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Flexural and Interfacial Bond Properties of Hybrid Steel/Glass Fiber Reinforced Polymer Composites
Panel Gate with Steel Gate Surface Deformation for Improved Movable Weir

* = * % ** - *’
WY AHET LT - A

Kim, Ki, Won - Kwon, Hyung Joong - Kim, Phil Sik - Park, Chan Gi

Abstract

The purpose of this study was to improved the durability of a improved movable weir by replacing the improved movable weir’s metal gate with a hybrid
steel/glass fiber reinforced polymer composites panel gate. Because the metal gate of a improved movable weir is always in contact with water, its service
life is shortened by corrosion. This study made four type of hybrid steel/glass fiber reinforced polymer composites panel gate with different steel gate
surface deformation (control, sand blast, scratch and hole), flexural. Fracture properties tests were performed depending on the steel gate surface
deformation. According to the test results, the flexural behavior, flexural strength and fracture properties of hybrid steel/glass fiber reinforced polymer
composites panel gate was affected by the steel panel gate surface deformation. Also, the sand blast type hybrid steel/glass fiber reinforced polymer
composites panel gate shows vastly superior flexural and fracture performance compared to other types.

Keywords: Flexural strength, Fracture properties, Hybrid steel/glass fiber reinforced composite panel gate, Improved movable weir, Steel gate surface
deformation
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(a) Improved movable weir

(b) Corrosion of steel materials

Fig. 1 Photo of improved movable weir and corrosion of steel materials
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Table 1 Properties of materials

Properties E-Glass fiber Vinyl ester resin
Yield stress (MPa) 1,890 90
Elastic modulus (GPa) 71 34
Strain (%) 2.64 5.2
Density (g/cm?) 2.62 -
. K= I di
1.7 =
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o|H et ZF/GFRP djd Alo|ES AAsl7] fi5ke] YRt
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(a) Control (b) Sand blast

(c) Hole (d) Scratch

Fig. 2 Surface deformation of steel gate

it

(c) Top glass fiber laminate

(b) Steel panel installation

(d) Poto hybrid steel/GFRP panel

Fig. 3 Manufacturing process of hybrid steel/GFRP panel gate
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(a) Plan view

(b) Side view

Fig. 4 Photo of hybrid steel/GFRP panel gate
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Effect of rapid set binder on early strength and permeability
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J W Han', S K Lee', C Yu® and C G Park™

' Department of Bio-Industry Mechanical Engineering, Kongju National University,
Yesan, Republic of Korea

*Major of Agricultural Engineering (Inst. of Agri. & Life Sci.), Gyeongsang National
University, Jinju, 660-701, Republic of Korea

* Department of Rural Construction Engineering, Kongju National University, Yesan,
Republic of Korea

E-mail: cgpark@kongju.ac.kr

Abstract. The early strength development characteristics and permeability resistance of high
early strength (HES) pre-packed road repair concrete incorporating a rapid-set binder material
were evaluated for emergency repairs to road pavement. The rapid-set binder is a mixture of
rapid-set cement and silica sands whose fluidity improves with the addition of styrene
butadiene latex (latex). The resulting mixture has a compressive strength of 21 MPa or higher
and a flexural strength of greater than 3.5 MPa after 4 hours, the maximum curing age allowed
for emergency repair materials. This study examines the strength development properties and
permeability resistance of HES latex-modified pre-packed road repair concrete using a rapid-
set binder as a function of the latex-to-binder mixing ratio at values of 0.40, 0.33, 0.29 and
0.25. Both early strength development properties and permeability resistance increased as the
ratio of latex to rapid-set binder decreased. The mixture showed a compressive strength of 21
MPa or higher after 4 hours, which is the design standard of emergency repair concrete, only
when this ratio was 0.29 or lower. A flexural strength of 3.5 MPa or greater was observed after
4 hours only when this ratio was 0.33 or lower. The standard for permeability resistance, less
than 2,000 C of chloride after 7 days of curing, was satisfied by all ratios. The ratio of latex to
rapid-set binder satisfying all of the conditions for an emergency road repair material was 0.29
or less.

