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Research Article
Ballistic strength of aerated concrete

Gokhan Durmus #* (), Sefa Ekinci ®

? Department of Civil Engineering, Gazi University, 06570 Ankara, Turkey

ABSTRACT

ARTICLE INFO

In regional studies conducted by the Law Enforcement Agency and the Armed Forces
within the scope of counter-terrorism activities, to ensure peace and security
throughout the country and for the police and military personnel to provide security
services, the need to produce different solutions has arisen in the face of attacks on
the security points established at many important points, especially at the entrance
and exit points of the cities. In this context, by changing the direction and angle of the
wall types made of aerated concrete used in construction techniques, 7 variations
were tested on these wall types with materials formed with adhesive mortar+plaster,
monolithic elastomer polyurea, and non-Newtonian fluid, and the strength of these
materials were tested with BR6 and BR7 bullets. The main purpose of this study was
to determine the most suitable material in terms of security parameters in the short-
est time and at a low cost and to create a reliable structure for security cabins. At the
end of the study, the best results were obtained with the shots made on the narrow
surface of the aerated concrete and the shots made on the platform formed with non-
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Newtonian fluid.

1. Introduction

Throughout the history of the world, humanity has
made various studies on how to protect itself against the
weapons it has invented, while developing more ad-
vanced weapon technologies (Bocetta, 2017). Various
materials have been developed and used since animal
skins were first used for protection. Steel plates come
first among them. Soft ballistic armors made of plates
were first tested in Korea in 1860 (Henderson, 2008).
During World War II, the development of personal pro-
tective armors gained momentum. Later, researchers in
Arizona and Illinois have developed a fabric made of silk
that could stop bullets fired from certain weapons
(Bozdogan et al,, 2015).

Ballistics is a field of mechanics concerned with the
launching, flight behavior, and impact effects of projec-
tiles, especially ranged weapon munitions such as bullets,
unguided bombs, rockets, or the like. It focuses on ex-
plaining the complex event between the time the bullet
leaves the muzzle and reaches the target in detail. It is
also considered as a special division of applied mechanics

(Plummer, 1940). The standards regarding the protec-
tion levels of ballistic protective materials are as follows:
NIJ (The US National Institute of Justice) (NI] Standard-
0101.06, 2008) and HOSDB (UK Home Office Scientific
Development Branch), these standards have proven
their national or international validity and are widely ac-
cepted. Apart from this, various military standards have
been developed by NATO and the Turkish Standards In-
stitute (TSE EN 771, 2015) However, the fact that re-
gional-based armed conflicts contain different threat el-
ements together with the rapidly developing weapon
technology makes it almost impossible to establish and
use a single international ballistic protective material
standard for all regions. For this purpose, ballistic stud-
ies are conducted on different materials.

In these studies, the ballistic performance of the ma-
terial; is related to the response characteristic in the
high-velocity impact region and is proportional to the
energy it can absorb during the impact (Mousavi et al,,
2020). The material thickness also clearly affects the en-
ergy absorbed during impact in some cases (Hsieh et al,,
1990) Ballistic protective materials are divided into two
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classes as hard and soft protective materials (TDIPC,
2021). Hard protective materials are made of glass, ce-
ramic, and metal. These are used in the form of plates,
protective helmets, armors/vests, shields. Soft protec-
tive materials, on the other hand, are polymer-based ma-
terials consisting of fabric and fabric-like structures
(Goksel, 2018; Ayten et al,, 2020., Feng et al,, 2020). In
terms of construction, structural forms consisting of ar-
mor/vest steel are used in these materials. In particular,
such structures are used at the security points provided
for the personnel working in the military and security
units to provide safety services in public and private
buildings. Although these structures consist of im-
portant materials in terms of ballistics and have proven
themselves, when it comes to the efficiency, they are not
yet at the desired level when compared to other materi-
als in terms of time and cost parameters.

With the developments in construction technology,
the behavior of steel, concrete, and other building mate-
rials under different loads such as impact has gained
even more importance (Jin et al, 2017; Naito et al,
2014). In experimental studies on building materials,
test elements produced from high-strength concrete
were tested and examined with a free-falling (drop)
weight impact test (Feng et al., 2020; Oucif et al., 2021).
At the end of the foresaid study, different results were
obtained. It was found out that the number of drops de-
pends on the concrete’s compressive strength, the dam-
age and deformation types under different impact loads
differ from each other, the decrease rate in the maximum
acceleration value measured from the test elements with
normal and high concrete compressive strength is
higher than the decrease rate in the minimum accelera-
tion value, etc. (Kantar et al., 2021; Kaymaz et al., 2018)
Different methods have been used depending on the ma-
terial shape and type in the experiments conducted to
see the impact effect (Alkayis et al.,, 2021) One of them is

the studies with explosive materials (Ozmen etal., 2018;
Verhagen, 1978).

In this study, to provide a safer environment for the
police and military personnel providing security ser-
vices, a study has been conducted on the materials that
can be used in structures that can be built to provide pro-
tection during terrorist attacks on security points estab-
lished at many important points such as private and pub-
lic buildings, especially at the entrance and exit points of
the cities. Different wall types were formed by placing
the unit volume weight of 600 kg/m? aerated concrete in
different directions. According to the European Standard
TS EN 1063 (2002), the BR6, BR7 bullets were fired on
the walls produced and the ballistic properties of the
walls were examined. Evaluations were made on these
walls, which are intended to be used at security points
where police and military personnel are employed.

2. Materials and Method

In this study, 7.62x51 mm diameter, and armor-pierc-
ing type bullets were fired on two different aerated con-
cretes covered with adhesive mortar (used for bonding
aerated concrete), monolithic elastomer polyurea coating
material, and non-Newtonian liquid to see different effects.

2.1. Materials
2.1.1. Aerated concrete

In this study, aerated concrete conforming to TS EN
771-4 (2015) standards was used. Technical specifica-
tions of aerated concrete are given in Table 1. 6 pieces of
200x600x250 mm? and 10 pieces of 250x600x250 mm?
aerated concrete were combined with adhesive mortar
in 2 blocks and formed as shown in Fig. 1.

Fig. 1. Wall applications made of aerated concrete.
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Table 1. Technical specifications of aerated concrete.

Behaviour Dry unit volume Compressive Shear tie Water vapor permeability Drying Thermal conductivity
against fire weight average strength strength coefficient p shrinkage value
Al 600 kg/m? 5 N/mm? 20,3 N/mm? 5/10 20,2 mm/m 20,16 W/mK

2.1.2. Adhesive mortar, plaster and mixing water

Normal hardening cementitious adhesive with higher
slip-resistance in accordance with TS EN 12004-1
(2017) standards was used both for building aerated
concrete walls and for the plaster on their surfaces. The
technical specifications of the mortar used are given in
Table 2. Additionally, in accordance with the application
instructions of the mortar, it was prepared to have 5.6
liters of mains water per 25-kg material. Paid strict at-
tention to ensure that the applied surface mortar was 0.5
cm thick. For the plaster, 4.47 1t of mains water was
added to 9-kg material to ensure a thickness of 2-3 mm.

2.1.3. Monolithic elastomer polyurea

Monolithic elastomer polyurea is a material applied
using a high-pressure spray system in the range of 54-
98°C. It is basically a combination of 4,4'-Diphenylme-
thane diisocyanate (C1sH10N202) and mostly alpha-(2-
aminomethyl)-omega-(2-aminomethylethoxy)-poly[oxy
(methyl-1,-2-ethanediyl)]. These are polymer compo-
nents that act as plasticizers, consisting of a reactive
component (CsH20N202). An elastic coating has been
used to cover the applied surface and to protect it against
bursting, wear and abrasion, and turns into a thick and
hard material after application (Izoline, 2021)(Fig. 2).

