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ABSTRACT

ARTICLE INFO

Non-destructive methods have many advantages over traditional test methods, es-
pecially since it does not damage the specimen, it can be used multiple times on the
same specimen. These advantages also provide a great benefit in terms of following
the property development in concrete as the same specimens are used which elimi-
nates the variations related to the specimens. In this study, it is aimed to determine
the damage amount of concrete produced with different binders by electrical bulk
resistivity, resonance frequency, and ultrasonic pulse velocity methods. Firstly, con-
cretes containing different binders were produced, and along with the mechanical
properties, ultrasonic wave velocity, resonance frequency, and electrical resistivity
values of the produced concrete were determined at the 7, 28, and 90 days. Besides,
the specimens were subjected to gradually increased compressive loads and non-de-
structive methods were used to estimate the extent of damage on specimens. It was
attempted to establish a relationship between the damage on concrete specimens
and the results obtained by non-destructive methods. Consequently, the compressive
strength, electrical resistivity, ultrasonic pulse velocity and resonance frequency val-
ues of all specimens increased with the advancing age. It was concluded that the res-
onant frequency method is more successful than other methods in estimating the

Article history:

Received 23 August 2021
Revised 2 October 2021
Accepted 1 November 2021

Keywords:
Non-destructive testing
Concrete

Damage

Mineral admixtures
Compressive strength

amount of damage in concrete.

1. Introduction

Considering the wide use of concrete as a construc-
tion material, degradation of concrete structures is also
a great concern. The extent of concrete damage can be
evaluated in many ways. Although taking cores from the
existing structures is a common method, in recent years,
non-destructive testing methods have been used fre-
quently. As concrete is mainly resistant to compressive
forces, the compressive strength and some physical
properties of concrete can be estimated by non-destruc-
tive testing methods. Non-destructive testing methods
can be used to determine the concrete quality in new
constructions, as well as to determine the properties of
the existing structures (ACI 228.2R-98, 1998). By using
non-destructive testing methods, an idea about the pa-
rameters such as the absorption capacity of concrete,

modulus of elasticity, compressive strength, moisture
content, and electrical resistance of concrete can be ob-
tained (Breysse, 2012).

One of the novel non-destructive techniques on con-
crete uses bulk electrical resistivity to evaluate the con-
crete's durability. The electrical resistivity of concrete
depends on the concrete's water/cement ratio, mineral
and chemical admixtures, age, aggregate type, degree of
saturation, and the environmental conditions in which it
is cured (Layssi et al., 2015). Since the alternating current
is employed in the electrical resistivity test, in order to
determine the resistivity, impedance and the phase angle
values are collected and transformed to resistance and re-
sistivity afterwards (Layssi et al,, 2015). In a study of elec-
trical resistance, concrete mixtures were prepared with
4 different types of cement with varying water/binder
ratios while, the amount of cement and aggregate type
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were kept constant (Medeiros-Junior et al., 2016). Ac-
cording to this research, it is shown that the electrical re-
sistance of concrete can also be affected by the type of
cement (Medeiros-Junior et al., 2016). Besides, parame-
ters that can be obtained from the rapid chloride ion
penetration test were shown to be obtained by the elec-
trical resistivity test (Shane et al., 1999). Bearing in mind
that the rapid chloride ion penetration test takes quite a
long time, the electrical resistance test is more advanta-
geous from the practicality point of view. Moreover,
some studies showed that the increase in the compres-
sive strength of concrete causes an increase in the elec-
trical resistivity of concrete (Liibeck et al.,, 2012; Helal et
al,, 2015). This is because as the compressive strength of
the concrete increases, hydration products fill the voids
inside the concrete. In damaged concrete, due to the in-
crease in the size of the voids and the number of voids in
the damaged parts of concrete, some changes may occur
in the electrical resistivity. In this research, the relation-
ship between the damage amount of concrete prepared
with different mineral admixtures and electrical resistiv-
ity was tried to be found.

