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Abstract: The purpose of this study was to recycle red mud, an industrial byproduct that generates
300,000 tons per year, into the construction industry. Red mud was prepared as a liquid, neutralized
with sulfuric acid, and replaced with cement mortar. The properties of liquefied red mud (LRM)
neutralized with sulfuric acid (LRM + S) were investigated as well as its effect on cement mortar’s
mechanical and hydration characteristics. The pH of LRM + S stabilized at 7.6; its SO3 content was
~4.19% higher than that of LRM. Sulfites were contributed by calcium and sodium sulfate. The flows
and setting times of the mortars containing LRM and LRM + S decreased as the substitution rate
increased. The compressive strength of mortar that replaced 5% of cement with LRM + S was similar
to that of the plain cement mortar. Scanning electron microscopy and X-ray diffraction revealed
that the hydration products of LRM + S-containing cement mortar were similar to those of the plain
cement mortar. Thus, LRM + S can be used as a cement substitute.

Keywords: red mud; liquefied red mud; neutralized red mud; cement mortars; recycling; X-ray
diffraction; SEM

1. Introduction

Portland cement is currently considered to be the dominant building material [1]. In
addition, concrete, made from Portland cement, water, and aggregates, is the second most
used substance after water in the world [2]. For CO, released from fossil consumption
and cement production are the main anthropogenic contributor to global warming. Port-
land cement production causes high CO, emis- 35 sions, accounting for 7-10% of global
anthropogenic CO, emissions and 2-3% of energy consumption [3,4]. Therefore, in order
to reduce CO; emissions from the cement industry, red mud, an industrial waste, was
proposed to be used as a substitute for cement.

Red mud is a reddish-brown waste product generated by the aluminum extraction
process from bauxite ore. It mainly consists of iron oxide and is highly alkaline [5,6]. In
2021, approximately 170 million tons of red mud waste was generated owing to increased
aluminum production. The amount of red mud waste is expected to increase continuously
with the increasing aluminum consumption [7,8]. Red mud is difficult to use because of
its highly alkaline nature; therefore, most of it is stored under wet or dry conditions or
discarded. Wet storage causes sewage-associated contamination of surface water and soil
salinization because the alkali in red mud slurry penetrates the ground [9]. Dry storage
causes significant atmospheric pollution because red mud generates particulate matter [10].
In order to solve the environmental problems and limited space related to the storage
and treatment of red mud, many studies have been conducted to apply industrial waste
red mud to the construction industry by using cement-based materials that are generally
inexpensive and easily available [11].
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For example, a study proposed using red mud in producing construction materials
as an eco-friendly and efficient approach [12]. Ghalehnovi et al. evaluated the properties
of self-compacting concrete that contained red mud as a substitute for cement and a
filler [13]. They reported that this substitution had a negligible adverse effect on the
performance of concrete and could improve the sulfate resistance of concrete. Senff et al. [14]
investigated the rheological and strength characteristics of concrete containing red mud
and reported that red mud does not affect the concrete hydration process. However,
they also reported that the red mud content in concrete exceeds 20 wt.%, absorbed water
increases, and compressive strength decreases. Liu et al. [15] reported that adding red mud
to concrete can improve its compressive strength. Further, adding red mud to magnesium
phosphate cement increased its strength and water resistance and decreased porosity. Some
components of red mud can form new hydrates with cementitious properties through
reactions with magnesium phosphate cement. However, as red mud has a high Na,O
content and is thus highly alkaline, using it in building materials on a large scale is not
easy [16].

Most studies on the recycling of red mud have used powdered red mud produced
through a dry grinding process. However, this recycling process is complex and econom-
ically inefficient. The red mud’s recycling rate has typically stayed within 10% [17]. In
previous studies, liquefied red mud (LRM) was neutralized with sulfuric acid (LRM + S) or
nitric acid and was added to cement paste to improve the economic efficiency and recycling
rate [18,19]. The initial compressive strength of cement paste containing LRM + S was
>85% of that of the plain cement paste, and their compressive strengths at 28 days of aging
were similar. The possibility of commercializing LRM + S was also proposed because the
hydration heat and hydration products were similar to those of the plain cement paste. For
the commercialization of LRM + S as a construction material, further research on its effects
on mortar and concrete is required [20].