Table 2. Technical specifications of adhesive mortar.

Behaviour against fire
Dry powder density

Initial tensile adhesion strength

Tensile adhesion strength after immersion in water
Tensile adhesion strength after heat aging

Tensile adhesion strength after freezing - thawing cycles

Al

1,4+ 0,1 gr/cm?
>0,5 N/mm?
>0,5 N/mm?
>0,5 N/mm?

>0,5 N/mm?

Fig. 2. Monolithic elastomer polyurea applied on the aerated concrete surface.

2.1.4. Non-Newtonian fluid

It is a powdered material obtained by separating
corn using physical methods as a result of processing
corn with the wet-milling method (Wikipedia, 2021). It
was prepared with 2 kg corn starch and 4 It water at a
mixing ratio of 0.5. [t was used by placing itina 5 cm plat-
form between two glasses placed on the aerated concrete

surface. Additionally, a shooting test was also carried out
on a 16 cm wide platform consisting of a mixture of 2.5
kg of corn starch and 5 It of water, which was placed on
the aerated concrete surface of a different size. It was
also aimed to benefit from its properties of behaving
like a liquid and solid material when velocity-depend-
ent force is applied to the non-Newtonian fluid mixture

(Fig. 3).
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Fig. 3. Starch in the platform applied on the aerated concrete surface.

2.1.5. G3rifle and ballistic bullet

Shooting studies were carried out on the materials
conducted by expert personnel using a G3 assault rifle,

which is loaded with 7.62 mm magazine and functions
automatically and semi-automatically with the roller-de-
layed blowback. The characteristics of the firearm are
given in Table 3.

Table 3. Technical specifications of the G3 assault rifle.

Cartridge

Length

Target range scaling
Maximum Firing Range
Effective Firing Range
Mass (without magazine)
Magazine Capacity
Muzzle velocity

Rate of fire

7.62x51 mm

102 cm
100-200-300-400 m
3700 m

400 m

4.25 kg

20

800 m/s

500-600 rounds/min

To test the BR6 and BR7 ballistic levels, during the
shooting, different numbers of armor-piercing bullets of
7.62x51 mm diameter and type (M61) designed for

lightly armored targets such as steel vests, bulletproof
glass and light armored vehicles were used, as shown in
Fig. 4.

Fig. 4. G3 assault rifle and armor-piercing bullet.
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2.2. Method

Aerated concrete, which have a compressive strength
of 5 N/mm? and are used in the construction of exterior
and interior infilled walls in construction systems, and
also are used as a load-bearing outer and inner wall ma-
terial in masonry structures, were formed as double row
blocks by adhering with cement-based mortar material
with a dry powder density of 1.4 gr/cm?® and increased
vertical slip resistance. The surfaces and direction of the
formed aerated concrete blocks were changed and cov-
ered separately by using materials such as mortar-plas-
ter, starch, and monolithic elastomer polyurea that pro-
tects against impact and pressure. The aerated concrete

blocks formed with these materials were shot using a G3
assaultrifle with a 7,62x51 mm diameter and type (M61)
armor-piercing bullet according to the ballistic stand-
ards. The ballistic level table of the bullets is given in Ta-
ble 4.

The shooting test was carried out following the in-
structions specified in TS EN 1063 (2002) by shooting
with a G3 assault rifle (bullet angle of 90 degrees and a
shooting distance of 10 m) on aerated concrete of differ-
ent sizes, coating materials and directions, which was
fixed with supporting products. A picture of the shooting
range is shown in Fig. 5. The gradual summary of the ar-
ticle work program is shown in Table 5 in accordance
with the modellings.

Table 4. Ballistic levels table.

CEN (Committee European Normalization) BS/EN 1063 Strength Standards

. Shooting distance Projectile velocity Distance between
Level Weapon type Calibre Bullet type Mass (gr) () (m/s) Shots shots (mm)
BR6 Rifle 7.62x51mm FJ1/PB/SC 9.5+0.1 10.00%0.5 830+ 10 3 120 + 10
BR7 Rifle 7.62x51mm FJ2/PB/HCI 9.8+0.1 10.00+0.5 820+ 10 3 120 + 10

— g

Fig. 5. Shooting range setup.

Table 5. Shooting experiment modeling.

Shooting direction Aerated concrete . . Number of
. to the wall ——— Material applied on surface Bullet type .
Experiment —
Horizontal Vertical —20x60x25 25x60x25 ortar Monolithic g, h BR6 BR7 BR6 BR7
+Plaster elastomer polyurea
1-a v v v v v 3 1
Shooting-1
1-b v v v v v 3 3
2-a v v v v v 1 1
Shooting-2
2-b v v v v v 1 1
Shooting-3 v v v v v 3 1
4-a v v v - v - 1
Shooting-4
4-b v v v v - v - 1




Durmus and Ekinci / Challenge Journal of Concrete Research Letters 12 (4) (2021) 114-124 119

The study is structured in 4 sections as indicated in
Table 5. Shooting-1: It shows 2 different shooting tests
carried out to see the effect of the material applied to
the surface of the aerated concretes with the same
thickness in the horizontal direction. Shooting-2: It
shows 2 different shooting tests carried out to see the
effect of the material applied to the surface of the aer-
ated concretes with the same thickness in the vertical di-
rection. Shooting-3: It shows the shooting test carried
out to see the effect of the material applied to the surface
of the aerated concrete (depending on the thickness)
which was formed in a double row. Shooting-4: It shows
2 different shooting tests carried out to see the effect of
the material of different thicknesses applied on the sur-
face of 20 cm and 25 cm thick aerated concretes in the
horizontal direction.

2.2.1. Shooting tests during the study
In the Shooting-1 part of the study, a total of 10 rounds

of BR6 and BR7 bullets were shot on two different walls,

a) Adhesive mortar + plaster coated
aerated concrete

Shooting 1a

.:BR7
.:BR6

25cm

10m

on the horizontal wide surface of the aerated concrete.
The schematic representation of the sample coated with
adhesive mortar-plaster is shown in Fig. 63, and the sam-
ple coated with monolithic elastomer polyurea is shown
in Fig. 6b.

When Fig. 6 is examined: a) 3 rounds of BR6 bullets
were shot on the upper zone and 1 round of BR7 bullet
was shot on the lower zone; b) 3 rounds of BR6 bullets
were shot on the upper zone and 3 rounds of BR7 bullets
were shot on the lower zone.

When Fig. 7 is examined; in both Shooting-2a and
Shooting-2b, 1 round of BR6 bullet was shot on the upper
zone and 1 round of BR7 bullet was shot on the lower
zone.

In the Shooting-3 part of the study, a total of 4 rounds
of BR6 and BR7 bullets were shot on a double row 20 cm
thick aerated concrete wall, on the horizontal wide sur-
face. Its schematic representation is shown in Fig. 8.

In Fig. 8, 3 rounds of BR6 bullets were shot on the up-
per part of the aerated concrete and 1 round of BR7 bul-
let was shot on the lower part of the aerated concrete.

b) Monolithic elastomer polyurea coated
aerated concrete

Shooting 1b

.:BR7

—_—
® ;r6 —>
—_—

10m 25cm

Fig. 6. Schematic representation of the shots fired on the two wide and short surfaces of the aerated concrete wall.

a) Adhesive mortar +
plaster coated aerated
concrete

Shooting 2a

.:BR7
.:BR6

\25cm

b) Monolithic elasto-
mer polyurea coated
aerated concrete

Shooting 2b

~:BR7

.:BR6

X 25cm

Fig. 7. Schematic representation of the shots fired on the two short surfaces of the aerated concrete wall.
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Mortar-plaster coated aerated concrete

—

Shooting 3 -

.:BR7 l
.:BR6

10m

20cm | 20cm

Fig. 8. Adhesive mortar + plaster shooting diagram.

a) Aerated concrete wall

Shooting 4a

.:BR7

10 m 25cm

—I7cm
5cm

In the Shooting-4 part of the study, a total of 2 rounds
of BR7 bullets were shot on the starch-filled platforms in
front of the horizontal wide surface of the aerated con-
crete, on the walls made of 20 cm and 25 cm thick aer-
ated concrete. Its schematic representation is shown in
Fig. 9.