Ultrasonic pulse velocity is a common method to eval-
uate the concrete properties non-destructively. The
quality, homogeneity, void state, crack state and crack
depth of the concrete can be determined by using an ul-
trasonic pulse velocity test (ASTM C597-97, 1997). Ul-
trasonic pulse velocity can be affected by w/c ratio, the
maximum size of coarse aggregates, and cement type
(ASTM C597-97, 1997; Trtnik et al, 2009). Properties
and types of aggregates can affect the compressive
strength as well as the ultrasonic pulse velocity of the
concrete specimens (Trtnik et al., 2009).

Qasrawi (2000) researched that concrete strength
can be predicted by using NDT methods such as ultra-
sonic pulse velocity and rebound hammer. Also, Moham-
med and Mahmood (2016) conducted a study on how ag-
gregate size affects ultrasonic pulse velocity. In their
study, brick fractions were used as coarse aggregate in dif-
ferent sizes, and it was concluded that the ultrasonic pulse
velocity increased as the aggregate size increased in con-
crete.

Ultrasonic pulse velocity alongside with compressive
strength is affected by the age and curing period of the
concrete specimens as well. Demirboga et al. (2004) in-
vestigated ultrasonic pulse velocity and compressive
strength parameters in high-volume mineral admixture
concrete. In their study, it was observed that both com-
pressive strength and ultrasonic pulse velocity results
increased with advancing age and curing period.

Another non-destructive technique adopted in this
study is resonance frequency testing. There are two
ways to determine the resonance frequency of the con-
crete: the forced resonance method and the impact res-
onance method. In the impact resonance method which
is used in this experimental work, the specimen is struck
with the impactor, and the specimen response is meas-
ured with the accelerometer.

Dynamic modulus of elasticity can be estimated by us-
ing the resonance frequency test method (ASTM C215-08,
2008). But the result can be affected by the manufacturing
process, mix design, aggregate properties, specimen size,

and curing conditions of the concrete (ASTM C215-08,
2008; Helal et al,, 2015). One study shows that the self-
healing capability of the concrete specimens which are
prepared by different pozzolanic materials such as
ground granulated blast furnace slag and Class F fly ash
can be determined by using NDT methods such as elec-
trical impedance, rapid chloride permeability test, and
resonance frequency (Yildirim et al., 2015).

In the literature, many studies are explaining the rela-
tionship between non-destructive testing methods and
the properties of concrete (Kolluru et al., 2000). In some
of these studies, concrete specimens are prepared with
different cementitious materials, and some specimens
are stored and cured at different temperatures (Hong et
al,, 2021). For several studies, even the damage of con-
crete was individually investigated with various NDT
methods (Chun et al.,, 2020). However, there is no study
that seeks to demonstrate the relationship between the
damage of the concrete specimens and non-destructive
testing methods for concretes with different binders as
far as the authors' concern.

In this study, three NDT methods: electrical resistiv-
ity, ultrasonic pulse velocity, and resonance frequency
were used. Concrete specimens which were prepared
with different pozzolans such as fly ash, silica fume, and
ground granulated blast furnace slag, were damaged to
various levels of their compressive strength value. The
extent of the damage was expressed as a percentage of
compressive strength of the specimens, ranging from 0%
to 100% in increments of 25%. At the end of this study,
the relationship between NDT results and damage level
of concrete specimens was established.

2. Experimental Program
2.1. Materials and mix design

In this study, the main goal is to find a relation be-
tween the degree of damage on a concrete specimen and
the results of electrical resistivity, ultrasonic pulse veloc-
ity, and resonant frequency tests. For this purpose
firstly, the concrete mixtures were designed and speci-
mens were prepared according to ACI 211.1-91 guide-
line and ASTM C192 standard, respectively (ACI 211.1-
91, 2002; ASTM C192 / C192M-14, 2014).

For concrete mix design, a target compressive
strength of 25 MPa is specified for the mixture without
any cement replacement materials which serves as a
control mixture. For the remaining three mixtures some
of the Portland cement was replaced with fly ash, silica
fume and ground granulated blast furnace slag. The re-
placement level was based on conventional usage of
these binders.

