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Abstract

In this study, six mortar mixes were tested in order to examine the significance and limitations of hydrophilic fiber
in terms of its capacity to enhance the tensile resistance of Hwangtoh mortar. Lyocell, polyamide and polyvinyl alcohol
(PVA) fibers were selected for the main test parameters. The tensile capacity of mortars tested was evaluated based
on the splitting tensile strength and the modulus of fracture, while their ductility was examined using the toughness
indices specified in ASTM. Test results showed that the addition of lyocell and PVA fibers had little influence on the
flow of the Hwangtoh mortars. To enhance the tensile capacity and toughness index of Hwangtoh mortar, it is
proposed that fiber spacing above 0.0003 is required, regardless of the type of fiber.

Keywords : hwangtoh mortar, fiber reinforcing, tensile capacity, engineering properties.

1. Introduction

While cement ranks alongside steel as one of

most important materials in the construction
industry, it emits about 0.81 tons of carbon dioxide
Since the

carbon dioxide emitted by cement represents about

(COy) in the manufacturing process[1].

"% of all carbon dioxide emissions, the demand to
develop a technology to reduce the level of carbon
dioxide

companies in the construction industry have a high

has been increasing, For this reason,
interest in binders to replace cement, and attention
is being given to such Kaolin—type materials as
flyash and Hwangtoh[2-7].

Hwangtoh concrete has been studied, in which
part or all of cement is replaced with Hwangtoh
binder or Alkali-activated inorganic binder[4-7]. In
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general, mortar or concrete with Hwangtoh binder
is usually shown to have a lower tensile property
than cement concrete[5-7], which serves as one of
main the causes of deterioration in the usability
and durability of a structure, Fiber addition can be
considered as one of the methods to improve the
of  Hwangtoh
Hwangtoh binder, which has a higher absorption

tensile  performance concrete,
rate than cement, can lower the initial fluidity of
concrete, which accelerates the fiber balling of the
added fiber, Thus, hydrophilic fiber

effective in improving the tensile performance of

1Is more

Hwangtoh concrete,

The effect of hydrophilic fibers such as lyocell,
polyamide and polyvinyl alcohol (PVA) on the initial
flow and mechanical characteristics of Hwangtoh
mortar was studied, The mechanical characteristics
include compressive strength according to age,
of
splitting tensile strength, modulus of rupture and

stress—strain  curve, coefficient elasticity,

toughness index, Compressive strength according to
and the

improved ductility obtained by fiber reinforcement

age was compared to ACI 209 criteria[8]

’
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was evaluated using the toughness index presented
in ASTM C-1018[9].

2. Experiment

2.1 Specification for mix proportion

Six different Hwangtoh mortar mixes were
prepared by adding different types and amounts of
hydrophilic  fiber, The

Hwangtoh mortar specimens were divided into two

commercially available
groups. Table 1 indicates the specification for mix
proportion, The primary variable in the first group
is lyocell, which was added to be 0.049%, 0.098%,
and 0,195% of the entire volume, respectively, The
primary variable in the second group is the fiber
type, including PVA and polyamide, Taking into
account the optimal amount required for the mix
proportion at a site, PVA and polyamide were
added to be 0.070% and 0,043% of the entire
volume, respectively, The water-binder ratio and
fine aggregate—binder ratio were set to 40% and
2.0 of
polycarboxylate plasticizer was used to meet the
target flow of 200£10 mm.,

mix  proportion, respectively, and

2.2 Material properties
The calcined Hwangtoh used as a binder was
activated by alkali metal ion, the specific gravity

and fineness of which were 2.8 and 3200cm’/g,
respectively, Table 2 shows the physical and
mechanical characteristics used in this study. The
length of all the fibers used in this research was
13mm or less, meaning they could be classified as
micro fibers, and aspect ratio ranged from 262 to
727, In particular, the PVA fiber was about twice
as large in aspect ratio compared to other fibers,
and its tensile strength is also 1.5 times higher,
Natural sand used as fine aggregate had a
maximum radius of 4mm and a specific gravity of
2.42. The natural sand met the requirements of
the KS Particle Size Distribution Curve, and its