BR7 bullet was shot on the starch in the platform with
a distance of 7 cm to the aerated concrete and a width of
5 cm.

b) Aerated concrete wall

Shooting 4b

.:BR7

10 m 20cm

16cm

Fig. 9. Shooting diagram of adhesive mortar-plaster and non-Newtonian liquid in front of it.

3. Findings and Discussion
3.1. Shooting test-1

As a result of the shooting tests performed on wide
surfaces of aerated concrete coated with different coat-
ing materials such as adhesive mortar-plaster and mon-
olithic elastomer polyurea;

e The aerated concrete sample coated with adhesive
mortar-plaster was shot with 3 rounds of BR6 bullets
and 1 round of BR7 bullet in a controlled manner, ac-
cording to the bullet exit status. In the examination
carried out after the shooting, perforation was ob-
served on the back surface of the aerated concrete as
aresult of the damage caused by the bullets. To exam-
ine the effect of the bullet on the aerated concrete, the
aerated concrete was divided into 2 equal parts of
12.5 cm and their measurements were taken. The
measurements taken are given in Table 6.

e The aerated concrete sample coated with monolithic
elastomer polyurea was shot with 3 rounds of BR6
bullets and 3 rounds of BR7 bullets in a controlled
manner, according to the bullet exit status. In the ex-
amination carried out after the shooting, perforation
was observed on the back surface of the aerated con-
crete as a result of the damage caused by the bullets.
To examine the effect of the bullet on the aerated con-
crete, the aerated concrete was divided into 2 equal

parts of 12.5 cm and their measurements were taken.

The measurements taken are given in Table 6.

In Table 6, the positions of the bullets in both aerated
concretes are indicated by measuring the distance they
change both in height and horizontally. When this table
is examined, it is seen that the BR6 and BR7 bullets do
not follow a linear path, and the materials used on the
surface affect the movement of the bullets. Especially in
aerated concrete coated with monolithic elastomer pol-
yurea material, it was determined that the displace-
ments of the bullets in the shots fired with BR7 bullets
were higher than the adhesive mortar-plaster. This can
be explained by the resistance of the monolithic elasto-
mer polyurea and the effect of the BR7 bullet. However,
the fact that the bullets exited from the back surface in
both aerated concrete showed us that such a form could
not be built.

3.2. Shooting test-2

As a result of the shooting tests performed on narrow
surfaces of aerated concrete coated with different coat-
ing materials such as Adhesive Mortar-plaster and Mon-
olithic elastomer polyurea (by changing its direction);

e The aerated concrete sample coated with adhesive
mortar-plaster was shot with 1 round of BR6 and 1
round of BR7 bullet in a controlled manner, according
to the bullet exit status. In the examination carried out
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after the shooting, no perforation was observed on
the back surface of the aerated concrete as a result of
the damage caused by the BR6 bullet. In the shot fired
with the BR7 bullet, no perforation was observed and
the bullet exited at a distance of 25 cm from the back
surface. In order to examine the effect of the bullet on
the aerated concrete, the aerated concrete was di-
vided into 4 pieces of 10/15/10/25 cm and their
measurements were taken. The measurements taken
are given in Table 7.

e The aerated concrete sample coated with monolithic
elastomer polyurea was shot with 1 round of BR6 bul-
let and 1 round of BR7 bullet in a controlled manner,

according to the bullet exit status. In the examination
carried out after the shooting, it was observed that the
bullet advanced up to 41 cm from the surface of the
aerated concrete in the shot fired with the BR6 bullet
but no perforation occurred on the back surface as a
result of the damage done by the bullet. In the shot
fired with the BR7 bullet, no perforation was ob-
served and the bullet exited at a distance of 17.5 cm
from the back surface. To examine the effect of the
bullet on the aerated concrete, the aerated concrete
was divided into 4 pieces of 10/15/15/25 cm and
their measurements were taken. The measurements
taken are given in Table 7.

Table 6. Effect of the bullets on the wide surface of the aerated concrete
(measurements were taken from the front surface and left surface).

Surface coating

Adhesive mortar-plaster

Monolithic elastomer polyurea

Protection level BR6 BR7 BR6 BR7
Front Left Front Left Front Left Front Left
Measurement (cm)
surface surface surface surface surface surface surface surface
35.0 16.0 37.0 15.0 16.0 25.5
Entrance 39.0 205 235 315 40.0 25.0 8.5 35.0
(surface)
33.5 33.0 39.5 33.5 19.0 28.5
33.0 15.0 37.5 14.5 15.0 27.5
Middle 38.0 19.5 26.0 325 39.5 26.0 10.5 295
(12.5 cm)
32.5 32.0 40.0 33.5 20.5 36.0
31.0 14.0 37.0 13.5 19.0 27.5
Exit 35.0 185 26.0 345 375 26.0 155 34.0
(25 cm)
30.5 31.5 39.0 32.5 26.0 40.0

Table 7. The effect of the bullet on the aerated concrete narrow surface
(measurements were taken from the front surface and left surface).

Surface coating

Adhesive mortar-plaster

Monolithic elastomer polyurea

Protection level BR6 BR7 BR6 BR7
Front Left Front Left Front Left Front Left
Measurement (cm)
surface surface surface surface surface surface surface surface
Entrance 37.5 7.0 15.5 9.0 37.0 12,5 15.5 145
(surface)
10 cm 37.0 7.0 14.5 9.0 37.0 12.5 15.0 14.5
25 cm 38.0 7.0 12.0 5.0 34.0 13.0 13.0 6.5
35cm 39.0 8.0 10.0 1.5 33.5 11.5 9.5 3.0

In Table 7, the positions of the bullets in both aerated
concretes are indicated by measuring the distance they
change both in height and horizontally. When this table
is examined, it has been determined that the height and
displacements on the aerated concrete coated with both
materials are higher in the shots fired with BR7 bullets.
As a result of the long trajectory of the projectile in shots
fired on the narrow surface and the hollow structure of
the aerated concrete, BR6 bullets could not exit through
the aerated concrete coated with adhesive mortar + plas-
ter and monolithic elastomer polyurea, while BR7 bul-

lets exited from the side surface. The fact that the bullets
did not exit from the back surface in both aerated con-
cretes showed that such a structure could be formed,
however, it is thought that building a form so that the
bullet remains in the aerated concrete and conducting a
study in this direction will yield better results.

In the study conducted with both coating materials, it
was observed that the studies performed with mono-
lithic elastomer polyurea were better than the adhesive
mortar + plaster, but did not yield the desired result, ac-
cording to the data in Tables 6 and 7.
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3.3. Shooting test-3

3 rounds of BR6 bullets and 1 round of BR7 bullet
were shot on the surface coated with mortar-plaster,
which was obtained by combining 2 rows of aerated
concrete with adhesive mortar. In the examination

made after the shooting tests, it was seen that as a result
of the damage caused by the bullets, perforation did not
occur on the back surface of the aerated concrete in all
shots. To examine the effect of the bullet on the aerated
concrete, the entrance and exit hole of the bullet were
measured. The measurements are given in Table 8.