In this study, in an attempt to improve the strength degradation observed earlier, we
neutralized LRM to reduce its high pH (from 10-12 to 7-8). For experimental validation, we
compared added LRM and neutralized LRM (LRM + S) to cement mortar and examined the
heat of compressive strength and hydration products of the samples using X-ray diffraction
(XRD) and SEM. We expect the results of our study to contribute to an increase in the
recycling of red mud as a construction material.

2. Materials and Methods
2.1. Materials

Table 1 shows the physical and chemical properties of red mud sludge (KC Co.,
Ltd., Seoul, Republic of Korea) used to produce LRM and LRM + S. The main chemical
components of red mud sludge are SiO,, Al,O3, and Fe;O3; they account for approximately
80 wt.%. Reagent-grade sulfuric acid (95% purity, Daejung Chemicals & Metals Co., Ltd.,
Siheung-si, Republic of Korea) neutralized the LRM. The cement used (Sungshin Cement
Co., Ltd., Seoul, Republic of Korea) was Ordinary Portland Cement (OPC); its physical and
chemical properties are shown in Table 2. The fine aggregate had natural spherical particles
with a maximum diameter of 1.6 mm and a minimum silicon dioxide content of 98%.

Table 1. Properties of red mud sludge.

Type

Chemical Composition (wt.%)

SiO;

Moisture Content Ratio (wt.%)
A1203 Fe203 CaO MgO SO3 NaZO Kzo

Red mud sludge

38.8

16.1 22.8 34 0.21 0.29 10.0 0.4 36
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Table 2. Physical properties and chemical composition of OPC.

Setting Time Chemical Composition (wt.%)
Type Blaine —— Final Density
(sz/ ) nitia na ( CmS) .
8 (min) h) g/ Si0, Al,03 Fe;O3 CaO  MgO  SO;  Lg. Loss
orC* 3300 200 5.5 3.15 21.7 5.7 3.2 63.1 2.8 2.2 1.3

* OPC: Ordinary Portland Cement.

Table 3 lists the properties of the dispersant (polycarboxylic-acid-based, company S)
and thickener (methyl-cellulose-based, company H) used to produce the LRM. The anti-
foaming agent (polyoxyalkylene-alkylether-based, company K) was a transparent liquid
with a pH value of 4.5-7.5, a specific gravity of 0.9984, and a viscosity of 269 cP (25 °C).

Table 3. Properties of Admixtures.

Specific Residue Viscosity o Moisture
Type Color Gravity pH Content (%) (cP) NaCl (wt.%) (wt.%)
Polycarboxylicacid ;1o 1.136 6.72 407 180 - -
series
Methyl cellulose White - - - 32,900 1.36 1.40
2.2. Methods

2.2.1. Sample Preparation

LRM was produced by mixing red mud sludge with water, the dispersant, and the
antifoaming agent in a mass ratio of 1:0.2:0.0036:0.0014. Red mud sludge and water were
first stirred at 20,000 rpm for 3 min using a Homo Mixer (K & S Co., Mokpo, Republic of
Korea), as shown in Figure 1, and the dispersant and antifoaming agent were then added
at the above ratio and stirred for 2 min [21]. The physical and chemical properties of the
resulting LRM were analyzed. LRM + S was produced by mixing 3.4 or 6.8 g of sulfuric
acid with 100 g of LRM. The pH change of the mixture over time was measured using
a pH meter (HI-991300, Hanna Instruments, Woonsocket, RI, USA) between 10 min and
12 h after adding the sulfuric acid. The amount of sulfuric acid needed to maintain a pH
value of 7-8 for up to 12 h was determined. The mineral composition of the LRM + S was
analyzed using X-ray diffraction. Samples were then dried in an oven at 105 °C for 24 h.
The dried samples were pulverized and sifted through a 200-mesh sieve.

(a) Red Mud sludge (b) Mixed equipment

Figure 1. Cont.
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(c) Red Mud and water mix (d) Liquefied Red Mud

Figure 1. Manufacturing process of Liquefied Red Mud.