fineness modulus was 2,51,

2.3 Mixing method and testing

Hwangtoh mortar was mixed by a forced mixer
alternating dry and wet mixing for periods of 1
minute and 30 seconds, To meet the target flow,
the amount of plasticizer was adjusted and mixed,
The steel molds were eliminated from all specimens
after 1 day of age, and the specimens were cured
at 21£2TC and 60£5% of relative humidity in a
constant temperature and humidity room, The
fresh mortar was placed in a test mold in three
2.5cm-thick layers and dropped from a height of
1.27cm 25 times to measure the flow immediately

after mixing[10]. After hardening, the compressive

Table 1. Mix proportion of hwangtoh Mortar

Fiber Unit weight (kg/m) Water-reducing
Grou Specimen W/B S/B admixture
p P (%) Volumetric ratio . Fine
Type A Water Binder (%)
(%) aggregate
N - 0.99
1 L-0.049 0.049 0.98
-0.098 Lyocell 0.098 1.12
L0195 40 25 0.195 234 584 1461 120
PVA-0.07 PVA 0.070
Y SRR
PA-0.043 Polyamid 0.043

W/B and S/B are water to binder ratio and fine aggregate to binder ratio, respectively.
In specimen notation except a control mortar N, the first letter indicates the type of fiber added and the second part refers to the
volumetric ratio of the fiber. in addition, L, PVA and PA refer to Lyocell, Polyvinl alcohol and Polyamid fibers, respectively.
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Table 2. Physical and mechanical properties of fiber used

e (e o oS ik
Lyocell 1.23 0.040 13 325 850 31300
PVA 1.3 0.011 8 727 1269 27640
Polyamid 1.4 0.023 6 261 594 3900

py = density, df = diameter, L, = length, Sf = aspect ratio,
Tf = tensile strength, Ef = modulus of elasticity

strength was measured in @100X200 mm mold at
1, 3 7, 28, 56 and 91 days. In addition,
stress—strain the modulus of -elasticity,

s

curve,
splitting tensile strength, modulus of rupture, and
flexural load—deflection curve were measured at 28
days. The stress—strain curve and the splitting tensile
strength were measured in the @100X200 mm mold,
and the modulus of elasticity was calculated using
the slope of the tangent line at 45% of the maximum
stress from the stress—strain curve[11], The modulus
of rupture and the load-deflection curve were
measured in the one—point concentrated load bending
test for the 150Xx150%X550mm-sized mold, The
toughness index was calculated in the ratio of the
respective area measured between the starting point
and 36, , 5.56,
between the starting point and the first cracking
deflection (6,.)[9].

and 10.56,, and the area measured

’ ()

3. Test results and analysis

3.1 Flow

The fluidity of the Hwangtoh mortar specimens
was assessed for each mix rate of plasticizer, The
mixing rate of N specimen, to which no fiber was
added, was shown to be 0,99% of total binder, As
indicated in Table 1, the mixing rate of plasticizer
in fiber reinforced Hwangtoh mortar was shown to
be 0.98% at the optimal mixing amount, which was
similar to that of N specimen, but the mixing rate
of plasticizer was increased in the range higher than

the optimal mixing amount, In particular, when
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twice as much lyocell was added, the mixing rate of
plasticizer was 1,1 times higher, The mixing ratio of
plasticizer in polyamide reinforced Hwangtoh mortar
was shown to be 0.86%, which was lower than that
of N specimen, On the other hand, the mixing rate
of plasticizer in PVA reinforced Hwangtoh mortar
was shown to be higher than that in lyocell or
polyamide reinforced mortar, It is believed that PVA
fiber is the highest in terms of the aspect ratio
compared to other fibers and the mixing rate is also
highest, which lowers the fluidity of Hwangtoh
mortar, From the analysis, it was found that the
use of hydrophilic fibers such as Lyocell and
polyamide effective preventing  the
deterioration to fluidity of Hwangtoh mortar that

