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Adoption of periodic or continuousmonitoring strategies to assess condition state of infrastructure elements is a vital part of service
life management (SLM). NDT methods are increasingly seen as an attractive and viable strategy to support condition monitoring.
Over the last 15 years, the LEME research group at UFRGS has investigated several aspects related to the use of the ultrasonic
pulse velocity (UPV) method and its potential for real field applications. One of the main advances involved the development of
artificial neural network (ANN)models for correlating compressive strength and UPVmeasurements. Another examined problem
was how to deal with the large amount of raw data derived from inspection of large structures. Several studies were carried out to
check different mapping techniques, as reported by Lorenzi et al. 2011.This paper relates one investigation where UPV and rebound
hammer (RH) measurements were collected from a beam containing several induced defects, simulated using different materials.
The results were processed using a mapping strategy, which indicated suspicious points where core extraction was undertaken. All
cores taken from points derived from UPV results were found to have flaws providing evidence that this may be a suitable tool to
assess concrete structures, when data is properly interpreted.

1. Introduction

Concrete is the most widely used construction material in
the world. Preserving its integrity is therefore paramount to
achieve the desired service life. However, when concrete is
not properly designed or when the production process is
inadequately controlled, flaws and defects can be introduced
very early in the material. Furthermore, concrete damage
may arise as scattered microcracks, due to freeze-thaw or
other expansive actions or in the form of localized large
cracks due to mechanical or thermal effects, which may
extend for significant distances within the structure. All
these flaws can affect performance and reduce strength or
durability. Given this, it is important to detect and assess
their importance as early as possible. That is one of the

main reasons why nondestructive testing (NDT) techniques,
which are capable of detecting, locating, and characterizing
most types of damage, have called the attention of practicing
structural engineers, as discussed by Shah et al. [1].

The NDT concept encompasses all test methods used to
examine an object, material, or system without impairing
its integrity or usefulness. Over the last decades, several
NDT methods have evolved from laboratory curiosities to
vital quality control tools in different productive fields. These
methods are nowadays commonly used to check variations
in structure, changes in surface, presence of cracks, or other
physical discontinuities, measure the thickness of materials,
and determine other characteristics of industrial products.

In civil engineering, NDT methods are becoming very
important parts of the recommended inspection procedures
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for several infrastructure objects: bridges, highways, tunnels,
and other industrial structures. This demand will probably
increase since aging infrastructure requires regular inspec-
tions for optimal planning of repair and intervention, in order
to ensure performance and human safety [2].

The challenge, therefore, is to assess the potential and
learn howbest it is to collect, use, and interpretNDTdata.The
present work reviews one of a series of studies and practical
works performed at LEME/UFRGS where ultrasonic pulse
velocity (UPV) and rebound hammer (RH) were used to
subsidize interpretation and decision making regarding the
condition state of concrete structures and the eventual need
for intervention.

2. Nondestructive Testing
NDT methods are test methods that rely upon physical
or chemical principles that can be monitored or measured
without significantly affecting the appearance or performance
of the analyzed structures. For this reason, NDT methods
are favored when testing many structural materials and
structures. According to Nesvijski [3], they allow evaluation
in situ during service and enable monitoring for an extended
period of time.

The application of NDT methods in civil engineering
is spreading in several countries. In addition of allowing
the evaluation of aged and deteriorated structures, they can
also be used for quality control of new structures [4]. In
Brazil, the application of these techniques is still restricted,
but it is growing rapidly in some sectors. The interest
in NDT techniques is rising particularly in inspection of
civil engineering infrastructure, mostly made of concrete.
Concrete deteriorationmay be a result of several degradation
mechanisms, which may damage the integrity of structures
[5]. NDT monitoring techniques are being used to prevent
and control the deterioration of concrete structures without
damaging the material. The present study proposes a surface
mapping technique of UPV and RH data which may be very
useful in concrete analysis.

2.1. Ultrasonic Pulse Velocity. Ultrasonic testing is a well-
established nondestructive technique for the detection of
flaws and characterization of materials, based on the mon-
itoring of the propagation speed of an ultrasonic wave
throughout the material. During tests, transmitting and
receiving transducers are placed on different parts of the
object, allowing an ultrasonic pulse to be sent through the
material [6]. If a flaw is encountered, the wave is delayed.
Using this knowledge, UPV can be used as an assessment
tool to help quantify the existence extent and progression of
damage in different structures, [7].