Table 8. The effect of the bullet on the aerated concrete formed in double rows
(measurements were taken from the front surface and left surface).

Surface coating

Adhesive mortar-plaster

Protection level BR6 BR7
Measurement (cm) Front surface Left surface Front surface Left surface

23.5 23

Entrance 255 395 16.5 37.5

(surface)
19.0 47.5
32.0 12.5

Exit 30.0 335 25.0 315

(25 cm) : : ’ ’

26.5 40.5

In Table 8, the positions of the bullets in both aerated
concretes are indicated by measuring the distance they
change both in height and horizontally. When this table
is examined, it is seen that the BR6 and BR7 bullets do
not follow a linear path. The fact that the bullets had ex-
ited from the back surface in the aerated concrete
showed us that such a form could not be built. Although
2 rows of 20 cm thick aerated concrete were formed and
the thickness was 40 cm, it was understood that the
thickness had no effect on an aerated concrete wall built
in such a structure.

3.4. Shooting test-4

As a result of the shooting tests performed on the
starch-coated materials placed in front of the adhesive
mortar-plaster coated surface on the wide surfaces of
the aerated concrete;

o The starch inside the platform with a distance of 7 cm
to 25 cm thick aerated concrete and a width of 5 cm
was shot with 1 round of BR7 bullet. In the examina-
tion made after the shooting, it was observed that the
bullet penetrated 13 cm from the moment it entered
the surface, and no perforation occurred on the back
surface of the aerated concrete. To examine the effect
of the bullet on the aerated concrete, the aerated con-
crete was divided into 2 equal parts from their joints

and their measurements were taken. The measure-

ments are given in Table 9.

e The material containing starch with a diameter of 16
cm in front of 20 cm thick aerated concrete was shot
with 1 round of BR7 bullet. In the examination made
after the shooting, it was observed that the bullet pen-
etrated 14 cm from the moment it entered the surface,
and no perforation occurred on the back surface of the
aerated concrete. To examine the effect of the bullet
on the aerated concrete, the aerated concrete was di-
vided into 2 equal parts of 10 cm and their measure-
ments were taken. The measurements are given in Ta-
ble 9.

In Table 9, the positions of the bullets in both aerated
concretes are indicated by measuring the distance they
change both in height and horizontally. When this table
was examined, in the shots fired with BR7 bullets, it was
seen that the heights and displacements on both aerated
concretes were in different directions. In structures cre-
ated with non-Newtonian fluids, the fact that the bullets
did not exit from the back surface in both aerated con-
cretes makes it the best choice to build such a form. Com-
pared with other shooting experiments, the fact that it
kept the bullet inside showed that this form was success-
ful and it would be appropriate to carry out studies in
this direction so that it could be used in structures to be
built (Fig. 10).

Table 9. The effect of the bullet on the aerated concrete formed with starch
(measurements were taken from the front surface and left surface).

Surface Coating Platform Starch

Surface Coating Platform Starch

Protection Level BR7 Protection Level BR7
Measurement (cm) Front surface Left surface Measurement (cm) Front surface Left surface
Entrance (surface) 28.0 38.5 Entrance 22.5 25.5
13 cm 33.0 40.0 10 cm 21.5 22.5
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Fig. 10. Effect of shots fired on starch coated aerated concrete.

4. Conclusions

In the study, to examine the impact effect of aerated
concrete and to measure its ballistic resistance against
BR6 and BR7 bullets, the effect of thickness, direction,
and different materials applied to the surface was exam-
ined by using 4 different stages. The evaluations were
made as a result of the cuts made on the aerated con-
crete, the movements of the bullet on the aerated con-
crete surface, and the entrance-exit hole damages.

e Itis very difficult to generalize the results due to the
fact that such studies on aerated concrete are con-
ducted for the first time and the studies in this field
are extremely limited. However, this study is thought
to be a basis for future studies.

o The hollow structure of aerated concrete has affected
the path the bullets followed inside the aerated con-
crete. When the displacement and height changes in
the figures were examined, it was seen that there was
no linear movement. This situation was effective in
the fact that the bullet could not exit through the back
surface after entering the aerated concrete, especially
in the shots fired on the narrow surface and the shots
fired on the starchy surface.

e As a result of the shooting tests, Shooting-1, 1-a, 1-b
and Shooting-3 were unsuccessful because the bullets
exited through the back surfaces and could not show
the desired strength performance. In the 2-a and 2-b
shooting tests carried out in Shooting-2, the BR-6 bul-
lets did not perforate, and the shots made with the
BR-7 bullets exited from the side surface before
reaching the back surface. Compared to Shooting-1
and Shooting-3, it can be said that it was a successful
test, but the study can be expanded to further improve
this form and keep the bullets inside. Tests carried out
on the structures built in Shooting-4, 4-a and 4-b are
the most successful ones. It was able to keep the bullet
inside and there was no exit from the back surface.
This study was more reliable and successful than the
other 3 studies.

¢ In the application of adhesive mortar-plaster applied

to the wide surface of the aerated concrete, it was de-
termined that even if the thickness of the aerated con-
crete was increased, it could not prevent the bullet
from exiting. In the aerated concretes created with the
application of monolithic elastomer polyurea, it has
been observed that, unlike the large bullet entrances
and exits in the adhesive mortar-plaster application,
the bullet is in the form of small scratches at the en-
trance and exit points, and the bullet exits when the
monolithic elastomer polyurea coating is removed.
The monolithic elastomer polyurea absorbed the en-
ergy in the parts where the projectile entered and ex-
ited the aerated concrete and kept the material to-
gether without scattering. It is thought that it would
be appropriate to use a material of this nature against
explosions, etc., instead of an armed attack.

In the shots fired on the narrow surface, there was no
exit from the back of the aerated concrete. It was ob-
served that BR7 bullets exited from the side surface
on both the adhesive mortar-plaster and monolithic
elastomer polyurea coated surfaces. In a structure to
be formed, in order to provide protection, it will be
advantageous to form the direction of the aerated
concrete to be used in the narrow surface direction.
Studies on starch-coated surfaces have been more
successful than other materials applied. In particular,
the resistance of the oobleck mixture (non-Newtonian
fluid) created with a mixture of water and starch on
the aerated concrete surface against the impact, and
the fact that the BR7 bullets did not exit after the shots
fired on the wide surface, showed that a structure
formed suitably with this material would be appropri-
ate. Especially in the setup built with the starch plat-
form, the 7 cm gap between the aerated concrete and
the setup was also effective. When the displacement
and height changes were examined, it was seen that
the bullet was displaced more in the starch formed
with the platform. This situation can be explained by
the fact that the projectile was displaced during the
process after hitting the platform, especially in a hol-
low environment.
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o Within the scope of this study and the scope of a struc-
ture to be formed with aerated concrete, with the di-
rection of the aerated concrete, the gap structure that
can be formed in front of the aerated concrete (with
building materials such as stone wool, etc.) and a form
of starch suitable for building materials, the establish-
ment of police and military security points will be
both time and cost-effective.
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ABSTRACT ARTICLE INFO

It is known that nano-and microparticles have been very popular in recent years
since their advantages. However, due to the very small size of such materials, they
have very high tendency to agglomeration particularly for nanoparticles. Therefore,
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it is critical that they are properly distributed in the system to which they are added.
This paper investigated the effects of dry particle coating with nano-and microparti-
cles to solve the agglomeration problem. For a clear evaluation, paste samples were
preferred to detemine the compressive strength. Nano-SiO2 and nano-CaCOs3, micro-
CaCOs3 and micro-SiOz, also known as silica fume, were selected as particulate addi-
tives. It was studied by the addition of various percentages (0.3, 0.7, 1, 2, 3 and 5%)
of nano-and microparticles in cementitious systems, replacing cement by weight
with and without dry particle coating. Dry particle coating was made by using a high-
speed paddle mixer. Portland cement and additive particles were mixed at 1500 rpm
for 30 seconds in high-speed powder mixer designed for this purpose. The 3-day
compressive strength of the cement-based samples to which particles were added at
the specified rates was determined and the effect of the dry particle coating on the
early strength was investigated. According to the results, it was observed that the
production of paste with the dry particle coating technique gave higher compressive
strength compared to the production of paste directly in early period. Especially with
dry particle coating, compressive strength increased more than 100% in paste sam-
ples containing 0.3% nano-SiOz compared to direct addition without coating.