Table 4 shows the mix design of cement mortar containing LRM and LRM + S as
cement substitutes. For the mixes of cement mortar replacing 5 and 10 wt.% of cement with
LRM and LRM + S, the water content was adjusted to ensure uniform mixing. Cement
mortars were mixed for 4 min using a mortar mixer (Mortar Mixer, Heungjin, Republic of
Korea). The cement mortars containing 5 and 10 wt.% LRM are henceforth termed LM5 and
LM10, respectively. The cement mortars containing 5 and 10 wt.% LRM + S are henceforth
termed SRM5 and SRM10, respectively.

Table 4. Mix design.

Mix Design (g)

MixID Cement Sand Water LRM LRM + S
Plain 100 50 - -
LM5 * 95 4527 9.72 ]
LM10 90 300 40.54 19.46 -

SRMS ** 95 46.06 - 8.94

SRM10 90 211 ; 17.89

* Liquefied red mud +Mortar ** Sulphuric neutralization liquid red mud + Mortar.

2.2.2. Testing Methods

The flow was measured according to the ASTM C1437 [22] test method (Standard
Test Method for the Flow of Hydraulic Cement Mortar). The base diameter of the mortar
was measured four times at equal intervals, and the average value was used for the flow
calculation.

The setting time was measured by the ASTM C191 [23] test method (Standard Test
Method for Time of Setting of Hydraulic Cement by Vicat Needle).

The compressive strength was measured as per the ASTM C349 [24] test method
(Standard Test Method for Compressive Strength of Hydraulic Cement Mortars) using
a universal testing machine (Heungjin Testing Machine Co., Ltd., Gimpo-si, Republic
of Korea). The specimens each had a size of 40 x 40 x 160 mm? and were cured at a
temperature of 20 £ 2 °C and a relative humidity of 50%. The compressive strengths were
measured at 1, 3, 7, and 28 days of aging. The reported compressive strength results are
average values taken from three mixed samples.

For microstructural analysis, cement mortar samples at 1 and 28 days of aging were
collected and immersed in anhydrous ethanol for 24 h to stop hydration. They were then
dried in an oven at 40 °C for 24 h. The dried samples were observed using cold-type field
emission SEM (5-4800, Hitachi, Tokyo, Japan).

To analyze hydration products, samples at 1 and 28 days of aging were collected and
immersed in anhydrous ethanol for 24 h to stop hydration. They were then dried in an
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oven at 40 °C for 24 h. The dried samples were pulverized, sifted through a 200-mesh sieve,
and analyzed via XRD (SmartLab, Rigaku, Tokyo, Japan) [25]. XRD analysis was performed
using a CuKa wavelength at 45 kV and 200 mA and at 4° /min in the range of 20 = 5-75°.

3. Results and Discussion
3.1. Properties of LRM + S

3.1.1. pH

To determine the appropriate amount of sulfuric acid needed to produce LRM + S,
varying amounts of sulfuric acid were added per 100 g of LRM, and pH values were
measured over 12 h. As shown in Figure 2, initial pH values decreased with increasing
amounts of sulfuric acid but tended to increase over time. The optimal amount of sulfuric
acid needed to maintain the pH between 7 and 8 for 12 h was found to be 5.9 g.

12.0
J)Amount of sulfuric acid added per 100g of LRM —<—68 ¢
-—®-59¢
110 | ~5is
—A—42¢g
10.0 | -O-34g
= 9.0
8.0
7.0
6.0

Time (h)

Figure 2. pH changes of LRM + S.

3.1.1. XRD

The mineral composition of the LRM + S was analyzed, and the results are shown
in Figure 3. The main compounds identified in the LRM were quartz, calcite, boehmite,
and hematite [25]. These compounds were also found in the LRM + S. Characteristic peaks
were observed in the LRM + S at 20 = 25.5° and 51.1° owing to the addition of sulfuric acid;
they were identified as gypsum and sodium sulfate, respectively.