CEM I 42.5 R type ordinary Portland cement (OPC)
was a product of Oyak Cement Factory, fly ash (FA) was
obtained from Yatagan Thermal Power Plant, silica fume
(SF) from Eti Metallurgy Inc. in Antalya, and finally the
ground granulated blast furnace slag (GGBFS) from Is-
kenderun Iron and Steel Plant. The chemical composi-
tions and physical properties of the binding materials
are provided in Table 1.
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As mentioned previously, 25 MPa compressive
strength was targeted in the control mixture. In the mix-
tures containing FA, SF, and GGBFS produced to investi-
gate the effects of different binder materials, the replace-
ment levels of 20, 5, and 20% were used, respectively.
The proportions of the ingredients of produced con-
cretes are presented in Table 2.

2.2. Specimen preparation
For all the compressive strength and NDT tests con-

ducted throughout the experimental research, cylindri-
cal specimens with 10 cm diameter and 20 cm height

were used. During the preparation of the fresh concrete,
firstly aggregates and half of the mixing water were in-
troduced to a drum-type concrete mixer. The mixer was
operated until the entire surface of the aggregates was
wetted. After then, Portland cement, mineral admix-
tures (if used), and all the remaining mixing water were
introduced into the mixer. The mixer was restarted
again, and the mixing process was completed when a
homogeneous mixture was obtained. Once the fresh
concrete was prepared, cylindrical molds with a diam-
eter of 10 cm and a height of 20 cm were filled with
fresh concrete in two layers and compacted as seen in
Fig. 1.

Table 1. Chemical composition and physical properties of binding materials.

PC FA GGBFS SF
Si02 (%) 18.69 50.04 38.4 91.96
Ca0 (%) 61.87 11.21 34.48 0.62
Al203 (%) 4.74 22.85 10.96 1.20
Fe203 (%) 3.37 8.02 0.81 0.84
MgO (%) 3.36 2.23 7.14 1.02
S03 (%) 2.93 0.78 1.48 0.12
K20 (%) 0.63 2.50 0.86 1.16
Naz0 (%) 0.19 2.2 0.18 0.67
Specific Gravity 3.15 2.28 2.79 2.20
Blaine Fineness (m?/kg) 342 285 425 -

Table 2. Concrete mix proportions.

PC FA SF GGBFS Coarse aggregate  Fine aggregate Water

(kg/m3)  (kg/m?)  (kg/m?)  (kg/m?) (kg/m?) (kg/m?) (kg/m?)
PC-Mix 400 0 0 0 960 714 216
FA-Mix 320 80 0 0 960 619 216
SF-Mix 380 0 20 0 960 621 216
GGBFS-Mix 320 0 0 80 960 636 216

W

Fig. 1. Cylindrical concrete specimens.
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After this process, molds were left for 24 hours under
laboratory conditions, then the specimens were re-
moved from the molds and cured under water at 23°C till
the age of testing for the development of strength. After-
ward, in each mixture, 6 specimens were produced and
used for the ages of 7, 28 and 90 days. 3 of the specimens
were used as control specimens and the other 3 speci-
mens were used as test specimens. The compressive
strength of the specimens in the control group was de-
termined under a constant loading rate of 0.3 MPa/s ac-
cording to the ASTM C39 as seen in Fig. 2 (ASTM C39,
2021). For the control specimens, NDT measurements
were taken from the sound specimens before testing,
and also after loading the specimens to failure for each
experimental method. For the test group, the specimens
were loaded gradually to 0%, 25%, 50%, 75%, and 100%
of their compressive strength, and NDT tests were per-
formed prior to loading and also after each level of dam-
age. The damage levels were calculated according to the
compressive strength values of control specimens at fail-
ure.

The electrical resistivity test was carried out at a fre-
quency of 1 kHz of alternating current. To provide the
uninterrupted current flow, sponges that were wetted to
a constant weight of 21 g were placed between the spec-
imens and the electrode layers. Afterward, as seen in Fig.
3, cylindrical specimens were placed between two elec-
trodes, and the measurements were taken. Then the
measured resistance values were used to calculate the
electrical resistivity of the specimens.

Fig. 2. Compression test.

Fig. 3. Electrical resistivity test.