Although most applications of this test focus on the
inspection ofmetals, ultrasonic pulse transmission technique
has been shown to be useful also for testing concrete
elements. UPV have already been applied to new and old
structures, slabs, columns, walls, fire damaged areas, hydro-
electric structures, pipes, prefab, and prestressed beams [8].
The UPV method is particularly effective, powerful, and
flexible, allowing in-depth analysis of material homogeneity.

It is possible to determine concrete uniformity, to control
its quality, to follow up the deterioration, to check the
presence of internal flaws and voids using UPV, and to
make comparisons with reference specimens, it may estimate
potential compressive strength. Finally, when regularly used,
it may provide data on the development of problems.

The evaluation of ultrasonic results is a highly specialized
and complex activity, which requires careful data collection
and expert knowledge and sensitivity to obtain reliable
diagnosis. In order to map the homogeneity of a structure, it
is necessary to interpret and connect a large number of UPV
readings. Accurate analysis requires reliable interpretation
strategies, but there is not yet a proper widely accepted
method to analyze this data.The research related in this work
aimed to investigate a strategy to analyse these data using 3D
mapping techniques used to build topographic models.

2.2. Rebound Hammer. The rebound hammer test is essen-
tially a surface hardness tester, where an elastic mass is
projected against the surface and the rebound is measured,
resulting in the RH number [9]. The rebound mass depends
on the hardness of the surface against which the mass
impinges [10]. Of course there is a relationship between
rebound number and surface strength but deducing con-
crete strength from the RH number must be done with
great care, because several superficial effects can affect the
rebound without affecting concrete resistance [11]. Despite
the weak theoretical relationship between concrete strength
and rebound number, several empirical correlations have
been created and used, with mixed success.

The key to understand the inherent limitations of the test
for estimating strength is recognizing the factors influencing
rebound distance. Essentially, it is a complex problem of
impact loading and stress-wave propagation. The rebound
distance depends on the kinetic energy in the hammer before
impact with the shoulder of the plunger and the amount of
that energy absorbed during the impact. Part of the energy
is absorbed as mechanical friction in the instrument, and
part of the energy is absorbed in the interaction of the
plunger with the concrete. It is the latter factor that makes the
rebound number an indicator of the concrete properties. The
energy absorbed by the concrete depends on the stress-strain
relationship of the concrete [12].

Nowadays, the RH method is mostly used to make
a preliminary assessment of uniformity or to determine
suspicious regions where low or damaged concrete may be
located.Given the easiness of application, a quickmapof large
areas can be done in little time. That is the way the test was
used in the present study.

3. Experimental Investigation

A beam was tested with a portable ultrasound model V-
METER and James Concrete Test Hammer (Figures 1 and 2).
This period was chosen tominimize the influence of concrete
strength variation on the measurements. The size of the
objects placed inside the beam varied between 30 and 95mm.
All objects were detected by NDT measurements. The V-
METER is widely used and accepted for concrete quality
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Table 1: Description of the objects used to induce defects in the beam.

Type of object Geometry Size Type of defect simulated
Styrofoam ball I Solid 75mm Honeycomb
Styrofoam ball II Solid 50mm Honeycomb
Tennis ball Hollow with filling 62mm Very large air void or honeycomb
Table tennis ball Hollow 38mm Large air void or placement defect
String made of one table tennis ball and two
Styrofoam balls Partly hollow and partly solid 23 to 37mm Elongated honeycomb

Wood piece Elongated Rectangular 15 × 80 × 30mm Formwork piece
Wood piece II Rectangular 40 × 30 × 55mm Formwork piece or honeycomb

Figure 1: Portable ultrasound model V-METER.

control and inspection. It measures and correlates concrete
strength to a standard strength measurement, allowing non-
destructive testing of complete structures [8]. The James
Concrete Test Hammer is an advanced, completely auto-
mated system for estimating concrete compressive strength.
Its calculation, memory, and recording functions allow for
quick, easy, and accurate test results. They indicate the
compressive strength of hardened concrete [13].