Quartz (5i0;)

Caleite (CaC0y;)
Boehmite (AIO{0OH))
IHematile (Fe,04)
Anatase (Ti0y)

Rutile (Ti0,)

Perovskite (CaTiO.)
Gypsum (CaSO,-2H.0)
Sodium Sulfate (Na,S0,)

SR Anl J=y ey

*

| "| o
.".\ - Al gk 27 n :i. Ln LRM
J vy | noh u i J\ A
L (WL L WYY, WV L N, WA VAN

Intensity

i

I *1 | .
" * L LW LRM S
L._J.....J\‘ ‘-M“"“J*\-vu“ \ ) 4-"@!..-.-‘\{ ) ‘»-h’\_...,"‘\./ﬁ.. A.v"’l ,rL. Mk r"\./"\‘-_m.r-\-h-_f\._ﬁ-
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Figure 3. XRD patterns of LRM and LRM + S.
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3.1.2. Physical Properties

Table 5 shows the physical properties of the LRM and LRM + S. The physical properties
of the LRM included a water content of 48.6%, pH of 11.5, density of 1.50 g/cm?3, specific
surface area of 2871 m?/kg, average particle diameter of 2.50 um, and viscosity of 36,670 cP.

Table 5. Physical properties of LRM.

Moisture . . . Average Specific
RFl;}:iplf/I(l)lfd Content pH ?7?;:;{ Vls(z;);lty Particle Size Surface Area
(%) 8 (um) (m2/kg)
LRM 48.6 11.5 1.50 36,670 2.50 2871
LRM +S 441 7.6 1.54 60,670 3.02 2441

The water content of the LRM + S decreased to 44.1% owing to sulfuric acid neutral-
ization, and the viscosity increased significantly to 60,670 cP. The average particle size
increased to 3.02 um, and the specific surface area decreased to 2441 m? /kg.

3.2. Flow

Figure 4 shows the flows of LM and SRM, the cement mortars that contained LRM
and LRM + S, respectively. The flows of the LM and SRM cement mortars were lower than
that of the plain cement mortar. The flow value decreased as the proportion of red mud in
the mix increased. Red mud has a larger specific surface area and lower density than OPC.
In addition, the flows of the SRM mortars were lower than those of the LM mortars. This
can be attributed to LRM + S having a viscosity that is 1.6 times higher than that of LRM
owing to sulfuric acid neutralization.

250

200

Flow {mm)

50 F

Plain LMS LM10 SRM5S SRM10

Type of cement mortar

Figure 4. Flows of cement mortars with varying proportions of LRM or LRM + S.

3.3. Setting Time

Figure 5 shows the setting time measurements’ results on plain, LM, and SRM cement
mortars. The setting times of LM and SRM mortars were shortened to that of the plain
mortar. In particular, the final setting time was significantly shortened compared to the
initial setting time. The initial and final setting times of the LM10 were 37 and 82 min
shorter, respectively, than those of plain mortar. The initial and final setting times of the
SRM10 were 57 and 75 min shorter, respectively, than those of plain mortar. Liquid red
mud is an aluminate-based quick-setting agent that decomposes into alkali (NaOH) and
aluminum hydroxide (AI(OH)3) in concrete. At this time, the alkali component (NaOH)
generated promotes the hydration of calcium silicate (C,S, C3S) in cement to produce a
large amount of calcium hydroxide in the initial stage. 3CaO-Al,O3-6H,O is generated to
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promote cement setting and hardening, so the setting time of LR and SRM specimens is
shown to be shorter than that of plain specimens [26]. Therefore, the setting time can be
accelerated when the cement of the cement mortar is replaced with LRM or LRM + S.

8:00
—@—Initial time
7:00 | . .
—m—Final time

6:00

5:00 -\\f/-\'-

4:00

3:00 | ‘\'\'\_._\_.

2:00

Setting time (h:min)

1:00

0:00

Plain LM5 LM10 SRMS SRMI10
Type of cement mortar

Figure 5. Initial and final setting times of cement mortars with varying proportions of LRM or
LRM +S.