The ultrasonic pulse velocity test was carried out at a
frequency of 54 kHz. During this test, ultrasound gel was
applied as a contact material between transducers and

the specimen. The transmitting and receiving transduc-
ers were placed on the parallel surfaces of the concrete
specimen and measurements were taken through direct
transmission as seen in Fig. 4.
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Fig. 4. Ultrasonic pulse velocity test and resonance frequency test.

The resonance frequency test was operated via a res-
onance frequency meter with maximum sampling fre-
quency of 100 kHz. After the dimensions and mass of
specimens are input into the frequency meter, the speci-
mens are struck with a 19 mm diameter-steel ball im-
pactor from one end regarding the longitudinal vibration
mode. The specimen vibrations are obtained with the ac-
celerometer from the other end of specimen and the ob-
tained frequency values are measured with frequency
meter as seen in Fig. 4.

3. Result and Discussion
3.1. Compressive strength

The compressive strength values in the graph were
obtained as a result of compression test applied on con-
trol specimens of each mixture till their failure. Depend-
ing on the mineral admixtures used in the production of
concrete mixtures, as seen in Fig. 5, the development of
the compressive strength differs. The compressive
strengths of concrete mixtures which were prepared by
different mineral admixtures were lower than the con-
trol mixture at early ages and similar or higher at later

ages. This situation is expected as they differ in activity
and rate of reaction (Shi et al., 2009; Duan et al., 2013;
Gonen and Yazicioglu, 2007; Hassan et al., 2000).

The control mixture showed the highest compressive
strength only at 7 days due to the rapid hydration of
Portland cement compared to other mineral admixtures.
Although mixtures apart from the control mixture had
similar compressive strengths at early ages, the use of SF
resulted in slightly higher strength. This can be at-
tributed to the lower replacement level of SF (5%) com-
pared to FA and GGBFS. However, at the end of the 28th
day, the difference became more pronounced in favor of
the mixture containing silica fume as it gained a consid-
erably higher strength than the other mixtures. Similar
situations were confirmed by several authors in the lit-
erature (Ozturk et al., 2020; Gokce et al,, 2019; Gupta et
al, 2021). Although the compressive strength of con-
cretes containing ground granulated blast furnace slag
and fly ash was lower than the control mixtures as of this
age, the GGBFS mixture reached a strength close to the
control mixture with the effect of high CaO content. At 90
days, SF, and GGBFS mixtures reached higher compres-
sive strength than the control mixture and FA reached a
strength close to the control mixture as a result of poz-
zolanic activity and secondary hydration.

40
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= 30 —A
=
= 25
(]
—
£ 20
) ——
2 s oC
4] ——FA
= 10
E . —e—SF
)
O o GGBFS
0 7 14 21 28 35 42 49 56 63 70 77 84
Age (days)

Fig. 5. Compressive strength development.
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3.2. Electrical resistivity

For obtaining the electrical resistivity values, the im-
pedance values at the lowermost phase angles were de-
termined. Nevertheless, for the 1 kHz frequency at which
the measurements were taken, the phase angles were al-
ways 0° hence, impedance values were equal to the re-
sistance. Electrical resistivity could easily be calculated
by multiplying the resistance with the cross-sectional
area and dividing it by the length of the specimen. When
the graph was observed, it should be mentioned that in
each mixture, the first, second and third points provide
the values for the ages of 7, 28 and 90 days respectively.
To distinguish the results, 7 days values were presented
with solid filled markers, 28 days values with blank
markers and 90 days values with pattern filled markers.

12

[uny
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Electrical Bulk Resistivity (k€.cm)

0 5 10 15 20

It was understood from the results obtained that the re-
sistivity values increase with age. This situation can be
explained by the decrease in the capillary voids as spec-
imen age increases. Similarly, electrical resistivity values
also increased in the same manner when the sound spec-
imens were damaged due to the cracks formed as a result
of loading. The reason for the increase in resistivity is
due to the difficulty of electrical current to pass through
the formed cracks and voids when the moisture content
is kept constant. Studies showed that electrical resistivity
increases with specimen age and compressive strength
(Medeiros-Junior et al, 2016; Liibeck et al.,, 2012; Val-
cuende et al., 2020; Bem et al,, 2018; Ferreira and Jalali,
2010; Duran-Herrera et al,, 2019; Ghoddousi and Saabadi,
2017; Tumidajski, 2005; Gastaldini et al., 2009). As seen
in Fig. 6, a similar trend is also observed in this study.