1. Introduction

Reparations to old paved roads are in continuous demand. As traffic considerations require that roads
be reopened as soon as possible following a repair, many diverse studies have led to design standards
for materials used in emergency road repairs [1-7]. Various methods have been explored to ensure
minimal closure; for example, a precast concrete pavement as a replacement for the damaged concrete
pavement can be used [8-12]. With precast concrete pavement structures, immediate re-opening to
traffic is possible once the precast sections are in place [8-12]. However, with precast concrete
pavement structures, rough handling during transportation and installation can lead to cracking, which
can increase the water permeability [11, 12]. Another method is to use ASTM Type I cement with a
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hardening accelerator [13, 14]. Pavement repair materials specify a minimum curing time of 72 hours
(3 days) as the standard curing period for ASTM Type I cement before re-opening to traffic and
requires the compressive strength to exceed 22 MPa and the flexural strength to exceed 4.5 MPa [8,
11, 12]. However, ASTM Type I cement alone does not meet these requirements; a hardening
accelerator is needed [11, 12]. The third approach is to use rapid-set cement concrete [11, 12, 15, 16].
Rapid-set cement concrete is the primary material used in such repairs, but rapid-set cement generates
a high heat hydration to attain its early strength, which heats the surrounding road structure and
increases the migration of vapours [5, 6]. Under actual field conditions, this migration is often
restricted to the repair structure itself, resulting in tensile stress and the formation of micro cracks [5,
6]. These cracks increase the water permeability of the repair structure, which leads to a diverse range
of destruction mechanisms [5, 6]. Thus, the repair loses function and raises the necessity of another
repair within a short time. To solve this problem, this study evaluates the performance of a HES road
repair material consisting of pre-packed concrete incorporating styrene butadiene latex (latex) and
rapid-set binder materials. In a typical road repair using this material, the old road pavement to be
repaired is removed and the void is filled with coarse aggregates. The rapid-set binder material is then
mixed with latex, the mixture is poured into the aggregate-filled void and the repair is infused via
vibration compaction. At this point, the mixture of latex and rapid-set binder should have sufficient
fluidity to be self-levelling. After infusion, the surface is finished to end the road repair. Mixing latex
into the rapid-set binder secures the early strength and sufficient workability while maintaining or
improving durability [17-20]. The addition of latex increases the workability of unhardened concrete
and reduces the ratio of water to cement [17-20]. It can also prevent the separation of materials due to
the viscosity of latex itself and can increase the flexural strength, tensile strength and deformation
capacity after the concrete hardens, thereby improving adhesion, water-tightness, resistance to
freezing/melting, anti-abrasion properties and chemical resistance [17-20]. In this study, the early
strength development properties and permeability resistance of HES latex-modified pre-packed
concrete for emergency road repair were evaluated.

2. Materials and methods

2.1. Materials

The rapid-set binder material used in this study was a mixture of rapid-set cement and silica sands
manufactured by Jung-Ang Polytec in Korea. The mixing ratio of rapid-set cement to silica sands was
1:1. The chemical compositions of the rapid-set cement are shown in table 1. Coarse aggregates were
crushed stone with a maximum dimension of 25 mm and a density of 2.62 g/mm’. The physical
properties of the latex, made by Korean Jung-Ang Polytec, are listed in table 2.

Table 1. Chemical compositions of rapid set cement.

13+3 17.5+3 3> 50+3 2.5> 0.21 14+3

Table 2. Properties of styrene butadiene latex.