Keywords:
Nanoparticle
Microparticle

Dry particle coating
Cementitious paste

1. Introduction

Cement, which is the main component of concrete, is
commonly used in the civil engineering area due to its
advantages such as high compressive strength, simple
preparation, economical and ease to use (Han et al,
2017). On the other hand, Portland cement is a material
with high environmental effect due to high amount of
CO2 released to nature and high energy consumption
during production of cement (Ouyang et al., 2017). The
carbon emission released to the nature during Portland

cement production constitutes approximately 8% of the
€Oz emission in the World (Atis et al,, 2015; Durak et al,,
2021) Due to this negative effect of Portland cement,
new systems were investigated.

To obtain an eco-friendly system, some amount of ce-
ment can be replaced with supplementary cementitious
materials like fly ash and silica fume (Camiletti et al.,
2013). The use of mineral additives such as micro silica,
also known as silica fume, in cementitious systems has
positive effects both environmentally and economically,
as well as filling voids and showing partial binding effect
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(Oltulu and Sahin, 2013). It has been reported that mi-
cro-CaCOs acts as an inert filler and forms a denser mi-
crostructure and reduce the setting time (Camiletti et al.,
2013).

Nanotechnology can be defined as an emerging re-
search area with potential impact on every field of sci-
ence and technology (Singh et al,, 2013). Nanoparticles
have a size between 10 to 1000 nanometers (Mohanraj
and Chen, 2007).

According to the literature, nano-SiOz and nano-
CaCO3 can enhance the early strength of cementitious
systems. In addition, nano-CaCOs has been used by many
scientists to develop the pore structure and early
strength of cementitious systems (Meng etal.,, 2017; Ren
et al,, 2021). Besides, it was observed that as the nano-
CaCOs content increased, the flowability of the system
decreased and it has been reported that increasing nano-
CaCOs3 content up to a certain value increases the com-
pressive strength (Liu et al.,, 2012).

Nano-SiOz, one of the most studied nanoparticles, has
three major effects in cementitious materials. These are
the filling effect, nucleation effect and pozzolanic effect
(Renetal, 2021). Xu et al. (2016) reported that the inclu-
sion of nano-Si02 can optimize the pore structure and ac-
celerate the early hydration. Nano-SiO: reacts with cal-
cium hydroxide, which is formed during the cement hy-
dration and does not contribute much to strength devel-
opment, and additional C-S-H is produced (Singh et al,,
2013).

The surface area to volume ratio of nanoparticles is
quite high. Nanoparticles with a diameter of 4 nm are
very reactive because they have more than half of their
atoms on their surface. Chemical reactions at the inter-
face and the agglomeration tendency of materials are
key factors to influencing their behavior. This agglomer-
ation affects the rheological properties of systems in-
cluding nanomaterials that are more difficult to disperse
(Senff et al.,, 2012). In order to observe positive proper-

ties of nanoparticles, particles must be dispersed with-
out agglomeration (Tsuzuki and McCormick, 2004). Ce-
mentitious materials containing well-dispersed nano-
particles form dense microstructure, but if the nanopar-
ticles are not properly dispersed, it can cause voids and
weak zone formation (Li et al.,, 2004).

In this study, the effect of dry particle coating on early
age of cement-based materials containing micro and
nano-sized SiOz and CaCO3 were investigated. It is aimed
to overcome this agglomeration problem with the dry
particle coating.

Compressive strength is a significant property of ce-
mentitious materials (Joshaghani et al., 2020). In order
to observe the effect of dry particle coating, compressive
strength test was performed on the paste samples on the
3rd day and early strength was investigated.

2. Materials and Method

The ordinary Portland cement (CEM [ 42.5R) is used for
the cement based pastes investigated in this study. In this
research, as a particle to be used in cementitious based
paste samples; nano calcite (NC), nano silica (NS), micro
calcite (MC) and micro silica (MS) have been selected.
Their chemical compositions are presented in Table 1.

Nano and micro sized particles were added to the ce-

mentitious system in various percentages (0.3, 0.7, 1, 2,
3 and 5%) by replacing the cement weight. But, the sur-
face area of NS is much higher than other particles, hence
the maximum dose was determined as 2% for NS.
While applying the dry particle coating, cement and par-
ticles were mixed in the high speed paddle mixer, which
isshowninFig. 1,at 1500 rpm for 30 seconds. As aresult
of the preliminary studies, 30 seconds was found to be
the optimum time for dry particle coating. Longer mixing
was not preferred due to the possibility of having a
grinding effect on cement particles.

Table 1. Chemical composition of materials.

Si02 Alz03 Fe203 Ca0 SOs3 Naz0 K20 MgO P20s TiO: CO2 LOI

Cement (PC) 19.18 492 3.35 61.50 3.09 0.25 0.55 2.80 - - - 3.58
NC* 0.54 0.1 0.01 99.03 - - - 0.30 - - -

NS 99.48 0.1 0.03 0.11 - 0.04 0.02 - 0.03 0.05 - 0.12

MC 0.05 0.15 0.06 55.4 - - 0.68 - - 41.2 0.18

MS 93.80 0.21 0.65 0.95 0.41 0.74 1.18 1.02 0.09 - - 0.13

*After ignition

The paste mixtures that have been prepared were
made into 21x21x21 mm molds. The water/binder ratio
was used with a constant value of 0.40 for all paste sam-
ples. The paste mixing procedure given in the same
standard was followed. Firstly, water was added to the
binder material and it was waited for 30 seconds to be
fully absorbed. Then, mixing at the low speed for 30 s.
After his step, the mixer was stopped and the mortar was
allowed to stand for 15 s. Finally, it was mixed at high

speed for a further 60 s. For better compaction of the
paste samples, two layers were cast into the molds and
after each casting, they were tamped 25 times with a sy-
ringe needle. The climate cabinet was set at 99% humid-
ity and 22°C and the samples were cured here for 3 days.
The samples taken out of the climate cabinet after 3days
are shown in Fig. 2. The paste samples prepared for com-
pressive strength test by removing from the mold with
the utility knife are shown in Fig. 3. A universal testing
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machine was used to determine the compressive
strength of the pastes. Loading speed of 0.2 kKN /s was se-
lected for the compressive strength testing. Compressive
strength tests were performed on three samples from
each mixture and the average values were taken as a re-
sult.

3. Results and Discussion

The compressive strength of the samples was tested
at the 3 days. The compressive strength of the samples
increased with the dry particle coating. The 3-day com-
pressive strength of Portland cement paste was found to
be 20.5 MPa. Figs. 4-7 illustrated the 3-day compressive
strength of paste samples with and without dry particle
coating.

Fig. 3. Samples taken out from the molds and made ready for the experiment.

Fig. 4 shows that the compressive strength of coated
paste samples with 0.3, 0.7, 1, 2, 3 and 5% micro-CaC0O3
(MC-C) have 20, 17, 19, 34, 18 and 3% higher at early
age (3 day) compared to uncoated samples (MC), re-
spectively. According to these results, the sample which
the dry particle coating has the most significant effect
is 2% MC-C. In addition, the highest strength was ob-
tained from paste made with 2% MC-C which is 30.6
MPa.