B 0C-7days

0O 0C-28days
A B8 0C-90days

® FA_7days

O FA-28days

® FA-90days

A SF-7days

A SF-28days

A SF-90days

¢ GGBFS-7days

<© GGBFS-28days

4 GGBFS-90days
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Compressive Strength (MPa)

Fig. 6. Electrical bulk resistivity vs. compressive strength.

In addition, the measurement of the electrical resis-
tivity of concrete is realized by the ion transfer through
the water-filled pores in the concrete. Since the chemical
compositions of the mineral admixtures used in this
study are different from ordinary Portland cement as
seen in Table 1, the electrical resistivity of the concrete
specimens prepared by using them is also different as
they alter the chemistry of the pore solution (Duran-Her-
rera et al,, 2019; Gastaldini et al,, 2009; Shi, 2004). The
electrical resistivities of the control specimens of each
mixture for the ages of 7, 28 and 90 days before (undam-
aged state) and after (failed state) the application of
compressive loads up to the failure of the specimens are
shown in Fig. 7. Also, the response of electrical resistivity
to gradually increased damage levels are shown in Fig. 8.

Electrical bulk resistivity test results revealed that the
electrical resistivity values follow the same trend with
the compressive strength test results for gradually dam-
aged specimens. For instance, the resistivity values at 7,
28, and 90 days ranged in the same order as the com-
pressive strengths for FA-mix and GGBFS-mix, as seen in
Fig. 7. Electrical resistivity tests could not be performed

on some of the specimens as they lost their integrity after
being loaded to failure.

However, for OC-mix and especially SF-mix as seen in
Fig. 7, the development of electrical resistivity was slow
between 28 and 90 days in contrast to the FA-mix and
GGBFS-mix. This situation can be explained by the reac-
tion mechanism that causes the early gain of strength in
mixtures containing silica fume and Portland cement or
Portland cement alone as a binder and the contribution
of FA and GGBEFS to the strength relatively later.

When the effect of damage condition on resistivity
values is examined, it can be said that there was a slight
increase in the values for specimens with 25% damage
in general. In other words, the electrical resistivity
changed for the level of damage where cracks occurred
in the interface area between the aggregate and cement
mortar. However, this change was not evident in all mix-
tures and is slight for the mixtures it was observed. Elec-
trical bulk resistivity values generally did not show a sig-
nificant change at damage levels between 25% and 75%,
where matrix cracks begin to form and develop, while it
increases in the damage level between 75% and 100%.
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3.3. Ultrasonic pulse velocity

In general, ultrasonic pulse velocity values increased
with the age of specimens. When observed, the first, sec-
ond and third points provided the values for the ages of
7,28 and 90 days respectively in each mixture. To avoid
any confusion in the graph, solid filled, blank and pattern

filled markers were used to demonstrate 7, 28 and 90
days values. As seen in Fig. 9, the increase in compressive
strength depending on the age of the specimen also re-
sulted in an increase in the ultrasonic pulse velocity. The
reason for the increase in ultrasonic pulse velocity as the
age increases can be regarded as the continuation of the
hydration reactions in the concrete and the filling of the
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voids in the concrete with C-S-H gels as a result of the
hydration reactions. Various studies (Trtnik et al,
2009; Tanyildizi and Coskun, 2008; Lai et al., 2001; Lee
and Lee, 2020; Demirboga et al., 2004; Godinho et al,,
2020) have also concluded that the ultrasonic pulse ve-
locity increases when the concrete gains compressive
strength.

The ultrasonic pulse velocity values of the control
specimens of each mixture for the ages of 7, 28 and 90
days before (undamaged state) and after (failed state)
the application of compressive loads up to the failure of
the specimens are shown in Fig. 10. Change in the ultra-
sonic pulse velocity values depending on damage levels
is provided in Fig. 11 for each mixture.
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Fig. 9. Ultrasonic pulse velocity vs. compressive strength.
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Fig. 10. Ultrasonic pulse velocity vs. age for each mixture.