Solids  Content Styrene Butadiene Surface Tension particle Size (A) Viscosity
(%) Content (%) Content (%) (dyne/cm) (cps)
8 34+1.5 66+1.5 30.57 1700 42

2.2. Mix proportions and manufacturing of test specimens

For road pavement repairs made with rapid-set cement, AASHTO and the road traffic offices of each
American state, as well as the Korean Highway Corporation, have defined 4 hours as the minimum
curing period prior to reopening traffic over the repair [8, 21]. The standards for traffic reopening are a
compressive strength of 21 MPa or higher and a flexural strength of 3.5 MPa or more [8, 21]. This
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study focuses on road repairs using rapid-set cement, the goals were to obtain a material that meets
these standards. Permeability has the greatest effect on the life span and durability of road pavement.
The Korean Highway Corporation has suggested a limit of 2000 C or lower after 7 days of curing,
based on tests of chloride ion permeation in accordance with ASTM C1202 [21]. The mixing ratios of
latex to binder used in this study are presented in table 3.

Table 3. Mix Proportions of HES latex modified road repair pre-packed concrete.

Type of mix Rapid set binder materials Latex Corse aggregate
(kg/m®) (kg/m®) (kg/m®)

0.40 575 218 1450

0.33 627 210 1450

0.29 690 198 1450

0.25 732 184 1450

Specimens for compressive strength tests was made by packing coarse aggregates into a cylindrical
frame with a diameter of 100 mm and a height of 200 mm. Rapid-set cement and silica sands were
mixed together. The latex was then poured into this rapid-set binder material and mixed for 1 minute
and 30 seconds. After mixing, the cylindrical form packed with coarse aggregates was put on the
vibration table, and the rapid-set binder materials were poured into it while the table was vibrating.
Flexural strength specimens were produced in the same way except in a 100 x 100 X 400-mm
rectangular frame.

2.3. Test methods

2.3.1. Strength tests. Compressive strength tests were performed in accordance with ASTM C 39,
flexural tests were conducted in accordance with ASTM C 78/C78M were conducted in accordance
with ASTM C 496/C496M-11. Tests were performed after 4 hours of curing,.

2.3.2. Chloride ion penetration tests. Chloride ion penetration tests were conducted in accordance
with ASTM C 1202-94. Specimens measuring 150 x 50 mm were tested after 4 hours and 7 days of
curing. The test apparatus for chloride ion penetration tests is shown in figure 1.

- —— ror— g - —w]

Figure 1. Chloride ion penetration test set-up.
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3. Test results and discussion

3.1. Compressive strength

The compressive strength characteristics of HES latex-modified pre-packed road repair concrete for
emergency road repair are shown in figure 2. As the mixing ratio of latex to rapid set binder material
got smaller, the compressive strength tended to increase. When this ratio was below 0.29, the resulting
material satisfied the compressive strength requirement for an emergency road repair material (21
MPa) after 4 hours, which suggests that the addition of latex retarded the manifestation of early
strength. Furthermore, the lower proportion of rapid-set binder material likely did not allow sufficient
early strength to develop. To satisfy both of these goals, the proportion of rapid-set binder must be
higher. Thus, a latex-to-binder ratio of 0.29 or lower was deemed sufficient to satisfy the standards of
an emergency road repair material.

35

| Target compressive strength (4 hours) I
0 - . l I v
0.40 0.25

0.33 0.29
Latex / Binder ratio

w
(=]

N
(<)

e X
o o o

Compressive strength (MPa)
(54

Figure 2. Compressive strength of HES latex modified road repair pre-packed concrete.
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Figure 3. Flexural strength of HES latex modified road repair pre-packed concrete.