Fig. 5 illustrates that the compressive strength of
coated specimens with the addition of MS percentage as
0.3,0.7,1,2,3and 5% are 16,10, 11, 11, 1 and 7% higher,
respectively, than uncoated samples. This results imply

that the dry particle coating has a little positive effect on
the compressive strength of cement-based materials
with MS. The reason for this situation may be that the dry
particle coating is not applied very well on the samples
with MS added.

Based on Fig. 6, the application of dry particle coating
significantly increased the strength gain early age for
2%NC-C samples. The addition of 2% NC with dry parti-
cle coating improved the compressive strength of the
paste by more than 40% compared to the uncoated sam-
ple. Fig. 7 demonstrates that the compressive strength of
coated specimens with the incorporation of NS percent-
age as 0.3,0.7,1 and 2 % are 113, 8, 1 and 26% higher,
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respectively, compared to uncoated samples. The effect  ues for the coated cementitious material with 0.3% NS
of the dry particle coating is remarkable for cementitious (NS-C) is 32 MPa while uncoated cement-based material
materials with 0.3% NS. The compressive strength val- with 0.3% NS is 15 MPa.
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4., Conclusions

In this publication, the dry particle coating on cement-
based materials with the addition of micro-and nano
sized SiOz and CaCOs was investigated. The following
conclusions can be made from the results of this re-
search:

Experimental results indicate that the cementitious
system with the addition of 0.3% NS has the highest
effect on the compressive strength of the dry particle
coating among all paste mixtures.

Dry particle coating has not a significant effect on the
compressive strength of cementitious materials in-
corporating with MS.

Among the samples containing NC, the dry particle
coating improved the compressive strength of the
sample which is containing 2% NC by 42%.

The most significant effect of the dry particle coating
on the MC added samples was observed at 2% MC.
34% increase in compressive strength was observed
in the coated 2% MC compared to the uncoated sam-
ples.

It has been observed that dry particle coating has a
positive effect on the mixtures prepared by adding
nano and micro scale calcite and silica to cementitious
systems.

More studies can be conducted on the effect of dry
particle coating on the mechanical and physical proper-
ties of systems containing nanoparticles in the later
stage in future.

Publication Note

This research has previously been presented at the In-
ternational Congress on Art and Design Research and Ex-
hibition held in Nigde, Turkey, on June 21-22, 2021. Ex-
tended version of the research has been submitted to
Challenge Journal of Concrete Research Letters and has
been peer-reviewed prior to the publication.
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ABSTRACT

ARTICLE INFO

Depending on their unique layer structures and chemical structures, soil problems
such as swelling, settlement and loss of strength can be seen especially on clay soils
when exposed to water. Settlement occurring on clay soils on which the structure is
built, causes various damages in the building. Additionally, in the clay soil interacting
with water, strength loss occurs due to the effect of the building load. Today, when
soil improvement techniques are developed and diversified, clay soils can be stabi-
lized by using different additives. A clay soil that has been improved by adding waste
marble powder within the scope of this study in certain percentages (5%, 15%, 25%),
biopolymer added clay / marble powder samples were obtained by interacting with
locust bean gum in certain percentages (0.5%, 1%, 1.5%). There are many studies in
the literature on improving clay soils using only marble powder or only biopolymer.
In this study, marble powder and biopolymer were used together and thus, the feasi-
bility of a more effective soil improvement has been investigated. The results showed
that the unconfined compressive strength of the biopolymer added clay-marble pow-
der mixtures are higher when compared with natural clay. Similarly, shear box test
results showed that the unconsolidated-undrained cohesions and internal friction
angles of the doped clay samples increased. It was observed that the strength values
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of marble powder-added clay increased after improving with biopolymer.

1. Introduction

Clayey soils are problematic soils because of the
swelling and / or settlement behaviors. For eliminating
this problems, clayey soils can be stabilize with addi-
tives. These additives can be industrial wastes such as
marble powder, fly ash, silica fume and red mud (Cokga,
2001; Senol et al., 2006; Hossain and Mol, 2011; Edil et
al,, 2006; Yarbasi et al.,, 2007; Brooks, 2009; ikizler et al,,
2014). In addition to these, chemical additives and vari-
ous polymers are also used in stabilization of clay soils
(Tingle and Santoni, 2003; Akbulut et al.,, 2012; Akbulut
etal, 2013).

Marble is a metamorphic rock formed by the meta-
morphism of limestone and dolomitic limestone. When
marble blocks are cut to give a smooth geometric shape,
high volumes of marble waste are produced (Hebhoub et

al, 2011). During the cutting process, water is used to
prevent the cutting tip from overheating and dust gener-
ation. During the cutting of marbles, the mixture of water
and marble powder comes out as a slurry. Turkey has ap-
proximately 5.2 billion cubic meters of marble reserves
and, considering that about 30-40% of a marble block is
generated as waste in the cutting process, it can be said
that about 2.5 million tons of marble mud in marble pro-
duction has emerged as waste in Turkey (Alyamag¢ and
Aydin, 2015). The effects of waste marbles on the engi-
neering and geotechnical properties of clay soils have
been investigated in the literature (Gurbuz, 2015; Jain
and Jha, 2020; Sivrikaya et al., 2020).

Biopolymers are organic polymers. Biopolymers are
produced by biological organisms and easily found in na-
ture (Ashraf et al,, 2017). Soil improvement with using
biopolymers is one of the soil improvement methods
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that do not harm the environment (Chang et al., 2019).
The use of low ratios of biopolymer can increased the
soil strength (Chang and Cho, 2019). There are many
studies that use biopolymers to improve the strength
properties of soils (Khatami and O'Kelly, 2013; Smitha
and Sachan, 2016; Viswanath et al., 2017). In studies
where biopolymers are used in soil improvement, usu-
ally xanthan gum (Lee et al,, 2017, Lee et al., 2019, Singh
and Das, 2020), guar gum (Ayeldeen et al., 2016; Latifi et
al, 2016; Sujatha and Saisree, 2019) and gellan gum
(Chang et al.,, 2016a; Im et al., 2017; Chang and Cho,
2019) are used. Swelling properties (Singh and Das,
2020) and permeability properties of soils (Wiszniewski
and Cabalar, 2014), can be improved with biopolymers.
The geotechnical properties of clay soils can be im-
proved with deep mixing using biopolymers (Arasan et
al,, 2017). In the production of nanoclay-composites, bi-
opolymers are used to increase gel strength (Maier et al,,
1993). Another biopolymer used in soil improvement is
locust bean gum. It has been observed that the nanoclay-
composites obtained by using locust bean gum have im-
proved geotechnical properties when compared with
natural clay (Kurt and Akbulut, 2014; Kurt and Akbulut,
2017; Majedi et al., 2019; Kurt Albayrak and Gencer,
2021). Locust bean gum is also called carob gum (Lopes
da Silva et al., 1994). Locust bean gum has a non-ionic
structure, and it is not affected by heat, pH and salt
(Barak and Mudgil, 2014).

Within the scope of this study, marble powder which
is a waste material and used in soil improvement, was
added to a clay soil and, clay soils with marble powder
were obtained. In the continuation of the study, marble
powder-added clay soils were interacted with locust
bean gum and, it has been investigated that how the bi-
opolymer changes the strength properties of marble
powder-added clay samples. There are many studies on
improving clay soils using only marble powder or bi-
opolymer. In this study, marble powder and biopolymer
were used together and thus, the feasibility of a more ef-
fective soil improvement was investigated. For this pur-
pose, a natural clay belonging to Erzurum Oltu region
was mixed with marble powder in certain ratios ob-
tained from Pazaryolu-Erzurum. Then, marble powder
added clays were improved with locust bean gum in cer-
tain ratios and biopolymer added clay / marble powder
samples were obtained. The experimental results of the
samples obtained, were compared with the results of
natural clay samples.

