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Abstract: This study aimed to analyze the mechanical, displacement, and strain properties of con-
crete with Ferronickel Slag (FNS) fine aggregate substitute (0%, 50%, and 100%, by mass, later called
FNS-0, FNS-50, and FNS-100, respectively) experimentally using the Digital Image Correlation
(DIC) method and the Ultrasonic Pulse Velocity (UPV) test. The FNS used in this study is a by-
product that came from a Ferronickel smelter in Indonesia coupled with manufactured sand (M-
sand) as the fine aggregate control. A D10 x 20 cm? cylinder and 15 x 15 x 15 cm?® cube specimens
were used to analyze the density, compressive strength, and UPV. Additionally, the cube specimens
were tested using the DIC method to analyze the displacement and strain properties. The test results
show the highest compressive strength was obtained by FINS-50, followed by FNS-100 and FNS-50.
The highest pulse velocity was obtained by FNS-100, followed by FNS-50 and FNS-0. The load-
displacement response and strain behavior indicate the specimen that had the most load resistance
was FNS-50, followed by FNS-100 and FNS-0. Poisson’s ratio obtained using DIC and strain gauges
showed consistent results where FNS-0 had the highest values, followed by FNS-50 and FNS-100.
Overall, concrete with FNS substitute showed higher density, compressive strength, pulse velocity,
and stiffness, as well as lower Poisson’s ratio compared to control concrete (FNS-0).

Keywords: Digital Image Correlation; Ferronickel Slag; mechanical properties; manufactured sand;
Ultrasonic Pulse Velocity

1. Introduction

The use of industrial by-products has developed in recent years. More alternative by-
product materials are used to substitute the use of cement, natural sand, and rocks for
concrete to reduce emissions [1] and preserve natural supplies [2]. A concerning problem
emerges following the extensive use of natural or river sand for construction purposes
where the supplies might not live up to the demand [2]. Suitable industrial by-product
replacements for natural sand, such as Granulated Blast Furnace Slag (GBFS) [3], Steel
Slag [4], Copper Slag [5,6], and Ferronickel Slag, are considered interesting alternatives to
natural sand. Wijaya and Astutiningsih [7] reported that Ferronickel Slag has great poten-
tial as an alternative material to natural sand in concrete and mortar with fine aggregates.
The use of Ferronickel in industrial segments, such as metallurgy, transportation, military,
architecture, construction, electronics, automotive, and more, has been growing over the
years. Generally, Ferronickel is used in the production of stainless steel for up to 30% of
worldwide production [8]. The battery and metallurgy industry saw a recent increase in
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demand for Nickel, which increased the production of Nickel from 2009 to 2022 [9,10].
The United States alone consumes about 220,000 metric tons worth of Nickel. For every
one ton of Ferronickel production, around 12-14 tons of Ferronickel Slag (FNS) are pro-
duced as a by-product [11]. Indonesia, as the biggest Nickel-producing country in the
world, produces 13 million metric tons of Ferronickel Slag each year [12], but this waste is
not well used.

A handful of studies have been conducted on the use of Ferronickel Slag (FNS) as
mortar and fine aggregate concrete [9,11,13-19]. Previous studies have shown that mortar
and concrete containing Ferronickel Slag (FNS) as fine aggregate substitutes have prom-
ising properties. Saha and Sarker [14] reported that the use of FNS in Ordinary Portland
Cement (OPC) and in Portland Composite Cement (PCC) mortar as a natural sand substi-
tute achieves increased flow workability and 28-day compressive strength with increasing
content of FNS until the optimum substitution of 50% FNS. The mortar’s compressive
strength with FNS substitution above 50% starts to decline, although comparable to the
control mortar strength without FNS. In this study, the OPC mortar achieved increased
workability and strength up to 18% and 50%, respectively. The PCC mortar (70% OPC and
30% fly ash class F) containing FNS achieved increased flow and strength up to 18% and
45%, respectively. The optimum ratio of ENS results from the best particle packing by the
well-graded aggregate combinations, and the improved workability is the result of FNS’s
relatively larger particle size. Another study by Wijaya [9] showed that PCC mortar con-
taining FNS as a silica sand substitute increased the 28-day compressive strength up to
77% with an optimum substitution of 70% FNS and an additional increase in density up
to 15% due to FNS’s larger specific gravity. Mustika et al. [15] reported a 55% increase in
slump workability but a 17% decrease in 28-day compressive strength in OPC concrete
containing 33.3% FNS as a natural sand substitute. A 3.5% increase in density, 6.7% de-
crease in modulus of elasticity, and 25% decrease in split-tensile strength were also ob-
tained in their research. Edwin et al. [16] studied the effect of FNS as sand replacement in
OPC concrete and found that workability increased by 16% in conjunction with an in-
creasing amount of FNS replacement (0-50% replacement) and increased compressive
strength up to 10% with an optimum mix of 40% FNS replacement, which provided the
lowest porosity in the concrete matrix. The better workability of FNS concrete might be
influenced by the lower water absorption and lower surface area of FNS.