can result from fiber addition,

was n

3.2 Compressive strength

The mechanical characteristics of fiber reinforced
concrete are greatly affected by the amount of fiber
added and by the aspect ratio[12,13]. Beaudoin|[12]
proved that the amount of fiber added and the

aspect ratio can be generalized using fiber spacing,

Figure 1 illustrates the relationship between fiber
spacing and the relative ratio of compressive
strength at 28 days. The compressive strength of
each specimen was divided by the compressive
strength of N specimen to calculate the relative
ratio of compressive strength, The relative ratio of
compressive strength of fiber-reinforced Hwangtoh
mortar was measured to be 0,86-0,95 regardless of
fiber type, which is a slight decrease, This seems
to be because the volume of pores and the number
of fine pores had increased[12], However, the fiber
spacing had little effect on the relative ratio of

compressive strength, regardless of fiber type.
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Figure 2 Typical compressive strength development against age

Figure 2 shows the typical development of
compressive strength with age, Each age was
converted to dimensionless time based on 28 days.
The amount of lyocell added had little effect on
strength The
development ratio of compressive strength was
measured to be 0,66-0,83 at 3 days, while it was
0.82-0.92 at 7 days,
interpreted that the strength development was great
at an initial age, On the other hand, the strength

development was rather low after 28 days,

compressive development,

from which it can be

The development ratio of compressive strength of
Hwangtoh mortar was compared to the model
equation for the compressive strength development
of N specimen in ACI 209, The model equation for
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compressive strength development with age in ACI

209 is shown below,

. t
fck(t)i A1+Bltfck

@

(t) (4,) and (B,) are the

constants for the development ratio of compressive

Here, is days.
strength at initial and later age, presented as 4.0
and 0,85, for Ordinary Portland
cement, The strength development ratio of the
fiber-reinforced Hwangtoh mortar was set at
constants (4,) and (B,)
regression analysis, As shown in Table 3, (4,) and
(B,) of the fiber-reinforced Hwangtoh mortar were

shown to be between 1.25 and 1.49, and between

respectively,

through a nonlinear

0.96 and 1,01, respectively, which means the fiber
type and amount added had almost no effect on
the strength development ratio, In addition, (4,)
was lower than the constant wvalue of OPC
presented in ACI 209, but (B;) was higher than
that, This may mean that the development ratio of
the compressive strength of the fiber-reinforced
Hwangtoh mortar was higher at initial age
compared to that of OPC, but slightly lower at
later age, However, the fiber spacing had little

effect on (4,) and (B,), as shown in Figure 3,

4, for OPC (ACT 209)
4
oAy
= 3 0B;
=
g 2
5 X o
& & < <
1 o E=—===E] 5] =
B, for OPC (ACT 209)
0 | L .
0 0.0001 0.0002 0.0003 0.0004 00005 0.0006 0.0007

F.= (VpdslLy)

Figure 3 Determination of constants 4 and B in Eqa. (2)



Table 3. Test results summary

Compressive strength, Constants from Modulus of Modulus of Splitting
£ . (MPa) nonlinear regression elasticit rUDtUre tensile i Toughness index
Specimen Flow ck analysis y P strength
(mm) E E f f f f
A B 2 c c r r £ D [r )A )A
1day i 3days: 7days 28days56days91days 1 1 r (MPa) V7. (MPa) V7. (MPa) Vi, 10 20
N 213 10 {206 i 222 i 259 259 ( 255 126 { 097 | 0.96 15655 3150 : 1.76 1 0.345: 1.53 10.301: 263 288 @ -
[-0.049 @ 195 9 165 224 1 243 235 1243 149 { 096 | 097 14577 2987 : 254 {0516 2.30 0.467:2.73:3.06: -
[-0.098 @ 202 99 191 1208 i 246 1 247 i 245 128 | 097 | 0.98 (15228 3043 | 2.47 :0.499 i 2.16 :0.436: 262 : 291 -
L-0.195 | 185 82 166 i 197 1 2387 1 222 i 21.7 : 150 | 1.01 | 0.96 {13962 2875 | 227 :0.466 : 2.15 :0.442: 3.09 : 4.15: 4.83
PVA-0.07: 208 78 1186 197 1 224 {222 i 216 125 ¢ 097 | 092 14277 2987 : 196 :0.415: 1.71 :0.362: 3.72: 497 { 5.89
PA-0.043: 220 77 183 194 1 235 226 1 220 : 142 ¢ 099 | 093 16343 3351 : 240 :10.494: 195 :0401;: 2.7 {319 -
3.3 Stress-strain curve specimen, On the other hand, for the