The main objective of the test was to collect data and
verify if the analysis of the results could allow the detection of
the objects inside the beam. Surface mapping technique was
used for interpretation of results, as reported by Lorenzi et al.
2011 [14].

In order to investigatewhichmethodsweremore accurate
to detect the objects inside the concrete beam, one grid
was tested. Figure 3 shows one of the faces of the grid.
Readings were made around each point. The readings were
grouped and generated the reading quadrants. The main
issue was to determine the best strategy to organize and
to interpret ultrasonic pulse velocity results and rebound
hammer results. The software program Surfer 7.0 was used to
create a superficial map, with an image generation. Figure 4
shows the beam prepared for performance of the ultrasonic
tests. A measurement answer sheet was used to ensure the
perfect positioning of the transducers during the tests.

3.1. Materials. The mix proportions used to prepare the
concrete beam mixture were 1 : 2.57 : 3.43 (cement : natural
river sand : coarse basalt gravel), with a w/c ratio of 0.58.This
resulted in a 60mm slump and a 28-day compressive strength

Figure 2: Rebound hammer at concrete beam.

of 20MPa. The measurements were taken after 1 year using
two measurement grids:

(a) a 150×150mm square grid, starting at a point located
50 mm from the bottom and 50 mm from one of the
lateral edges of the beam;

(b) a 75 × 75mm square grid, with four times more cells
than the first one, starting at the same point, located
50mm from the bottom and 50mm from one of the
lateral edges of the beam.

Table 1 describes the objects introduced into the beam.
In addition rebar elements were also introduced into the
beam. Four 1/2” longitudinal steel bars were used to create
a supporting cage, together with 3 closed-loop stirrups. Four
additional single stirrups were placed in one of the sides of
one half of the beam, to check if they would interfere with
the UPVmeasurements. A corroded rebar piece and piece of
prestressing tendonwere also placed along themain direction
of the beam.

The elements are shown in Figures 5 and 6.Theywere kept
in place using nylon threads. Reinforcement bars were placed
inside the beam to check if their presence would influence the
UPV readings. Figure 6 shows a lateral view of the prototype
beamwith all objects positionedwith the aid of nylon threads.
One year after being built, the beam was tested.

4. Experimental Program

4.1. Items of Investigation. The present study shows the
application of two different NDT to interpret data from
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Figure 3: Location of the objects into the beam.

Figure 4: UPV measurements at the beam.

Figure 5: Simulation of situations inside the beam.

an experimental beam, measuring 20 × 40 × 100 cm, in
which some defects were induced. After measurements were
performed, the surface was mapped. The objective was
to verify the efficiency of defect detection of the applied
methods. The collected data were mapped and core samples

Figure 6: Lateral view of the rebar and the objects used to induce
defects in the beam.

were taken from the positions that each method pointed out
as problematic.

4.2. Surface Mapping. Using a surface mapping software
(Surfer 7.0), a contour map of the data was generated. The
coordinates of the contour map were the position in the grid
(expressed as 𝑋 and 𝑌 values) and the UPV measurement
(𝑍 coordinate). Each indirect measurement was placed at the
midpoint of the line connecting two points of the grid.

Adequate intervals were stipulated for the UPV mea-
surement and rebound hammer results in order to create
a color map representing the variation of results obtained
along the lateral part of the beam. Imaging is implemented
in many fields and has been demonstrated to be a powerful
tool for the interpretation of signal data. However, imaging
for the evaluation of concrete structures has not been widely
used. The generated image shows where the readings are
lower or higher. When no variations are shown, concrete is
homogenous.

5. Experimental Results

Contour surfaces were obtained using the surface mapping
results. Applying the software program Surfer 7.0, a surface
analysis was performed using data obtained in the ultrasonic
and rebound hammer tests. The image shows where readings
are lower or higher. When no variations are shown, concrete
is homogenous.



ISRN Civil Engineering 5

0.3

0.2

0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 7: View of UPV results at beam—Side A.
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Figure 8: View of UPV results at beam—Side A.