3.2. Flexural strength

The flexural strength test results are given in figure 3. The standard for flexural strength is 3.5 MPa
after 4 hours. These standards were met at a latex-to-binder ratio of 0.33 or lower. These data show
that the addition of latex to concrete has a greater influence on tensile and flexural strength than on
compressive strength. As latex increases the binding forces between materials when the concrete
receives flexural or tensile stresses, unlike compressive strength, the flexural strength requirements
were satisfied even at a latex-to-binder ratio of 0.33. Flexural strength tended to increase as this binder
ratio decreased.
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3.3. Chloride ion penetration

The chloride ion permeability resistance of the evaluated road repair concrete is shown in figure 4, and
the permeability standard according to ASTM C 1202 is presented in table 4. Chloride ion
permeability tended to decrease as the latex-to-binder ratio decreased. Relative to the standard set in
ASTM C 1202, the chloride ion permeability after 4 hours for the 0.40 and 0.33 mixtures was ‘high’,
showing up to 4000 C. Conversely, the chloride permeability for the 0.29 and 0.25 mixtures was
deemed ‘moderate’, measuring between 2000 and 4000 C. After 7 days of curing, the permeability of
the 0.40 mixture was ‘low’, measuring 1000-2000 C, while the permeability of the 0.33, 0.29 and 0.25
mixtures was ‘very low’, measuring 1000 C or less. Furthermore, after 7 days, the standard of 2000 C
was met by all of the evaluated mixtures. Thus, in general, the addition of latex reduced the
permeability of the concrete blend by filling gaps and forming a thick latex film within the concrete.
Therefore, all of the specimens exhibited excellent permeability resistance.

7000

m4 hours m7 days
6000 -

5000 - Target 7days passed chloride ion
4000
3000 -

2000 -

Passed chloride ion (Q)

1000 -

0 -

0.40 0.33 0.29 0.25

Latex / Binder ratio

Figure 4. Chloride ion penetration of HES latex modified road repair pre-packed concrete.

Table 4. Chloride permeability based on charge passed.

Charge passed (Coulombs) Chloride permeability
4000> High

2000-4000 Moderate

1000-2000 Low

100-1000 Very low

<100 Negligible

4. Conclusions

This study evaluated the early strength development and permeability resistance characteristics of
HES latex-modified pre-packed road repair concrete as a function of the ratio of latex to rapid-set
binder. The test results can be summarized as follows:

e The HES latex-modified pre-packed road repair concrete formulations evaluated herein met
the design standards for an emergency repair concrete only when the ratio of latex to rapid-set
binder was 0.29 or lower.

o In the flexural strength tests, the mixing ratio of latex to rapid-set binder needs to be 0.33 or
less to satisfy the conditions of 3.5 MPa after 4 hours.

e All of the HES latex-modified road repair concrete formulations met the chloride ion
permeability standard of 2000 C set by ASTM C 1202. Chloride permeability decreased as the
ratio of latex to rapid-set binder decreased.
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SUMMARY

The objective of this study was to evaluate the effect of the amount of added
latex and accelerator on the strength development and chloride ion penetration
properties of concrete used for the repair of concrete pavement. Such pavement
must be re-opened to traffic 3 days after repairing. The target values of the latex-
modlified repair concrete were as follows: a compressive strength of 22 MPa and
a flexural strength of 4.5 MPa after 3 days, and a compressive strength of 27 MPa
and chloride ion penetration value of < 2,000 coulombs after 28 days. In this study,
latexwas added at 0, 5, 10, and 15% of the cement weight, and the accelerator was
added at 0 and 1% of the cement weight. The test results indicated that the mixes
with accelerator and latex contents of 10 and 15% satisfied the target strength and
chloride ion penetration values for the 3-day traffic opening requirement.