Ultrasonic pulse velocity results for the OC-mix are
given in Fig. 10 and Fig. 11(a). It can be interpreted that
the ultrasonic pulse velocity increases as the age of the
concrete increases for this mixture. In addition, depend-
ing on the extent of concrete damage, decreases in ultra-
sonic pulse velocity can be mentioned.

In Figs. 10 and 11 ultrasonic pulse velocity develop-
ments, depending on age and damage, of FA and SF mix-
tures can be observed. Since ultrasonic pulse waves can-
not pass through the voids inside the concrete, they pass
around the voids following a more tortuous path and
therefore travel a longer distance. This situation causes
a decrease in the ultrasonic pulse velocity of the early

age concrete specimen. When the specimens are loaded,
the ultrasonic pulse velocity values also decrease. This is
because, due to crack formation in the specimen, ultra-
sonic waves have to travel a longer distance as they go
around the cracks.

Ultrasonic pulse velocity results for the GGBFS-mix
are given in Figs. 10 and 11(c). It can be interpreted that
the ultrasonic pulse velocity increases as the age of the
concrete increases for this mixture just as OC-mix. Addi-
tionally, depending on the extent of concrete damage,
decreases in ultrasonic pulse velocity can be mentioned
as well.
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The ultrasonic pulse velocity showed little variation
in gradually damaged concrete specimens regardless of
the test age. However, a significant decrease in ultra-
sonic pulse velocity is observed for all mixtures in the
75%-100% damage level range where matrix cracks de-
velop. From this decrease, it can be concluded that ultra-
sonic waves pass through the matrix in intact samples
and the crack path lengthens only with the increase in
the number of cracks in the matrix.

Another inference that can be obtained from the UPV
test results is that the velocity decrease for specimens
tested at an early age is more significant than in speci-
mens tested at a later age. This may indicate that more
matrix cracks occur in low-strength concrete specimens
at the same level of damage than high-strength speci-
mens.

3.4. Resonance frequency

Aside from the other NDT tests conducted in this
study, resonant frequency measurements could not be
conducted at 7 days. For this reason, results were evalu-
ated based on the measurements taken at 28 and 90
days. Dynamic modulus of elasticity values were calcu-
lated by using longitudinal resonance frequencies in ac-
cordance with ASTM C215 standard. Since the specimen
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damage levels for each mixture.

properties are similar, longitudinal resonance frequen-
cies and dynamic modulus of elasticity values can be
evaluated in the same way. Dynamic modulus of elastic-
ity was calculated by using Eq. (1).

Dynamic E = DM(n')? (1

where M is the mass of specimen; n’ is the fundamental
longitudinal frequency (Hz); and D is 5.093-(L/d?) (m1)
for a cylinder, or 4-(L/bt) (m1) for a prism.

In the graph below, it should be mentioned that in
each mixture, the firstand second points provide the val-
ues for the ages of 28 and 90 days respectively. To sepa-
rate the ages, 28 days and 90 days values were shown
with blank and pattern filled markers individually. As
seen in Fig. 12, the dynamic elasticity modulus that was
obtained from the resonance frequency test, as in the ul-
trasonic pulse velocity test, increased proportionally
with the compressive strength of the concrete.

The aged concrete specimens showed a higher dy-
namic modulus of elasticity as a result of continuous hy-
dration reactions in the concrete and as the existing
pores in the concrete are filled with C-S-H gels. Research-
ers (Lee et al.,, 1997; Giner et al.,, 2011) also observed in
their study that as the compressive strength of concrete
increases, the dynamic modulus of elasticity increases.
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The dynamic elastic modulus values of the control
specimens of each mixture for the ages of 28 and 90 days
before (undamaged state) and after (failed state) the ap-
plication of compressive loads up to the failure of the
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specimens are shown in Fig. 13. Variations in the dy-
namic modulus of elasticity velocity values depending on
damage levels are provided in Fig. 14.
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Fig. 12. Dynamic modulus of elasticity vs. compressive strength.
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Fig. 13. Dynamic modulus of elasticity vs. age for each mixture.