2. Materials and Method
2.1. Clay

The clay (C) sample from Erzurum (Oltu-Narman) en-
vironment was used in this study. The clay content of
natural clay (<0.002 mm) is 42% and its specific gravity
is 2.64. In the classification made according to the Uni-
fied Soil Classification System (USCS), it was seen that, it
is CH (high plasticity clay). Some geotechnical properties
of natural clay are given in Table 1 and the results of X-
ray fluorescence spectrometry (XRF) analysis of the clay
sample, are given in Table 2.

Table 1. Clay properties.

Properties Clay
Liquid limit, % 70
Plastic limit, % 27
Plasticity index, % 43
Optimum moisture content, % 26
Maximum dry unit weight, kN/m3 15.2

Table 2. Chemical compounds of clay and marble.

Content Clay, % Marble, %
Si02 59.3 2.5
Al203 16.5 0.4
Ca0 1.50 54.0
Fe203 8.0 0.3
K20 1.6 <0.1
Mg0 2.1 0.5
MnO <0.1 <0.1
Naz0 1.4 0.1
P20s 0.2 <0.1
TiO2 0.6 <0.1
LOI 8.5 42.05

2.2. Marble powder

Waste marble powder (M) used in the experiments
was obtained from Erzurum's Pazaryolu district. In the
experiments, marble powder was used by sieving it
through a No. 40 sieve (sieve diameter: 0.425 mm). The
specific gravity of the marble powder was 2.85. XRF anal-
ysis results of the marble powder, are shown in Table 2.

2.3. Biopolymer (locust bean gum)

The chemical content of the locust bean gum (L) is a
type of hydrocolloids, Galactomannan, its pH is between
5-7, and its viscosity is between 2000-3500 cps (Kurt
and Akbulut, 2014; Kurt Albayrak and Gencer, 2021). Lo-
cust bean gum, is a biopolymer and obtained from the
carob tree (Cerationia saiqua) of legume group, has a
thickener, gelling and stabilizing properties (Dey et al.,
2012).

2.4. Specimen preparation

Marble powder-added clay samples were derived by
mixing clay with certain percentages of marble powder
(5%, 15%, 25%) in dry form. While obtaining samples
with biopolymer additives, locust bean gum was mixed
with distilled water in a mechanical stirrer until dis-
solved at 1000 rpm and, by calculating the percentage of
water used in the experiments (0.5%, 1%, 1.5%), clay and
marble powder-added clay samples were added together
with water. The samples prepared, are shown in Table 3.
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Table 3. Samples.

Marble powder

Locust bean gum

Sample Clay
C-%0 L 100
C-%0.5L 100
C-%1L 100
C-%1.5L 100
C-%5M-%0L 95
C-%5M-%0.5L 95
C-%5M-%1L 95
C-%5M-%1.5L 95
C-%15M-%0L 85
C-%15M-%0.5L 85
C-%15M-%1L 85
C-%15M-%1.5L 85
C-%25M-%0L 75
C-%25M-%0.5L 75
C-%25M-%1L 75
C-%25M-%1.5L 75

= 0.5
- 1
- 1.5
5 -
5 0.5
5 1
5 1.5
15 =
15 0.5
15 1
15 1.5
25 =
25 0.5
25 1
25 1.5

2.5, Tests

Direct shear box and unconfined compressive
strength tests were carried out on clay samples, marble
powder added clay samples and biopolymer added sam-
ples obtained by improving them with locust bean gum.
Unconfined compression tests were performed on the
basis of ASTM D 2166. The unconfined compression tests
were conducted on the cylindrical samples (diameter is
35mm, height is 70 mm) compacted at optimum mois-
ture content at standard proctor energy. The optimum
moisture content and maximum dry unit weight values
of the samples determined by the standard proctor test
are, shown in Table 4 (Kurt Albayrak and Altun, 2018).

Direct shear box tests were carried out according to
ASTM D 3080. Shear box experiments were carried out
on samples placed in 6 cm diameter shear box from com-
paction samples prepared by optimum moisture con-
tent.

3. Results and Discussion
3.1. Unconfined compression test results

The unconfined compressive strengths obtained as a
result of the unconfined compression test carried out,
are given in Table 5. The change in the unconfined com-
pressive strength of the samples with the increase in the
ratio of locust bean gum, is seen in Fig. 1.

When Fig. 1 is examined, it is observed that when the
locust bean gum percentage is increased, the unconfined
compressive strength of clay and marble powder added
clay also increases. According to Fig. 1, the unconfined
compressive strength of clay, increased by 46%, 54%
and 136%, when the biopolymer percentage is 0.5%, 1%,
1.5% respectively. Due to the fact that biopolymers can

interact effectively with fine grained soils, it can be
thought that the unconfined compression strength in-
creases with the increase in the percentage of locust
bean gum (Chang et al., 2015). Biopolymer-soil matrices
with high strength are formed, with the ability of biopol-
ymers that can interact with fine-grained soils due to
their large electrically charged surface area (Chang et al,,
2016b). Chen et al. (2013) similarly stated that, bond
structures are formed between biopolymer and soil par-
ticles and, this increased the strength.

Table 4. Compaction parameters of samples.

Optimum Maximum dry
Sample moisture unit weight,

content, % kN/m3
C-%0L 26 15.2
C-%0.5L 23 14.4
C-%1L 22.5 14.3
C-%1.5L 22 14.7
C-%5M-%0L 23.9 15.2
C-%5M-%0.5L 19.5 14.8
C-%5M-%1L 225 14.7
C-%5M-%1.5L 19 15.3
C-%15M-%0L 22.2 15.3
C-%15M-%0.5L 22 15.1
C-%15M-%1L 24 15.1
C-%15M-%1.5L 19.5 15.5
C-%25M-%0L 23 15.4
C-%25M-%0.5L 19.5 15.4
C-%25M-%1L 21.4 15.4
C-%25M-%1.5L 18 15.7
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Table 5. Unconfined compression test results of samples.

Unconfined compressive

Sample strength, kPa
C-%0 L 156
C-%0.5L 228
C-%1L 240
C-%1.5L 369
C-%5M-%0L 177
C-%5M-%0.5L 245
C-%5M-%1L 260
C-%5M-%1.5L 370
C-%15M-%0L 240
C-%15M-%0.5L 260
C-%15M-%1L 269
C-%15M-%1.5L 378
C-%25M-%0L 255
C-%25M-%0.5L 288
C-%25M-%1L 300
C-%25M-%1.5L 404
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Fig. 1. Change in unconfined compressive strength
with locust bean gum.

By comparing the unconfined compression strength
of the samples obtained by adding locust bean gum solu-
tion to clay samples with 5% marble powder added with
the unconfined compressive strength of natural clay, the
biopolymer percentage increased by 57%, 67% and
137% for 0.5%, 1%, 1.5%, respectively. By comparing
the unconfined compression strength of the samples ob-
tained by adding locust bean gum solution to 15% mar-
ble powder added clay samples with the unconfined
compression strength of natural clay, the biopolymer
percentage increased by 67%, 72% and 142% for 0.5%,
1%, 1.5%, respectively. By comparing unconfined com-
pression strength of the samples obtained by adding lo-
cust bean gum solution to 25% marble powder added
clay samples with the unconfined compression strength
of natural clay, the biopolymer percentage increased by
85%, 92% and 159% for 0.5%, 1%, 1.5%, respectively.