3.4. Compressive Strength

Figures 6 and 7 show the compressive strength measurement results and the com-
pressive strength ratios of the LM and SRM mortars compared to that of the plain mortar.
The compressive strengths of LM and SRM were initially higher than that of plain and
remained so for up to 3 days of aging. After that, their compressive strengths became lower
than that of plain mortar. However, the compressive strength of the SRM at 28 days of
aging was still higher than that of the LM, confirming that sulfuric acid neutralization can
improve compressive strength. The compressive strength decreased further when higher
proportions of LRM and LRM + S were substituted.

70.00
O1day O3days O7days O28 days
60.00 -
s e
& :
2 50.00 -
e i
= R S 1515 R R 1
ooy TMFHT I AL
Z T = I ki iy By B 8 e il
230,00 A
@
£ 20.00 -
: | |
S Y I I O I I B I . O O A A
10.00
0-00 T T T T
Plain LMS5 LM10 SRMS5 SRM10

Type of cement mortar

Figure 6. Effects of LRM and LRM + S on compressive strength of the cement mortar.
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Compressive strength of Plain by curing period

60.0 A ——LM5 -a- LM10
—=—SRMS5 -t-SRM10

]00 T T U — T T T T T T T T T
0 7 14 21 28
Curing period (days)

Compressive Strength ratio (%)

Figure 7. Compressive strength ratios of LRM- and LRM + S-modified cement mortar over the aging
period.

The compressive strengths after 1 day of aging were found to be 13.92 MPa for plain
mortar, 17.32 MPa for LM10, and 22.05 MPa for SRM10. The compressive strengths of
the LM10 and SRM10 were approximately 24% and 58% higher than that of plain mortar,
respectively. LRM + S was found to contribute significantly to the initial strength. However,
the compressive strengths of LM10 and SRM10 after 3 days of aging were similar to that of
plain mortar and were lower after 7 days.

While substituting LRM and LRM + S improved the initial compressive strength, this
tendency was reversed with longer aging times. After 28 days of aging, the compressive
strengths were found to be 54.91 MPa for plain, 40.41 MPa for LM10, and 44.08 MPa for
SRM10. The compressive strengths of the LM10 and SRM10 after 28 days of aging were
lower than that of plain mortar by approximately 26% and 19%, respectively. However, the
compressive strength of the SRM10 was 7% higher than that of the LM10, indicating that
the compressive strength was improved by sulfuric acid neutralization.

In previous studies, a maximum red mud content of 10% was proposed considering
the reduction in the compressive strength of cement mortar caused by substituting red
mud [27-29]. The results of this study indicate that red mud content can be increased
through sulfuric acid neutralization because LRM + S can significantly improve the initial
compressive strength of cement mortar [30].

3.5. SEM Observations Instead

Figure 8 shows the SEM images of the microstructures of plain, LM10, and SRM10 after
1 day and 28 days of aging. In Figure 8a, more pores are observed in the microstructure
of Plain-1d than in those of LM10-1d and SRM10-1d. This appears to be due to the larger
particle size of OPC at 14 um [31] versus those of LRM and LRM + S at 2.50 and 3.02 pm,
respectively. In the LM10 and SRM10, pores were more densely filled with smaller particles.
This may be the reason for the higher compressive strength of the LM and SRM compared
to that of plain mortar after 1 day of aging. Figure 8b shows that the microstructures became
denser as aging increased due to increased hydration products. Plain-28d and SRM10-28d
exhibited larger hydration products than LM10-28d. This difference in hydration products
could be the reason for the slightly lower compressive strength of LM10 after 28 days.
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1.00um

3
.4

HANBAT4B00 3,0kY w40, 0k SEM) S HANBATA4800 3.0kV 9.5mm x40.0k SE(M)

LM10-1d LM10-28d

HANBATA800 3,06V 7 Srmm «40,0k SEM) PR HANBAT4800 3.0kV 8.6mm x40.0k SE(M)
SRM10-1d SRM10-28d
(a) SEM images of mortars after 1 day of aging (b) SEM images of mortars after 28 days of aging

Figure 8. SEM images of Plain, LM10, and SRM10 mortars after (a) 1 day and (b) 28 days of aging.