Herein, this study aims at analyzing the mechanical behavior of concrete containing
FNS fine aggregate using the Digital Image Correlation (DIC) method. A black speckled
pattern surface of 15 x 15 x 15 cm?® cubic specimens under compressive load is captured by
a camera. The digital images containing the “movement” of pixels, with the help of speck-
les, based on the initial condition are analyzed through GOM Correlate 2021 software to
determine the local displacements under certain loads, which gives access to the load-
displacement relationship and its stiffness. Furthermore, the obtained local displacements
can be converted into strains and loads into stresses in order to produce the stress—strain
relationship and Poisson’s ratio. This method proved to be capable and give satisfactory
accuracy in measuring the small and large displacement of concrete [20]. Additionally,
cylinder specimens are used to measure the 7-, 14-, and 28-day density and compressive
strength of concrete, and an Ultrasonic Pulse Velocity (UPV) test is conducted for all spec-
imens before performing the compressive tests.

2. Materials and Experimental Program
2.1. Materials and Mix Proportions

The cement used in this study is a typical OPC type I. The ENS fine aggregate is a by-
product of a Ferronickel smelter in Indonesia. The FNS made from Nickel ore comes from
a smelting and sorting process as a by-product, which is cooled down using water. The
water-cooled slag comes out in the form of granules, and granules with a size less than 0.5
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mm were used in this experiment. Manufactured sand (M-sand) was used as a more sus-
tainable fine aggregate [21] for the control sample, which is produced in Rumpin, Indone-
sia. M-sand is made from crushed and granulated mining waste rock. It has a more con-
sistent size distribution than river sand due to a controlled manufacturing process and a
smaller surface area, which leads to better concrete performance [22]. The split stone
coarse aggregate with a maximum size of 25 mm was obtained from Sudamanik, Indone-
sia.

Three batches of concrete containing three fine aggregate combinations of FNS and
M-sand were made: 0% FNS, 50% FNS, and 100% FNS with percentage by total fine ag-
gregate weight. The properties of aggregates are provided in Tables 1 and 2, and the fine
aggregate gradations are provided in Figure 1. Additionally, the composition of the Fer-
ronickel Slag used is provided in Table 3, acquired using X-Ray Fluorescence (XRF) spec-
trometry on 2 samplings. It was found that the slag is predominantly composed of oxides
of SiOz, Fe20s, and MgO.

Table 1. Fine aggregate properties.

Properties 0% FNS 50% FNS 100% FENS
Fineness Modulus 3.17 2.72 2.73
SSD Specific Gravity 2.54 2.76 2.91
Absorption (%) 1.83 1.42 0.70
Unit Weight 1.47 1.66 1.55
Void (%) 41.10 38.83 46.29
Fi Th .2 i
iner Than No. 200 Sieve 5.80 280 0.90
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Figure 1. Fine aggregates gradations.

Table 2. Coarse aggregate properties.

Properties Split Stone
SSD Specific Gravity 2.58
Absorption (%) 1.60
Unit Weight 1.55
Void (%) 38.84
Abrasion Loss (%) 22.23

Table 3. Ferronickel Slag (FNS) composition.

Percentage (%)
Sample 1 Sample 2 Average
S5iO: 46.98 46.84 46.91
Fe20s 14.88 15.31 15.10

Component
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CaO 1.39 1.45 1.42
Cr20s 1.48 1.50 1.49
ALLOs 4.13 3.94 4.04
MnO 0.51 0.52 0.52
P20s 0.46 0.49 0.48
NiO 0.08 0.09 0.09
MgO 29.39 29.17 29.28
503 0.23 0.24 0.24
Na0 0.00 0.00 0.00
TiO:2 0.10 0.10 0.10
KO 0.00 0.00 0.00

The three combinations of fine aggregate of this study were coded as FNS-0, FNS-50,
and FNS-100 for 0% FNS, 50% FNS, and 100% FNS, respectively. The mix proportions for
each combination are provided in Table 4.

Table 4. Mix proportions.