In the UPV tests, direct and indirect measurements were
taken using the grid. Direct measurements were taken at
each point of the grid between the two sides of the beam.
The resulting values were placed at the corresponding grid
point. Indirect UPV measurements were taken at the four
points that made up each grid cell, resulting in 6 UPV values
for each face. The four values corresponding to readings
taken between two neighboring horizontal or vertical grid
points were positioned at the midpoint between these points.
An average value was then calculated from the two values
corresponding to the diagonal measurements and placed at
the center of the square. Finally, five values were placed in
each grid cell.

In the rebound hammer tests, after rebound number
determination, the resulting valuewas placed on each point of
the grid. A surface mapping software was then used to create
continuous colored images, similar to topographic maps,
where low and high velocity zones were identified.

Throughwell-done analysis of the ultrasonic readings and
reboundhammer a diagnosis on the concrete statewith raised
precision can be reached. This research aims to investigate
strategies for systemizing and facilitating this analysis.

5.1. Analysis of UPV Test Results. Figures 7, 8, and 9 present
the surfaces generated from theUPV tests.The image analysis
clearly shows the regions where the readings are lower or
higher than the average. The surface generated by the Surfer
software program shows the variations in concrete homo-
geneity, determining the regions inside the beam presenting
differences in homogeneity.

The analysis of the surface contour maps created using
UPV data indicates that the use of the values obtained by
indirect measurements seems to create more accurate images
of the known position of the defects. On the other hand,
the use of the smaller grid (75 × 75mm) resulted in a more
irregular image, which is more difficult to interpret, as shown
in Figure 7.

The best results were obtained when the data from the
indirect measurements taken with the 150 × 150mm grid
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Figure 9: View of UPV results at beam—Side B.

were used. Figures 8 and 9 show the images generated
with this data corresponding to both sides of the beam. In
these images, hotter (red) zones indicate lower UPV values,
evidencing the presence of voids or defects. Colder (blue)
zones indicate higher UPV values, suggesting more compact
zones (or influenced by the presence of the rebar).

In both images, the section of the beam where the defects
were induced is clearly identified. The closed loop stirrup
in the middle of the beam is also evidenced. The presence
of defects or voids that reduce UPV values is unmistakable.
The disturbances, as indicated by hotter values, are generally
located in the vicinity of the area where the objects were
positioned to simulate the concrete defects. It was possible to
establish a match between the original position of the defects
and the image contour maps.

Despite the uncertainties, the analysis of the contour
maps—similar to those that would have been produced if an
investigation of a real structure was undertaken—indicates
some trends. The presence of the wood pieces and the
hollow tennis balls seems to have higher influence on the
measurements than the solid Styrofoam balls. The smaller
wood piece located nearer to the top of the beam only appears
in the side B image, possibly because it was closer to this
side of the beam. The presence of the tennis ball is also
more marked on this side, and it appears on the side A. The
single table tennis ball is only noticeable on the side A image.
The defects nearer to the bottom of the beam seem a little
displaced but appear on both sides as three evident reductions
in UPV values.

Themost unexpected result is observed on the left side of
both images.There seems to be a disturbance near themiddle
of the beam, which develops itself vertically. There was no
object around this region that could justify such behavior.

5.2. Analysis of Rebound Hammer Results. The rebound
hammer results allow generating surfaces that indicates the
presence of defects. The obtained results indicate that this
test is very useful to locate areas with different concrete
surface hardness. With this method, concrete quality in
different areas that do not present concrete damage can be
compared. However, this method only examines the concrete
surface, and therefore its use is relatively limited.The rebound
hammer results indicate surface hardness and theoretically
seem less capable of detecting the presence of internal defects.
Nonetheless, the image contourmaps generated with the data
collected in these tests are also useful, as shown in Figures 10
and 11.



6 ISRN Civil Engineering

0.3

0.2

0.1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 10: View of rebound hammer results at beam—Side A.
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Figure 11: View of rebound hammer results at beam—Side A.