Considering all the results, the dynamic elasticity
modules were obtained from the resonance frequency
test results showed a decrease even at the lowest dam-
age level for all concrete mixtures, unlike the electrical
resistivity and ultrasonic pulse velocity test results. This
decrease is sustained proportional to the damage level,
up to the 75% damage level, where interface cracks form
and develop and matrix cracks begin to form. This situa-
tion is observed regardless of the concrete strength and
the binder materials used. In this respect, the resonance
frequency test stands out compared to other methods for
determining low damage levels. On the other hand, for
damage levels between 75% and 100%, the amount of
decrease in the dynamic elastic modulus becomes more
prominent and observable in all mixtures regardless of
concrete strength and binding material type.

When all the results are evaluated together, the most
accurate method of measuring concrete damage
emerges as the resonance frequency test. For this rea-
son, the diagram given in Fig. 15 was created in order to
evaluate the extent of damage depending on the change
in the dynamic modulus of elasticity independent of the
dynamic elasticity modulus at the undamaged state and
therefore the type of binder. As can be seen from the Fig.
15, the dynamic modulus of elasticity obtained from the
resonance frequency test immediately decreases even
after low damage. With the help of the data presented in
the diagram, a third-degree polynomial was drawn to the
data in order to obtain the damage amount by using the
dynamic elastic modulus values.

When Fig. 15 is inspected it is seen that the vertical axis
is between 86 to 100%. This type of presentation is pre-
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ferred to make it easier for the reader to understand how
the polynomial fits the data. If the vertical axis is chosen be-
tween a wider range, it will not be possible to see how the
polynomial fits the data. In addition, itis obvious that as the
extent of loading increases the data becomes scattered as
up to 50% loading a stable system of microcracks form,
only after 50-60% cracks start to form in the matrix and af-
ter 75 % of interfacial zone becomes unstable and propaga-
tion of cracks increase in the matrix and finally spontane-
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ous cracks grow (Mehta and Monteiro, 2006). This is the
reason for obtaining a wider data at higher load levels.

Considering the results of all the tests conducted
within the scope of this study, electrical resistance and
ultrasonic pulse velocity can be used to evaluate the
damage of concrete, but the most accurate results can be
obtained with the resonance frequency test. The use of
resonance frequency test will give more precise results
for low damage amount due to higher sensitivity.
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Fig. 14. Dynamic modulus of elasticity vs. damage levels for each mixture.

4. Conclusions

The following conclusions were drawn from the re-
sults of the tests conducted throughout the study:

o At the end of the 7th day, the mixture that only con-
tained ordinary Portland cement as a binder showed
the highest compressive strength as a result of rapid
hydration of cement compared to the other mineral
admixtures. However, the gap decreased after 28
days.

o Similar to compressive strength, bulk electrical re-
sistivity results also increased with specimen age as
concrete pores are filled with hydration products.
Failed specimens had higher bulk electrical resistiv-
ities than undamaged specimens as void volume in-

creased, and water saturation of the voids de-
creased.

e Bulk electrical resistivity results were also changed
when specimens were gradually damaged. Between
75% and 100% damage levels, a significant increase
was observed in the bulk electrical resistivity.

e Similar to the bulk electrical resistivity, ultrasonic
pulse velocity increased with the age of the specimen.
As cracks increased in number and volume in dam-
aged concrete, a decrease was observed in the pulse
velocity. Similarly, ultrasonic pulse velocity signifi-
cantly decreased between 75% and 100% damage
levels. The extent of this decrease was higher at early
ages probably as matrix cracks occur at lower levels
of damage in lower strength concrete.
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e Contrary to electrical bulk resistivity and ultrasonic
pulse velocity, dynamic modulus of elasticity values
continually declined up to 75% damage level. This de-
crease can be explained as cement matrix cracks
started to occur and develop. This indicates that reso-
nant frequency potentially predicts the damage level

better compared to the other methods. The decrease
became more prominent between 75% and 100%
damage levels regardless of binding materials and
compressive strength of the concrete specimens
which makes the resonance frequency test a useful
tool to predict the extent of concrete damage.
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Fig. 15. Change in dynamic modulus vs. damage levels.
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