Batch w/c  Water (kg/m?) OPC (kg/m3)  FNS (kg/m3) M-Sand (kg/m?) Split Stone (kg/m?)
FNS-0 0412 206 501 0 694 992
FNS-50 0.412 206 501 347 347 992
FNS-100 0.412 206 501 694 0 992

2.2. Specimen Preparations
2.2.1. Casting and Curing

Each batch of concrete was cast into two types of molds to create two types of speci-
mens, D10 x 20 cm? cylinders and 15 x 15 x 15 cm?® cubes. The specimens were then com-
pacted using arod, as ASTM [23] suggests. Then, 24 + 8 h after casting, the specimens were
demolded and cured under water with an average temperature of 22 + 2 °C for 7, 14, and
28 days for cylinder specimens and 28 days for cubic specimens.

2.2.2. Digital Image Correlation Test Preparations

Cubic specimens were specially treated to facilitate Digital Image Correlation (DIC)
analysis. One day before the compressive test, one of the flat surfaces was painted white
using wall paint. Afterward, a black speckle pattern was created using spray paint by gen-
tly spraying the specimen surface to create bubbly particles that will produce more pro-
nounced and dense black speckles, as shown in Figure 2a,b. Digital images captured by
the camera were monochromatic; thus, a white background and black speckles were made
to provide a good amount of contrast, which helped the creation of unique subsets and
pixel identification for DIC analysis.
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(a) (b)
Figure 2. (a) Making of the speckle pattern and (b) the result.

Since DIC analysis may have a lower accuracy of strain measurement than interfero-
metric instruments [20,24], an additional source of measurement including two 60 mm
strain gauges in both vertical and horizontal directions was applied on the middle of two
flat surfaces of each cubic specimen (75 mm from the edges) to measure the vertical and
horizontal strains.

2.3. Testing Methods
2.3.1. Ultrasonic Pulse Velocity (UPV) Test

Each cylindrical and cubic specimen was tested using Pundit Lab+ before the com-
pressive strength test was conducted. The UPV test measures the time difference of elec-
tromagnetic pulse propagation through an object between two transducers. The two trans-
ducers are a pulse transmitter and a pulse receiver. The transmitter emits a 54 kHz elec-
tromagnetic pulse through the object and is received by the receiver transducer.

A direct transmission approach was used to measure the velocity of the pulse prop-
agating through the specimens. Two flat directly opposite surfaces of the specimens were
smeared with grease. The grease helps to fill the microscopic gap and pores of the concrete
so that the transducers can emit the pulses in a uniform way through the specimens. The
transducers were then placed on both flat surfaces facing directly to each other. The meas-
urement of travel time and pulse velocity was read three times for each specimen to re-
ceive a reasonably small deviation.

2.3.2. Compressive Strength and DIC Test

Cylindrical specimens were tested to measure the 7-, 14-, and 28-day compressive
strength according to Indonesian Standard [25] (based on ASTM [26]). Prior to testing,
specimens’ dimensions and weights were measured to obtain the concrete’s densities,
which later were capped. These specimens were analyzed to understand the influence of
ENS fine aggregate towards concrete’s compressive strength and density. The specimens
were tested using a hydraulic machine with a maximum load of 1000 kN and loaded un-
der a force-controlled axial load until the specimens reached failure. The failure pattern of
each cylinder was analyzed according to ASTM C39-14 typical failure patterns schemes.

The Digital Image Correlation (DIC) method, specifically the 2-dimensional DIC
method, is a non-interferometric optical technique that measures the surface deformations
of an object. This method is a powerful, flexible, and relatively easy tool since it explicitly
provides full-field displacement and strains through the comparison of digital images of
the object surface captured by a high-resolution camera before deformations happened
(the “reference” image) and after the deformations took place [24]. The way it works is
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Lighting 1

through coordinate reconstruction of the observed points or speckle pattern on the speci-
men surface based on parallax data for each deformation of each particular speckle. The
changes in coordinates of each speckle are then calculated to obtain the displacement and
strain of the speckles [27].

The DIC method used in this study is based on several previous research [28-30].
These studies tried to capture and compute the speckles” movement under compressive
or bending load on cylindrical, cubic, and reinforced beam concrete specimens’ surface
using a digital camera with the help of GOM Correlate 2021 computing software. They
succeed in computing the speckles” movement and converting it into displacement and
strain fields.