Keywords: Accelerator, Concrete pavement, Repair, Latex, Permeability, Strength,
Durability

INTRODUCTION

Roads are getting older and traffic volumes are increasing [1-5]. Any repairs
must be made in the shortest time possible to enable rapid re-opening of a
road to traffic [5-10]. Various methods have been explored to ensure minimal
closure; for example, an ultra-rapid-hardening cement concrete can be used
[2-5]. For this type of concrete, the target time for re-opening to traffic is
3 h [11]. At this time, a compressive strength of 21 MPa must be reached; a
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compressive strength of 30 MPa is required after 28 days of aging [11]. Before
traffic can recirculate on road pavement repaired with ultra-rapid-hardening
cement, the pavement materials must have a flexural strength of 2.8 MPa after
4 h[4, 11, 12]. Although this kind of cement has the advantage of minimizing
the traffic re-opening time, it increases the movement of water and heat inside
the concrete pavement because of the high heat of hydration during early
strength development [4, 5, 7, 8]. For fixed concrete structures, this movement
of heatand water creates internal and external tensile stresses, which generate
fine cracks. Such fine cracks increase the water permeability, which leads
to deterioration of the concrete and the need to repair the structure again
within a short period of time [4, 5, 7, 8]. To solve this problem with rapid-
hardening cement, ultra-rapid-hardening latex-modified concrete has been
used torepair concrete pavement. However, the latex additive delays the initial
strength development of the cement, making it difficult to reach the desired
strength requirements in short timeframes [2-9]. Given this drawback, one
would expect that ultra-rapid-hardening cement would be used more often;
however, ultra-rapid-hardening cement is expensive. Another method is to
use precast concrete pavement as a replacement for the damaged concrete
pavement [10, 11]. With precast concrete pavement structures, immediate
re-opening to traffic is possible once the precast sections are in place [12-17].
This approach solves the issue of reduced durability resulting from the rapid
generation of the heat of hydration with ultra-rapid-hardening cement [12-19].
However, with precast concrete pavement structures, rough handling during
transportation and installation can lead to cracking, which can increase the
water permeability [13]. Although precast concrete sections of excellent
quality can be made, it is not economical to use them for the construction of
highways. The third approach is to use ASTM Type | cement with a hardening
accelerator [12-19]. Pavement repair materials specify a minimum curing time
of 72 hours (3 days) as the standard curing period for ASTM Type | cement
before re-opening to traffic and requires the compressive strength to exceed
22 MPa and the flexural strength to exceed 4.5 MPa[12]. However, ASTM Type
| cement alone does not meet these requirements; a hardening accelerator is
needed. In this study, the performance of a repair material consisting of an
ASTM Type | cement and a hardening accelerator was evaluated. The use
of ASTM Type 1 cement with an accelerator additive was more economical
compared with rapid-hardening cement and precast pavement. Additionally,
ASTM Type | cement with a hardening accelerator is capable of achieving
early high-strength properties due to a reduced water/cement ratio; however,
this can also lead to several issues related to the workability of the repair
material. The use of a hardening accelerator causes cracking due to the heat
of hydration. In this study, latex was used to resolve this issue. Using latex is
part of the solution: it helps to limit crack formation and propagation resulting
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from the heat of hydration with ultra-rapid-hardening cement [1, 3-7]. Latex
improves the workability of unhardened concrete and is effective in reducing
the water/cement (W/C)ratio [1,3-7]. It prevents material separation, increases
the flexural strength, tensile strength, and deformation capacity of hardened
concrete, and improves the adhesiveness, water-tightness, water repellency,
freeze-thaw resistance, wear resistance, and chemical resistance [1, 3-7].
The best approach is to ensure durability, i.e., increase the period between
repairs. This study was to evaluate the characteristics of ASTM Type | cement
mixed with latex and a hardening accelerator for repairing concrete so that
pavement can be re-opened to traffic after 3 days (72 hours).

EXPERIMENTAL

Materials

The properties of the ASTM Type | cement used in this study are given in
Table 1. For the coarse aggregate, crushed aggregate with a maximum
dimension of 25 mm was used. The fine aggregate consisted of river sand
with a specific gravity of 2.58. The physical properties of the aggregates
are given in Table 2. The properties of the latex used in this study (Dow
Chemical Company, USA) are listed in Table 3. CONTOPP Accelerator 20
(Knopp GmbH Chemische Produkte, Germany) was used as the accelerator.
It enables re-opening of pavement to traffic within 2-4 days. The properties
of the accelerator are given in Table 4.

