation (2), and the data is plotted in Figure 12.

Maximum, minimum and mean value of ¢, and standard deviation for the corresponding crack
widths are given in Table 3.

70 T T T T T T T
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n, (measurement number)

Figure 12. Relative errors ¢, for visually determinate and NDUPVM crack depths for the corresponding
crack widths.
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Table 3. Relative errors ¢. for the corresponding crack widths.

Wneasured, (mm)  0.05 0.09 0.10 0.15 0.20 0.30 0.50 0.60 1.10 1.30
£ max (%) 2322 5699 6167 5367 638 2585 5075 4925 3849 1868
€cmin (%) 1807 5495 5978 435 0.97 19.87 4868 4758  33.02  10.14
£ means (%) 1973 5568 6043 2990 315 2235 4937 4848 3517  13.68

s, (%) 1.63 0.67 067 2284 205 1.87 0.82 0.62 1.78 2.19

4.2. Results Summary
The results analysis showed that:

e At crack depths from 4.5 cm to 14.3 cm measured visually and a crack width from 0.05 mm to
0.30 mm, the relative error was from 0.97% to 61.67%.

e At crack depths from 19.2 cm to 20.2 cm measured visually and crack width from 0.50 mm to
0.60 mm, the relative error was 47.58% to 50.75%.

e At crack depths from 21.1 cm to 25.7 cm measured visually and crack width from 1.10 mm to
1.30 mm, the relative error was 10.14% to 38.49%.

e  According to [18], the visually determined crack depths are greater than those determined by the
NDUPVM and it was confirmed by the present research.

e  Measured values for tyo crack and terack had good consistency and the obtained standard deviations
were low. It proves that the measurements were properly made.

e  The standard deviations for all, but the common crack width of 0.15 mm, ¢. values were acceptable
for such measurements.

e The biggest value of ¢. for the common crack’s width showed that these cracks were mainly
affected by external exposure.

5. Conclusions

This paper presents the results of experimental studies on the measurement of cracks depths in
reinforced concrete elements by NDUPVM and by visual observation. The transmitting time of the
ultrasonic pulse in concrete without cracks and defects, and such in cracks with widths from 0.05 to
1.3 mm and depths from 4.8 to 25.5 cm were determined by the NDUPVM. The depths and widths
of normal cracks were also determined visually using a crack magnifier. Maximum, minimum, and
mean value of t..,x and standard deviation at different crack widths, maximum, minimum, and mean
value of cypym and standard deviation for the corresponding crack widths, and maximum, minimum,
and mean value of ¢, and standard deviation for the corresponding crack widths were obtained
and analyzed.

As we know, cracks in concrete appear because of tensile strain and the low tensile strength of
concrete, but also because of initial small defects, reinforcement, and imperfections, etc. Crack patterns
are unpredictable and follow mainly the tensile strain, but also gravels and imperfections in concrete.
All the non-destructive methods that can be used to access crack parameters have advantages and
disadvantages. The best method still does not exist.

Traditional methods of diagnostics, assessment, and analysis of building structures are destructive,
more costly, and labor intensive. NDT methods are being developed and implemented more and more
worldwide that allow the properties of the building materials used and the quality of the elements and
structures to be controlled repeatedly, both during their construction and during different stages of
their exploitation.

Analyzing the obtained results, some important conclusion can be defined:

e  The present study confirmed the possibility of using NDUPVM for the assessment of reinforced
concrete structures and the possibility for obtaining information about the homogeneity of
the reinforced concrete, for detection of caverns and cracks, and assessment of the quality of
the construction.
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e  Measuring, processing, analyzing, and interpreting the obtained results required careful data
collection, high qualification of the researchers, and expert analysis.

e  All measured crack depths by the NDUPVM were smaller than the real ones.

e  This research confirmed that the visually determined crack depths were greater than those
determined by the NDUPVM.

e  The direct exposure on external atmospheric impacts, such as rain, snow, etc. had an influence on
the accuracy of the NDUPVM measurements.

e  The relative error ¢, varied in a wide range, between 0.97% and 61.67%, and it was not possible to
predict the real value of crack depth only by NDUPVM in the case of direct exposure of external
atmospheric impacts over the examined structures.

e  Further research is required to systematize the methods for detecting defects and cracks in
reinforced concrete.

e Itisnecessary to extend the research on beams with different shape, reinforcement ratio, concrete
grade, etc., and on other structural elements, like slabs, columns, walls, etc.

Limitations in the usage of NDUPVM are required if the investigated elements were exposed to
direct atmospheric conditions. This is especially important when examining slabs, walls, and other
elements without clear access and if it is impossible to verify the NDUPVM by visual observation or by
another method.

Authors recommend finally that two different methods should be used in the structural condition
assessment of concrete elements, including crack depth determination. A combination of NDUPVM
with visual observation is still one of the best solutions in most common cases.

The results of this study will contribute to the faster, reliable, and inexpensive control required for
the safe exploitation of buildings and facilities.
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