The DIC test was carried out parallel with the 28-day compressive strength test along
with the strain gauge reading of cubic specimens. A Fujifilm X-A3 camera attached to a
tripod was prepared alongside two lighting devices placed on the right side and left side
of the camera, as presented in Figure 3. A tripod and a remote shutter were used to ensure
the camera’s steadiness during the test to minimize vibrations and movements of images,
which may sensitively cause miscalculations of the displacement of speckles [28]. The two
lightings were used to aid the camera’s focus, as well as to ease the software analysis with
brighter and more crisp images. Additionally, a clock was placed in front of the camera
without blocking the specimen’s surface to provide a way to connect the strain gauges to
time. The cube specimen was placed in the test machine with the speckled surface facing
the camera. The camera was positioned in such a way as to be perpendicular to the speci-
men’s speckled surface and set to be at the same height as the specimen’s centroid. The
installed strain gauges on the specimen’s surfaces were connected to a National Instru-
ments (NI) processing device using the lead wires attached to the strain gauges. The meas-
urement of the strain gauges was read using LabVIEW National Instrument software 2011.
The cubes’ compressive strength test method and machine are identical to the cylindrical
specimens. Throughout the compressive test, the camera starts to capture three frames per
second (3 fps) before the load is applied to the specimen until failure.

Specimen

Compressive
Load Dial

Camera i&

Lighting 2
(a) (b)

Figure 3. (a) The DIC test scheme (* Clock positioned without blocking the specimen) and (b) setup.

The captured digital images were then analyzed through GOM Correlate 2021 soft-
ware. The software measures the displacement and strain field of the speckled surface in
reference to the image right before the load dial starts to read (the “reference image”).
Figure 4 shows nine observation points that were determined on the speckled surface to
provide displacement and strain magnitudes. The load readings across all images were
captured and inputted manually to provide a relationship between load readings and dis-
placements, as well as strains produced by the software. In addition, strain measurements
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from the strain gauges were matched with the clock’s time captured in the images to pro-
vide additional strain measurements.

N\

. . .
9 8 7
6 5 4
N H .
3 2 1
. . .

S

Figure 4. Observation points.

3. Results and Discussion
3.1. Density

The results for the 7-, 14-, and 28-day density measurements of every batch are pro-
vided in Table 5 and Figure 5, with each value representing the average density of four
samples for each type of specimen. Based on the results acquired, the density of all speci-
mens ranged from 2.28 to 2.42 g/cm?. The highest density of 2.42 g/cm?® was found in 28-
day FNS-50 cylinder specimens with a 3.4% increase, and the lowest density of 2.28 g/cm?
was found in FNS-0 specimens. Although the highest density was found in the FNS-50
batch, the overall density of FNS-50 across almost all ages and specimen types was lower
than that of FNS-100. The densities of the FNS-50 and FNS-100 batches were slightly
higher than that of FNS-0. These results aligned with the aggregate’s specific gravity,
where the case of 100% FNS substitution led to the highest density, followed by the case
of 50% and the 0% FNS substitutions. The use of FNS in concrete tends to marginally in-
crease the concrete’s density based on the amount of substitution due to the higher specific
gravity and unit weight. However, the results of the control batch (FNS-0) were a fraction
lower than the normal concrete density of approximately 2.35-2.45 g/cm?. These results
occurred due to the usage of manufactured sand (M-sand), which has a slightly lower
specific gravity than natural sand (2.6-2.8 g/cm?). Hence, FNS substitutions in concrete
did not significantly affect the concrete’s density.

Table 5. Results for density.

e Specimen - DensiltZ fig/cm3) =
FNS-0 Cg;ier 22807 2280 iig 8
FNS-50 Cgﬁer 2ORELT) 2308 igé Eﬁf;

FNS-100 Cyinder 238080 240 0e20) 2% Eﬁi??

* Note: Values inside the parentheses are relative values with respect to the FNS-0 case (control
specimen) with its specimen type and age counterpart, and a positive sign indicates an increase.



Buildings 2023, 13, x FOR PEER REVIEW 8 of 17

380 r B FNS-0 = FNS-50 = FNS-100

3,00 |

N

al

o
T

N
o
o

Density (g/cm3)

7d 14d 28d Cube 28d

Figure 5. Effects of FNS substitution on density.