The hotter colors in the images indicate points of low
energy rebounds, suggesting softer or more absorbing sur-
faces, whereas colder colors indicate high energy rebounds
or harder surfaces. The images show that the induced defects
were located on the right side of the beams, but the results
are less clear than those obtainedwith theUPVdata. A strong
rebound signalwas recordedwhere the tennis ball was placed.
The signal was stronger on the side B of the beam, consistent
with the UPV analysis, which indicated that this ball was
probably closer to this side. Also, in agreement with the UPV
results, the single table tennis ball was only noticeable in
the image of side A. The big Styrofoam ball produced a low
rebound signal that was noticeable on both sides of the beam.
This signalwas stronger in the image of sideA andwas located
immediately below the signal traced back to the table tennis
ball.

5.3. Concrete Core Analysis. In order to check if the diagnosis
made using the contour map images was reliable, core
samples were taken at some points chosen based solely on
the contour images. Figures 12, 13, 14, 15, and 16 show the
extraction results. Figure 12 shows the beammarked with the
extraction points. Red circles indicate UPV suspect points,
while blue circles indicate RH points. Figures 13, 14, 15, and
16 show some of the extracted cores, providing clear evidence
that the defects were accurately located using only NDT data,
with no prior knowledge of their position.

6. Summary and Conclusions

Based on the results of this experimental investigation, the
following conclusions are drawn.

(1) This study demonstrated that NDT tests can be used
to locate relatively small defects (around 35mm) in
concrete beams that may cause structural perfor-
mance problems.

Figure 12: Detail of the marked beam.

Figure 13: Core samples showing the table tennis ball.

Figure 14: Core samples showing the small piece of wood.

Figure 15: Core samples showing the Styrofoam ball.
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Figure 16: Core samples showing the piece of prestressing tendon.

(2) The use of a contour mapping technique was shown
to be adequate to organize and interpret the results
of a series of NDT tests in order to detect suspicious
zones. The use of grids to collect data was adequate
to structure the test and ensure that no region was
overlooked.

(3) The results obtained in the present study indicated
that the use of very small grids may not be a good
alternative, because the general signs that indicate the
presence of a defect may be masked by the natural
variations between concrete zones.The 150×150mm
grid seemed to provide good accuracy.

(4) It was shown that it was possible to identify the
presence of heterogeneous regions inside the tested
structure using the strategy of surface mapping. The
generation of surface results aided locating the objects
inserted in the concrete. Surface analysis allows visu-
alizing internal concrete heterogeneity.

(5) Visualization tools may indicate the location of
objects inside concrete structure, suggesting that this
may be the best strategy to perform accurate analyses.
The combination of UPV and rebound hammer
measurements with the mapping software with a
visual interface is an efficientmethod tomap concrete
homogeneity.

(6) The performed tests showed that ultrasonic tests may
be useful for structural analysis. The data obtained
allowed the detection of the presence of foreign
bodies and voids at the test beam, confirming the
potential use of UPV for the inspection of structures.
Ultrasonic results provide significant indications of
concrete characteristics and of structure homogeneity
and quality.

(7) The images generated using indirect UPV measure-
ments were clearer than those generated by direct
measurements. This was attributed to the fact that
indirect measurements encompass a broader portion
of concrete, and the resulting data express the average
velocity in an area and not only across the beam.

(8) The rebound hammer results were shown to be
sensitive to the surface conditions of concrete ele-
ments.This suggests that cautionmust be taken when

using rebound hammer data to determine concrete
strength. It is important to highlight that good results
were obtained with the rebound hammer data. Fur-
ther studies should be carried out to check if this
simple test can be used, when no other equipment is
available, to provide a rough estimate of the presence
of defects.

(9) The applied tests demonstrated, with reasonable con-
fidence, the possible presence of defects in the beam,
avoiding the need to demolish and rebuild part of
the structure, resulting in important cost and time
savings.

(10) The coring showed that both tests showed the main
defects inserted in the beam, confirming the test
diagnosis.

Nonetheless, the usefulness of ultrasonic readings and
rebound hammer to detect defects in concrete structures
depends on the establishment of a suitable inspection grid.
The best investigation strategy, indubitably, is to combine
different NDT tests. In the present study, core samples
demonstrated that defects were indeed present in the points
indicated as suspicious in both tests. In general, the results are
that NDT tests can play an important role in determining the
existence of defects in concrete structures. Further studies are
warranted, however, to establish the reliability and detection
threshold of these techniques.
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