In addition, the increase in marble additive, generally
increased the unconfined compression strength of bi-
opolymer added clay samples. It is seen that locust bean
gum additive increases the unconfined compression
strength of natural clay and marble powder added clay
samples.

3.2. Direct shear box tests

The experimental results obtained as a result of the
direct shear box tests performed are given in Table 6.
The change in unconsolidated-undrained cohesion and
internal friction angle with the increase in locust bean
gum percentage, is given in Figs. 2 and 3, respectively.

Table 6. The direct shear box test results of samples

S 1 Unconsolidated Internal
ample undrained cohesion, kPa friction angle, ©

C-%0 L 174 7.7
C-%0.5L 312 7.9
C-%1L 312 8.0
C-%1.5L 312 9.5
C-%5M-%0L 101 7.9
C-%5M-%0.5L 295 8.0
C-%5M-%1L 296 8.2
C-%5M-%1.5L 302 10.4
C-%15M-%0L 100 12.4
C-%15M-%0.5L 260 12.8
C-%15M-%1L 273 17.0
C-%15M-%1.5L 282 18.0
C-%25M-%0L 99 13.0
C-%25M-%0.5L 251 15.0
C-%25M-%1L 266 18.2
C-%25M-%1.5L 272 18.4
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Fig. 2. Change in unconsolidated-undrained
cohesion values of samples.
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When Fig. 2 is examined, it is observed that as the per-
centage of marble increases, unconsolidated-undrained
cohesion of natural clay decreases. The cohesion values
of 0.5%, 1%, 1.5% locust bean gum added 5% marble
powder/clay samples increased by 70%, 70.3% and 74%
respectively according to the cohesion values of natural
clay. The cohesion values of 0.5%, 1%, 1.5% locust bean
gum added 15% marble powder/clay samples increased
by 50%, 57% and 62% respectively according to the co-
hesion values of natural clay. Similarly, the cohesion val-
ues of 0.5%, 1%, 1.5% locust bean gum added 25% mar-
ble powder/clay samples increased by 44%, 53% and
56% respectively according to the cohesion values of
natural clay.
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Fig. 3. Change in internal friction angle values of samples.

According to Fig. 3, as the percentage of marble pow-
der increased, the internal friction angle of natural clay
increased partially. In addition, it is seen that the value
of the internal friction angle of natural clay increased by
2%, 3.5%, 23.4% respectively for the locust bean gum
percentage of 0.5%, 1%, 1.5%.

The internal friction angle values of natural clay in-
creased by 4.5%, 6% and 35%, when compared with the
internal friction angle values of the 0.5%, 1%, 1.5% lo-
cust bean gum solution added 5% marble powder/clay
samples, respectively. According to the internal friction
angle values of natural clay of the internal friction angle
values of the samples obtained by adding 0.5%, 1%,
1.5% locust bean gum solution to 15% marble pow-
der/clay samples, increased by 66%, 120%, 128% re-
spectively. According to the internal friction angle values
of natural clay of the internal friction angle values of the
samples obtained by adding 0.5%, 1%, 1.5% locust bean
gum solution to 25% marble powder/clay samples, in-
creased by 95%, 136%, and 140% respectively.

It is seen that the biopolymer additive generally in-
creases the internal friction angle and cohesion. The di-
rect shear box test results showed that the biopolymer
additive increased the cohesion in natural clay, while the
increase in the biopolymer percentage did not change
the cohesion significantly. The internal friction angle in-
creased with the increase in the biopolymer percentage.

Significant increases in both cohesion and internal fric-
tion angle occurred with the increase in the ratio of bi-
opolymer in marble powder added clays.

The change in internal friction angle and cohesion,
changes according to the soil type, grain diameter and
type of biopolymer (Soldo et al., 2020). Due to the in-
creased contact between particles in biopolymer treated
soils, it is thought that the internal friction angle will in-
crease (Chang et al., 2016b). Soldo and Miletic (2019)
stated in their study that the biopolymer of xanthan gum
significantly increased the cohesion in cohesionless soils
but, they did not change the internal friction angle signif-
icantly. They pointed out that this change, is the interac-
tion between the biopolymer and the soil related to the
grain size. They stated that the biopolymer forms bonds
between distant particles by coating the coarse grains
and, that the electrostatic bond occurs with fine-grained
soils and that this bond is stronger. It is believed that the
strengthening mechanism of biopolymers is the for-
mation of biopolymer-clay soil matrices and the im-
provement in friction through coarse grains (Chang et
al,, 2016b). In this study, it can be thought that the in-
crease in the locust bean gum ratio and the increase in
the cohesions and internal friction angles of the marble
powder-added clays can be result from the formation
of biopolymer-clay matrices. Additionally, the increase
in friction caused by marble powder could increase the
internal friction angle of locust bean gum added sam-
ples.

4. Conclusions

Within the scope of the study, the strength properties
of the samples obtained as a result of improving the mar-
ble powder-added clay samples with the locust bean
gum were investigated. For that purpose, a clay belong-
ing to Erzurum-Oltu region was firstly mixed with mar-
ble powder obtained from Erzurum-Pazaryolu at certain
ratios and as a result, clay with marble powder was ob-
tained. Then, marble powder added clays were treated
with locust bean gum in certain ratios and as a result, lo-
cust bean gum added clay/marble powder samples were
obtained. Direct shear box and unconfined compressive
strength tests were performed on the samples. The re-
sults obtained, are listed below.

e Unconfined compressive strength of marble powder-
added clay samples increased with the increase in the
percentage of marble powder.

e As the locust bean gum percentage increased, the un-
confined compressive strength of natural clay in-
creased.

e The unconfined compressive strength of locust bean
gum added clay / marble powder mixtures increased
with locust bean gum percentage.

e The unconsolidated-undrained cohesion values of
natural clay samples with added marble powder de-
creased with the marble powder percentage.

e Theinternal friction angle of clay increased with mar-
ble powder.
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o Asthe locust bean gum percentage increased, the un-
consolidated-undrained cohesion value of clay in-
creased.

e With the increase in the percentage of locust bean
gum, the internal friction angle of natural clay also in-
creased.

e The unconsolidated-undrained cohesion values of the
locust bean gum added clay / marble powder mix-
tures increased with locust bean gum percentage.

e With the increase in the percentage of locust bean
gum, the internal friction angle of the clay/ marble
powder samples also increased.

It is known that marble powder is used in the clay
soils stabilization. It is clear that the addition of marble
powder increases the strength of clay. Additionally,
higher strength values were obtained by adding locust
bean gum to natural clay as well as marble powder. As a
result of the study, it has been shown that the use of an
environmentally friendly polymer, locust bean gum to-
gether with marble powder which is a waste material,
provides a more effective stabilization in the stabiliza-
tion of clay soils. Additionally, it is thought that with the
stabilization of clay soils with marble powder and bi-
opolymer, the damages that may occur due to the foun-
dation soil in the structures to be built on clay soils will
be prevented. It is known that other properties such as
hydraulic conductivity and swelling pressure change
with the change in the strength properties of clays, and
in order to better understand the effects of biopolymers
on the geotechnical properties of marble powder added
clays in the future studies, it is thought that the changes
in the internal structure of the samples should also be
examined with special analysis methods besides some
properties such as swelling pressure, hydraulic conduc-
tivity. In addition, due to the degradation of biopolymers
over time, their long-term performance should be stud-
ied in detail.
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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
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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
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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
— —0
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£
= 30 —A
=
= 25
(]
—
£ 20
) ——
2 s oC
4] ——FA
= 10
E . —e—SF
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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
(=)

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.
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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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Fig. 11. Ultrasonic pulse velocity vs.

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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34 O

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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