3.2. Compressive Strength

Due to the effect of the specimen’s shape, the D10 x 20 cm? cylindrical specimens and
15 x 15 x 15 cm? cubic specimens’ compressive strength were converted into D15 x 30 cm?
cylindrical compressive strength (fc’) based on the conversion guidance in the French
standard CERIB 46-E. The converted compressive strength test results are shown in Figure
6, which provides an image of the effect of FNS substitution. It can be seen that partial and
full FNS substitution increases 7-, 14-, and 28-day cylinder compressive strength. The
lines’ slope between batches indicates the changes in compressive strength for each batch
per respective age. Table 6 shows the effect of the addition of FNS in the sample. It in-
creases the 7-day compressive strength of FNS-100 up to 15.2% (32.0 MPa) and of FNS-50
up to 9.1% (30.3 MPa) compared to FNS-0 (27.8 MPa). The 7-day strength of FNS-100
seems to be the highest among the others. Though several studies [9,13,15,16] did not re-
port any higher early strength of concrete containing 100% FNS substitution, further study
may be carried out to analyze the possibility of FNS influence on early strength develop-
ment. The 14-day compressive strength of FNS-50 was found to be the highest, followed
by FNS-100 and FNS-0 with 32.6 MPa, 31.8 MPa, and 29.6 MPa, respectively. The strength
improvements were 10.1% and 7.6% for FNS-50 and FNS-100, respectively compared to
FNS-0. Furthermore, FNS-50 led to the highest 28-day compressive strength followed by
FNS-100 with 41.4 MPa and 37.0 MPa, respectively, which were 21.1% and 8% greater than
FNS-0 (34.2 MPa), respectively. The failure pattern of cylinders across all batches and spec-
imens was similar to a Type III vertical cracking failure pattern with no well-formed cones
based on ASTM C39-14, except FNS-50 at 28 days old with a Type II vertical crack with
well-formed cones.

Table 6. Results for compressive strength, fc’.

. Density (g/cm?)
Batch Specimen 7d 14 d 28 d

Cylinder 27.8(-)* 29.6 (-) 34.2 (-)

FNS-0 Cube - - 35.5 (-)
FNS-50 Cylinder 30.3 (+9.1%) 32.6 (+10.1%) 41.4 (+21.1%)
Cube - - 40.2 (+13.2%)
Cylinder 32.0 (+15.2%) 31.8 (+7.6%) 37.0 (+8.0%)
FNS-100 Cube - - 40.1 (+12.8%)

* Note: Values inside the parentheses are relative values with respect to the FNS-0 case (control
specimen) with its specimen type and age counterpart, and a positive sign indicates an increase.



Buildings 2023, 13, x FOR PEER REVIEW 90f17

45

g

s 40

L

£ 35

s

230

3

5

£ 25 - o--7d --@---14d

© —e— 28d —m- - Cube28d
20 s s s

FNS-0 FNS-50 FNS-100

Figure 6. Effects of FNS substitution on compressive strength.

The cube specimen compressive strengths obtained during tests were compromised.
The values of FNS-50 and FNS-100 cube strength could not be obtained, supposedly due
to test machine limitations. The values in Table 6 could be achieved higher since the ma-
jority of FNS-50 and all FNS-100 cube specimens did not fail under 1000 kN compressive
load, and therefore the tests had to be stopped earlier. As a consequence of the matter,
only the captured behavior of the affected specimens was analyzed. Despite the compro-
mised results, the effect of FNS substitution remains the same as the cylinder specimens,
where FNS substitution yields a higher compressive strength of 40.24 MPa and 40.11 MPa
in FNS-50 and FNS-100, respectively, than FNS-0 (35.54 MPa). The strength increase was
13.2% and 12.8% for FNS-50 and FNS-100 specimens, respectively.

The obtained strength results in this study slightly differ from previous studies of
ENS concrete. Saha and Sarker [13] found a decrease in compressive strength in 100% FNS
replacement of natural sand, although their particular 100% FNS’ fineness modulus was
generally lower. They explained this feature by the fact that the particle size distribution
with the substitutive led to a less compact granular structure than that of the control spec-
imen (FNS-0), leading to a smaller strength. In this study, the final grading in FNS-100
seems to not induce a looser granular structure than that of the control specimen (FNS-0).
Furthermore, Edwin et al. [16] reported an enhancement of strength up to 50% FNS re-
placement due to the Ferronickel Slag’s particle shape. Its sharp angular edges and rough
surface improved the cohesion and slip resistance between aggregate and paste. However,
their 50% FNS concrete did not perform well compared to this study with a minor strength
improvement of around 2% than that of the control specimen. A possible explanation lies
in bigger particle sizes than in the case of natural sand and in a greater void ratio, which
might provide a worse strength performance than with natural sand. However, the FNS
used in this study had generally larger particle sizes and a higher void ratio in the case of
100% replacement and had a better strength than that of the control specimens (FNS-0).
The particle size distribution of FNS might play a more significant role in affecting the
strength performance, which explains the contradictory results across these studies. Fur-
ther study of the FNS particle size distribution effect on concrete strength must be consid-
ered in the future.

3.3. Ultrasonic Pulse Velocity

The measurement of UPV for every specimen was collected and plotted in a box and
whisker (Figure 7) to provide an image of UPV data distribution. It shows that the cylinder
data variance of UPV is largest at 7 days, larger at 14 days, and smallest at 28 days. The
cube data variance shows a wider-ranged distribution, especially the FNS-50 batch, with
a minimum-maximum extrema and first-third quartile range between 4.54-4.79 km/s and
4.56-4.78 km/s, respectively. Fortunately, no outliers were obtained between these wide-
spread data. The lower boxes represent the first quartile and median, whereas the upper
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Figure 7. Ultrasonic Pulse Velocity data distribution in box and whisker.