Table 1. Properties of cement

Fineness (cm?/g) | Density (g/mm?) | Stability (%) Setting time
Initial (min) Final (min)
3,200 3.15 0.02 220 400

Table 2. Properties of aggregate

Type of aggregate Density (g/cm3) |Absorption (%) |Fineness modulus
Fine aggregate 2.62 0.67 2.99
Coarse aggregate 2.65 0.35 6.92

Table 3. Properties of latex

Solids Water | Styrene | Butadiene| pH | Density| Surface | Particle| Viscosity|
content | content| content| content (9/mm?3)| tension | size (A)| (cps)
(%) (%) (%) (%) (dyne/cm)

49 51 34+1.5 | 66+£1.5 [11.0| 1.02 30.57 1700 42
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Table 4. Properties of accelerator
Colour Form Density (20°C) | Processing temperature
White Liquid 1.27+0.01g/m8 As of + 5°C

Mix Proportions

S all | 0| M| V| v
% o|o g 2 ,m_)- f § § A minimum curing time of 72 h is
= | Q| < | | ©| © . .
specified before re-opening pavement
§ % ol o|Q82122 8 for traffic when repairing with ASTM
S| Type 1 cement concrete pavement
G NS or repairing concrete pavement
o< ° 99 nlg N using ASTM Type 1 cement [12]. It
- A specifies a minimum curing time of 4
% h when repairing concrete pavement
% ol <|o| <ol <o < using ultra-rapid-hardening cement.
9 Additionally, it specifies that traffic
< re-opening be allowed for portland
cement concrete pavement once the
& (]
E 2 *g @ pavement has cur.ed for 14 days, or
g S % g whenthe compressive strength exceeds
= © o - 22 MPa and the flexural strength
213 exceeds 4.5 MPa. Because this study
g = focused on using ASTM type | cement
5|5 = o to repair concrete pavement, the target
ol |28 s minimum compressive and flexural
R N strengths of the experimental mixes
2 ® after curing for 3 days (72 hours) were
e 5 NN set at 22 and 4.5 MPa, respectively.
ElE |35 A22 5| The 28-day compressive and flexural
HNERRNEEREEEEE y comp
CE, - strength targets were set at 27 MPa
) . GC) and 4.5 MPa, respectively. The target
% g ki 3 T| water permeability, which causes most
E = g N of the decline in the durability, was set
®» | at2000 coulombs after a 28-day cure,
_E ‘g’ o =| asmeasuredbythechloride penetration
'g g Q i_ test prescribed by the ASTM C1202
g 1© S| standard. To achieve such targets, the
dles @© S| W/C ratio of the mix was fixed at 0.21
é‘ &= © § and latex was added at 0, 5, 10, and
g E\J 9 = § 15% of the cement weight. Accelerator
N < | Wwasaddedat 1% ofthe cement weight.
% S ., X i The various mix proportions are detailed
=(Z 0 E|—| | <|w|o|~| o in Table 5.
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Compressive Strength Test

Compressive strengths were measured according to the ASTM C39 standard
[20]. The test was conducted at material ages of 1, 2, 3, 7, and 28 days.

Flexural Strength Test

Flexural strengths were measured according to the ASTM C78 standard [21].
The effect of different accelerators and latex contents on the flexural strength
of the latex-modified repair concrete (LMRC) was evaluated. Testing was done
after the specimens had aged for 1, 2, 3, 7, and 28 days.

Chloride lon Penetration Test

The permeability of concrete pavement is a very important characteristic.
Increased permeability reduces strength through crack expansion and
lowers durability. In this study, the water permeability of LMRC mixes was
measured according to the ASTM C1202 standard [22]. Figure 1 shows the
experimental test set-up.