The stress—strain curve of the fiber reinforced
Hwangtoh mortar is illustrated in Figure 4, The
stress—strain curve of Hwangtoh mortar was similar
to that of N specimen in terms of initial stiffness
and strain at maximum stress, regardless of fiber
type and the amount of lyocell added, A more
gradual decline the of the
fiber-reinforced Hwangtoh mortar was found
compared to that of N specimen after the maximum
In particular,
showed a more gradual decline, There was almost no

in curved line

stress. the lyocell-added specimen

effect on the slope from the amount of fiber added
after the maximum stress, from which it is believed
that the stress—strain was barely affected since a
small amount of fiber, 0,195% or less, was added,

3.4 Modulus of elasticity

Table 3 shows the modulus of elasticity (£.)
normalized by the square root of compressive
strength (y/f..) of Hwangtoh mortar. As more
lyocell was added, in the
normalized modulus of elasticity (£,./\/f.) was
found in Hwangtoh mortar and its of specimen
with 0.195% lyocell showed an 11% downfall
compared to N specimen, FE./ \/ﬂ of Hwangtoh
mortar reinforced by the optimal amount of fiber

a slight decrease

was measured to be 4% lower than that of N
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fiber-reinforced Hwangto mortar shown in Figure 5,
the wider the fiber spacing, the lower £,/ \/f. .
The downfall was within about 9% when the fiber
spacing was 0.0003 or narrower, which is small

enough to ignore

N
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Figure 4 Typical stress-strain relationship
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Figure 5 E./+\/f,. against fiber spacing
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3.5 Splitting tensile strength
As in Table 3,
strength (f,,) normalized by the square root of

shown the splitting tensile
compressive strength (y/f,,) was increased by
fiber type and amount of lyocell added. The
specimen with an optimal amount of lyocell was
measured to be 0,467, which was highest but later
showed a gradual decrease, In addition, normalized
splitting tensile strength of specimen reinforced
with lyocell and polyamide were measured to be
1.55 and 1,33 times higher, respectively, than that
of N specimen,

Figure 6 illustrates the relationship between fiber
Fool VT of  hydrophilic
fiber-reinforced Hwangtoh mortar, The more space
there is between fibers, the higher f,,/ \/ﬂ of the
fiber-reinforced Hwangtoh mortar, The rate of
increase was constant at 0,436 when the fiber
spacing was 0,00015 or wider. Based on the
results, Fool AV Fx of the

fiber-reinforced Hwangtoh mortar can be expressed

spacing and

experiment

as a function for the fiber spacing,

fsp
Vi

= 0.36exp(489F))

3.6 Modulus of rupture

The modulus of rupture (f,)normalized by the
square root of compressive strength (\/f,) of
Hwangto mortar, f,/\/f... as was also shown in
Table 3, improved by fiber type and the amount of
lyocell added. f,/+/f.,. was the highest in the
specimen reinforced by the optimal amount of
lyocell, In addition,
f./ \/ﬂ of lyocell- and polyamide—reinforced

Hwangtoh mortar was 1.4 times higher compared

but subsequently decreased,

to the N specimen,
In addition, as shown in Figure 7, with wider
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fiber spacing, there was a slightly higher increase
in f./\/fa of the fiber-reinforced Hwangtoh
mortar, The increase ratio was constant at 0,49
when the fiber spacing was 0,00015 or wider, As
fol Jfw. fo/fa of the hydraulic

fiber-reinforced Hwangtoh mortar can be expressed

for

as a function for the fiber spacing,

0.6
0.5
0
O &
04 - o
= Best fit curve
3 \ y=0.36¢""
0.2 |SpecimenN CR1=0404_
01 -
0
0 0.0001 0.0002 00003 0.0004 0.0005 0.0006 0.0007
F,= (Vyd L)
Figure 6 f,,/+/f.. against fiber spacing
0.6
05 - O‘O o —
)
04 O [} Best fit cure.
@ 340x
= v=0.42e
= R=022
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F,= (VydsLy)