The unconverted compressive strengths previously obtained were plotted against
UPV to provide a relationship between compressive strength and UPV. Figure 8 shows an
exponential correlation between compressive strength and UPV, as given by Equation (1)

y = 0.43¢097% 1)

where y is the compressive strength (MPa), and x is the pulse velocity (km/s) with a coef-
ficient of correlation, R? of 0.70. It can be seen that a lower-strength specimen tends to
have a lower velocity. A slower wave propagation gives a less hardened concrete and thus
alower compressive strength [31]. However, the FNS-100 cylinder specimens tend to have
the highest pulse velocity, although their compressive strengths were lower than FNS-50
at ages 14 and 28 days. This behavior is considered to be an anomaly since, generally,
study results have stated a positive correlation between Ultrasonic Pulse Velocity and
compressive strength [31-34].

50
y = 0.43e0.97%
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Figure 8. Relationship between compressive strength and pulse velocity.

An increase in velocity might be influenced by the oxide compositions contained in
ENS, as it is high in magnesium and iron oxides [9,11,17,18]. Following the matter, further
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study regarding the effect of oxide compositions of FNS on UPV may be carried out to
understand the aforementioned higher pulse velocity.

3.4. Load—Displacement Relationship

Post-processed images through GOM Correlate 2021 were then plotted against com-
pressive load to create a load—displacement relationship. Figure 9 shows the displacement
in the y-direction of one representative specimen from each batch, later called vertical dis-
placement or v-displacement, against the applied load. Figure 10 shows the v-displace-
ment field of the specimens. All variations seemed to have a relatively constant response
at early loading or elastic phase for every observation point.
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FNS-0 specimen’s displacement field for all observation points was increasing line-
arly upward (positive y-direction) until the maximum load was reached before a softening
phase. Prior to the maximum load, the displacement response of FNS-0 observation points
started to differ from the normal condition. When the load reached the 724-889 kN mark,
the lower right part of the specimen, Points 1, 2, and 4, gained a noticeably larger displace-
ment (Figure 10). The average v-displacement of all FNS-0 observation points when they
reached the maximum load was 0.935 mm. In subsequent images, in the upper part of the
specimen, Points 7-9, a much larger displacement occurred than in the lower part (Points
1-3). A divided upper and lower part may indicate a horizontal crack that appears at the
mid-height of the specimen.

One of the FNS-50 specimens reached failure and was used as a representative spec-
imen. The FNS-50 specimen’s displacements for all observation points increased linearly
upward until the maximum load reached before a softening phase. From the start, the
displacement of all observation points moved uniformly before reaching the maximum
load (Figure 10). The average v-displacement of all FNS-0 observation points when they
reached the maximum load was 0.531 mm. At the 974.2 kN mark, the specimen started to
show two distinct v-displacement fields, the left (Points 3, 6, and 9) and the right part
(Points 1-2, 4-5, and 7-8) of the specimen. The left part shows a lower displacement (tends
to decrease), and the right part shows a higher displacement (tends to increase). This be-
havior indicates a vertical deformation happened between these two parts, which later
can be seen in Figure 11. Noticeable cracks occurred at the 974.2-734.1 kN mark, where
the area around Point 1 was already deformed, and a vertical crack between the left and
right parts developed during this period. Additionally, Points 6 and 9 started to decrease
and moved downward (negative values) after they reached the maximum load.
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Figure 11. xx-strain field of cubic specimens.

As previously mentioned, all FNS-100 specimens did not reach their failure, and
therefore only the captured response was analyzed due to testing machine limitations.
The FNS-100 specimen’s displacement for all observation points increased linearly up-
ward until the load reached 844.7 kN. Prior to reaching the maximum load of 977.6 kN,
the FNS-100 specimen entered the semi-plastic or transition phase with evidence of the
non-linear response initiation in all observation points (Figure 10). Figure 10 shows the
development of FNS-100's non-linear response when the load reached 729.1-887.2 kN,
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where the lower right part of the specimen (Points 1, 2, and 4) gained a larger displace-
ment. It later can be seen that at 977.6 kN, the displacement of Points 1, 2, 3, and 4 grew
larger than the other points. The average v-displacement of all FNS-100 observation points
when they reached the maximum load was 0.67 mm.