3.6. XRD

XRD analysis was conducted to identify the hydration products of the plain, LM10,
and SRM10 mortars after 1 day and 28 days of aging. The results are shown in Figure 9.
Figure 9a shows that the peaks of unhydrated cement particles (C3S and C2S) and hydration
products (CSH and CaOH,) were observed in Plain-1d [26]. The XRD peaks of the LM-1d
and SRM-1d were similar to those of Plain-1d, indicating that the hydration products were
identical [32]. Figure 9b shows that the XRD peak patterns of Plain-28d and the SRM10-28d
were similar, but the pattern of LM10-28d exhibited a new peak at 20 = 24°, which is judged
to be xonotlite [33,34]. This coincides with the SEM images in Figure 8b, which show that
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LM10-28d had a different microstructure to those of Plain-28d and SRM10-28d, indicating
hydration products with a fine fibrous structure.

Intensity

Intensity

A Ca(OH),
1d N
m C;S
o C.S
CSH

— CaCO,
® SiO,

LI W SO U TR S W S "

10 15 20 25 30 35 40 45 50 55 60 65 70
2-theta (deg)
(a) 1 day
28d : E:u;()H):
C;S
CSH
® 4 ° - CaCO,
® SiO,
4 .
om ® m A
Plain - a 14 i k L AA ° 1
A ) W __h . J
LM10 J
SRM10 \\
10 15 20 25 30 35 40 45 50 55 60 65 70
2-theta (deg)
(b) 28 days

Figure 9. XRD results of the Plain, LM10, and SRM10 mortars after (a) 1 day and (b) 28 days.

4. Conclusions

This study investigated the feasibility of using LRM and LRM + S as cement substitutes

in cement mortar to increase the recycling rate of LRM. LRM was obtained by dispersing
red mud generated from aluminum production in water, without drying or crushing,
resulting in an LRM with a water content of approximately 35 wt.%. LRM + S was obtained
by neutralizing the LRM with sulfuric acid. LRM and LRM + S were then added into
cement mortar as cement substitutes, and the hydration and mechanical characteristics of
the mortars were investigated. The following conclusions were drawn.

1.

When LRM was neutralized with sulfuric acid and stabilized to a pH of 7 to 8, gypsum
and sodium sulfate were generated, and the physical properties of the LRM, including
particle size, specific surface area, and viscosity, were changed. In particular, the
viscosity increased by 1.6 times.

Substituting LRM and LRM + S for cement in cement mortar decreased the flow. The
flow value decreased as the amount of red mud increased. The measurement results
showed that the setting times of LM and SRM, which contained LRM and LRM + S,
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were shorter than those of plain mortar. In particular, the final setting times were
significantly shortened.

3. The compressive strengths of LM and SRM were initially higher than that of plain
mortar but decreased with aging. The compressive strengths of the LM10 and SRM10
were approximately 24% and 58% higher than that of plain mortar, respectively, after
1 day of aging. After approximately 3 days of aging, the compressive strengths of
the LM10 and SRM10 were comparable to that of plain mortar. After 28 days of
aging, it was lower than plain mortar by approximately 26 and 19%, respectively.
The compressive strength decreased as the amounts of LRM and LRM + S in the
mortar increased. The compressive strength of SRM at 28 days was higher than
that of LM, confirming the compressive strength improvement effect of sulfuric acid
neutralization.

4. More pores were observed in the microstructure of the plain mortar compared to those
of the LM10 and SRM10 mortars at 1 day of aging. This can explain the higher initial
compressive strengths of LM and SRM compared to that of plain mortar. At 28 days
of aging, the plain and SRM10 mortars exhibited similar microstructures, unlike the
LM10 mortar, which exhibited a fine fibrous structure. This difference in hydration
products can explain the slightly lower compressive strength of LM10 after 28 days
of aging. The XRD analysis showed that the hydration products of the plain, LM10,
and SRM10 mortars were identical at 1 day of aging. XRD indicated the formation of
xonotlite in the LM10 after 28 days of aging.

The results of this study show that it may be possible to increase the recycling rate of
red mud in cement concrete by neutralization with sulfuric acid. Studies on the hydration
mechanisms and long-term strength and durability will be required.
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