Figure 7 f,/+/f.. against fiber spacing

f sp

= 0.42exp(340F,)

3.7 Toughness index

The flexural ductility in the load-deflection curve
was assessed by calculating the toughness index as
shown in Figure 8 according to ASTM C-1018[12].
Table 3 shows the toughness index of Hwangtoh



mortar reinforced by fiber type and the amount of
lyocell added, Z and 7, of N specimen with no
fiber 2.63 and 288,
respectively, and Ri(= I, — L) was measured to be
0.24, The toughness index of the fiber reinforced
Hwangtoh mortar was shown to be constant up to
0.098% lyocell, but greatly increased at 0.195%. I
of the Hwangtoh mortar reinforced by
0.195% lyocell were 1,18 and 1,44 times higher,
respectively, than in N specimen, and even 1,
(10.56,) can be measured, In addition, R of 0,195%
lyocell-reinforced Hwangtoh mortar was greatly
increased to be 4.33 times higher than that of N
the toughness index of the
PVA-reinforced Hwangtoh mortar was higher than
that of other reinforced specimens, 4 and 7, of
the toughness of the PVA-reinforced
Hwangtoh mortar were 1,41 and 1.72 times higher,

respectively, than those of N specimen,

were measured to be

and 1

specimen, However,

index

poisd 4, +4
First crack specified T4
mASTMC 1018 ;
“'L] +4,.+4,
e I;{} = 5 -
2 4,
a A+ A+ A ¥4,

e

Mid- span deflection

/N

538

¥

1055,

Figure 8 Calculation procedure for toughness index

Figure 9 shows the toughness index of Hwangtoh
mortar depending on the fiber spacing, The index of
the lyocell and polyamide-reinforced specimens was
constant up to a fiber spacing of 0,0003, but
the

toughness index of the PVA-reinforced specimens

greatly increased after this point. However,

was high, even at close fiber spacing, This is
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because the area of elastic range up to §, for the
fiber-reinforced specimen was relatively smaller
than the area of inelastic range between 34, and
5.5d,. As such, to improve the toughness index of
Hwangtoh mortar, fiber with the spacing of 0,0003
or wider should be added, and fiber that can
increase the area of eclastic and inelastic range

needs to be used, as well,

PVA 0.07
5 ;!T:T\ &
5 4 ! j
=)
= \\9,
3 3 O o ] ©
= & X% &
23 |
l -
oI5 s P
0 ; ; ‘
0 00001 00002 0.0003 0.0004 0.0005 0.0006 0.0007
F =(Vyd /L)

Figure 9 Toughness index against fiber spacing

4. Conclusion

The applicability of hydrophilic fiber to improve
the tensile performance of Hwangtoh mortar was
verified, and through the experiment and by
considering the above, the following conclusion can
be drawn,

1) When hydrophilic fiber such as lyocell and

polyamide was added in an optimal amount,
the fluidity

somewhat deteriorated,

of Hwangtoh mortar was

2) The compressive strength of Hwangtoh mortar
was 1.7 times higher at 3 days compared to
the ACI 209 model regardless of fiber type or
the amount of lyocell added, However, the
strength development was shown to be 0.87
times at 91 days, which is significantly lower,

3) The splitting tensile strength and modulus of
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rupture normalized by the square root of the
compressive  strength  of  fiber—reinforced
Hwangtoh mortar was increased as the fiber
spacing was wider, But the rate of increase
was constant at fiber spacing of 0,00015 or
wider,

4) The toughness index of Hwangtoh mortar was
highest in the specimen with 0,07% PVA or
0.195% lyocell added, reaching about 4.56. In
particular, to increase the area of elastic and
inelastic  behavior in the load-deflection
relationship while improving the toughness
index, fiber with spacing of 0.,0003 or wider

was required,
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