Based on the load-displacement relationship diagram, the FNS-100 seemed to have
a higher resistance than FNS-50, though the latter average strength was higher than the
former, which is represented by a steeper response in the load—displacement relationship
graph (Figure 9). Compared to FNS-0, both FNS-50 and FNS-100 show a lower displace-
ment response or higher resistance due to the steeper response of the load—displacement
relationship.

3.5. Strain Behavior

The post-processed images also gave us the xx-strains or horizontal strains to analyze
the vertical crack patterns that occurred on the specimens. Figure 11 provides the xx-strain
field development of the representative cube specimens of each batch against their respec-
tive compressive stress. The shown specimens are identical to the previous load—displace-
ment diagram.

Figure 12. Inclined cracks on an FNS-100 specimen under 38.1 MPa load (equal strain scale as in
Figure 11).

The FNS-0 specimen’s strain field signifies multiple columnar soft cracks, identified
by the yellow (20.005) and red (20.010) strain area that appear from the 29.4 MPa mark
until later images (Figure 11). Although the strain field has no physical meaning, it can be
used to indicate the crack location due to the localization of crack displacement [29].

The FNS-50 specimen’s strain field shows an early emerging large deformation
(strain > 0.010) happening in the lower left part of the specimen (Point 3), which appears
at the 22.4 MPa mark (Figure 11). Additionally, multiple columnar cracks start to appear
at the 36.1-38.4 MPa mark, shown by the yellow (20.005) and red (=0.010) strain field. The
large vertical strain that occurs in the 38.4 MPa image explains the occurrence of two di-
vided parts of displacement fields mentioned earlier (Figure 10). Other than the large ver-
tical strain, the lower left part is largely deformed, and the slightly inclined cracks are also
starting to develop. These developing cracks are more visible (strain > 0.010) in later im-
ages (past the maximum stress), adjacent to the growing vertical crack opening.

The FNS-100 specimen has the most interesting crack pattern development than the
other ones. The crack propagation started to emerge at 29.8 MPa based on the yellow
(20.005) and red (=0.010) strain area, which forms multiple columnar cracks. These cracks
started to grow and formed some mildly inclined cracks in later stages. The inclined cracks
may indicate an influence of shear stress. This evidence is more pronounced on another
FNS-100 specimen’s surface (Figure 12) where it shows two major inclined columnar



Buildings 2023, 13, x FOR PEER REVIEW 14 of 17

cracks forming a “V” shape under 38.1 MPa load. Therefore, concrete with fully substi-
tuted fine aggregate using FNS may produce a larger shear stress than in the case of nor-
mal concrete. Further studies are required to better analyze the effect of FNS fine aggre-
gate on shear failure under compression. Compared to FNS-0, the cracks that appeared in
FNS-100 seem more apparent, although the working load was relatively larger. However,
compared to FNS-50, no visible crack openings appeared in FNS-100, which indicates a
better resistance for this particular specimen.
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Figure 13. Effect of FNS substitution on stiffness.

3.6. Stiffness

The stiffness of concrete was calculated using the load—displacement response in Fig-
ure 9. Stiffness values calculated based on the slope of linear region of the vertical load-
displacement graph, where the elastic phase of the concrete is represented by Equation (2)

_ AF )

Stif fness =7 2)
where AF is the change in compression force applied to the specimen, and Al is the change
in vertical displacement of Point 5 based on the reference image. The v-displacement of
Point 5 was similar (relatively little deviation) to the average displacement of every point,
so it could represent and was used to calculate the specimen’s stiffness.

The obtained average stiffness values of each batch are provided in Figure 13. The
stiffness values of FNS-0, FNS-50, and FNS-100 were 1435 kN/mm, 1844.8 kN/mm, and
1629.6 kN/mm, respectively. The stiffness improvements were 29% and 14% for FNS-50
and FNS-100, respectively, compared to FNS-0. It can be seen that FNS-50 has the highest
stiffness, followed by FNS-100 and FNS-0. The higher values are represented by the
steeper slope in Figure 9. These results indicate that the partially substituted FNS concrete
had the highest load resistance and thus portrayed the compressive strength results,
where FNS-50 had the overall highest ultimate strength, followed by FNS-100 and FNS-0.
The usage of FNS seems to reduce the deformation of concrete by up to 50% of substitution
and decline at 100% substitution. Regardless, the concrete containing FINS had lower ver-
tical displacement than the concrete without FNS.

3.7. Poisson’s Ratio

Poisson’s ratio values of each batch were obtained using the slope of xx-strain vs. yy-
strain relationship (lateral vs. longitudinal strains) in the linear region or up to 30% of the
specimen’s ultimate strength [35]. This relationship was gathered from the DIC analysis
(using Point 5) and strain gauge measurement.

The results for Poisson’s ratio are provided in Table 7. It provides the results calcu-
lated from the DIC and strain gauge for every batch. Poisson’s ratios calculated using DIC
analysis were 0.24, 0.22, and 0.22 for FNS-0, FNS-50, and FNS-100, respectively. The values
calculated using the strain gauge were 0.27, 0.22, and 0.20 for FNS-0, FNS-50, and FNS-
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100, respectively. These values are still considered to be in the range of the usual concrete’s
Poisson’s ratio of 0.10-0.30 [35,36]. Based on the results shown, a higher FNS substitution
yields a lower Poisson’s ratio. It can be seen, representatively, according to Belyadi et al.
[37], that a higher Poisson’s ratio implies that one specimen is able to withstand fracture
better than the lower ones. However, the highest Poisson’s ratio in FNS-0 produced a
lower compressive strength than other batches. According to Park and Paulay [36], gener-
ally, a higher-strength concrete has a relatively lower Poisson’s ratio. This statement
crudely explains why the lower Poisson’s ratio in FNS-50 and FNS-100 yielded a higher
compressive strength than FNS-0.

Table 7. Poisson’s ratio results.

Poisson’s Ratio

Batch DIC Strain Gauge
FNS-0 0.24 0.27
FNS-50 0.22 0.22
FNS-100 0.22 0.20

4. Conclusions

The mechanical response of concrete containing Ferronickel Slag (FNS) fine aggre-
gate was analyzed using the compressive strength test and the Digital Image Correlation
(DIC) method. FNS was used as a fine aggregate substitute with manufactured sand (M-
sand) as the concrete’s control aggregate (FNS-0). The experimental results such as den-
sity, compressive strength, Ultrasonic Pulse Velocity (UPV), vertical load-displacement
response, lateral strain behavior, stiffness, and Poisson’s ratio were discussed. Based on
the results obtained, the following conclusions can be summarized as below:

e  The usage of FNS as fine aggregate slightly increases the density of concrete. The
density increases scales with the increase in FNS replacement. The 50% and 100%
FNS replacements increase the density up to 3.4% and 5.2%, respectively;

e  The overall compressive strength of specimens with 50% FNS substitution (FNS-50)
has the highest values, followed by 100% FNS substitution (FNS-100) and the control
(FNS-0). The 50% and 100% FNS substitutions improve compressive strength up to
21% and 15%, respectively, compared to that obtained for the control specimen (FNS-
0). These results show that FNS substitution positively impacts the concrete’s com-
pressive strength;

e  Ultrasonic Pulse Velocity (UPV) test results show an increase in pulse velocity with
an increase in FNS substitution. The UPV data distribution in cylinder specimens
shows a tighter range than the cube specimens. The highest velocity achieved by
FNS-100 differs from other studies, where it shows a lower compressive strength than
FNS-50. Generally, higher pulse velocity leads to a higher strength. These findings
may be influenced by magnesium and iron oxides in FNS, which increase the pulse
velocity obtained;

e  The load—displacement relationship shows the vertical displacement behavior of the
specimen behavior under compressive load. The specimen with FNS substitution
shows less displacement under the same load compared to the control, where FNS-
50 has the steeper response, followed by FNS-100 and FNS-0;

e  The stress—strain diagram exhibits the crack patterns of cubic specimens. The FNS-
100 specimen has the most interesting crack propagation in which it has a significant
influence on the working shear stress, with the result of inclined cracks on the speci-
men’s surface. In some ways, full FNS substitution produces larger shear-stress-in-
duced cracks than the others. On the contrary, the 50% FNS substitution did not show
any major damage on the surface. Additionally, sufficient vertical cracks occurred in
the FNS-0 specimen;
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e  The stiffness of FNS substituted specimens leads to higher values than that for the
control specimen. The results show that the 50% and 100% FNS substitution increases
the stiffness up to 19% and 5%, respectively. It shows that concrete with FNS has a
higher load resistance;

e DPoisson’s ratio values obtained herein show a decrease with an increase in FNS re-
placement. The results show consistent values between the two methods of measure-
ments, DIC and strain gauge, where full FNS concrete produces the lowest Poisson’s
ratio, followed by 50% substitution and the control specimen (0% substitution);

e  The utilization of Ferronickel Slag fine aggregate in concrete can be an alternative to
concrete’s fine aggregate since it shows relatively better mechanical properties than
that of usual concrete;

e  Further study may be carried out to analyze the effect of FNS against early compres-
sive strength and Ultrasonic Pulse Velocity, as well as the effect of the particle size
distribution of FNS against compressive strength.
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