Figure 1. Chloride ion penetration test set-up
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RESULTS AND DISCUSSION

Compressive Strength

The compressive strength testresults are shownin Figures 2and 3. Regardless
ofthelatex content, the LMRCs in which accelerator was used had better early
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Figure 2. Compressive strength test results with accelerator content. (a) Latex content:
0% (b) Latex content: 5%
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Figure 2. Cont'd... Compressive strength test results with accelerator content.
(c) Latex content: 10% (d) Latex content: 156%

strength than latex-reinforced concretes (LMC) that did not use accelerator.
However, the 28-day strength was almost the same as for those mixes without
accelerator. The LMRC mixes satisfied the target 3-day compressive strength.
LMC mixes lacking accelerator needed 7 days to meet the 3-day requirement
for compressive strength but achieved the target 28-day compressive strength
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Figure 3. Cont'd... Compressive strength test results with various latex contents. (d)
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of 22 MPa. The 28-day target compressive strength of 27 MPa was satisfied
by all of the LMC mixes except for the one with the 15% latex content (it had
a compressive strength of 26.2 MPa).

Figure 3 shows the evolution with time of the compressive strength of various
LMC and LMRC mixes for different latex contents. The compressive strengths
decreased with increasing latex level for any aging time. In particular, the 1-
and 2-day compressive strengths were lower than the required compressive
strengths. After 3 days, however, the LMRC mixes satisfied the required
compressive strengths over the entire range of latex contents. Additionally,
the compressive strengths of the LMC mixes in which the accelerator was
not used were greater than those LMRC mixes made with the accelerator.
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However, the decrease in compressive strength was less when the accelerator
was used than when the accelerator was absent. Latex addition suppresses
the hydration reaction because of the formation of a latex film that coats
the cement particles; this leads to lower compressive strength. However,
the accelerator accelerates the hydration reaction and offsets this behavior,
so that the reduction in the compressive strength caused by the delay of
the hydration reaction was less for the mixes containing accelerator. Those
mixes that satisfied the 3-day target compressive strength of 22 MPa were
LMRC mixes in which the accelerator was used; they satisfied the required
compressive strength over the entire range of latex content. All of the LMC
mixes lacking the accelerator satisfied the 3-day target compressive strength
of 27 MPa except for the mix with a latex content of 15%.

Flexural Strength

The flexural strength results are shown in Figures 4 and 5. Regardless of the
latex content, those LMRC mixes that used the accelerator demonstrated
better early strength development than the LMC mixes that lacked accelerator.
Only the LMRC mixes containing 10 and 15% latex met the target 3-day
flexural strength of 4.5 MPa. At 28 days, all of the LMRC mixes met the 4.5
MPa requirement. The flexural strength of the LMC mixes that did not contain
accelerator only reached 4.5 MPa after 7 days, but at 28 days, they were all
stronger than 4.5 MPa. For a given age, the flexural strength increased with
increasing latex content. This is because the latex film improved adhesion
and filled pores, which suppressed the generation and growth of cracks under
load. The mixes that satisfied the target flexural strength after 3 and 28 days
were the LMRC mixes that contained accelerator and 10 and 15% latex.

Chloride lon Penetration

The chloride ion penetration results are shown in Figure 6. For the LMC
mixes lacking accelerator, as the latex content increased from 0 to 5, 10,
and 15%, the chloride ion penetration decreased from 2616 to 1470, 1318,
and 1142 coulombs. For the LMRC mixes in which the accelerator was used,
as the latex content increased from 0 to 5, 10, and 15%, the chloride ion
penetration steadily decreased from 273910 2063, 1831, and 1231 coulombs.
The test results also indicate that the charge pass rate decreased as the
latex content increased. This is because the added latex compacted the
internal structure of the concrete by increasing the adhesion between
materials through formation of a latex film and filled the internal pores of the
concrete with latex. LMC mixes that did not use the accelerator had smaller
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Figure 4. Cont'd... Flexural strength test results with accelerator contents. (c) Latex
content: 10%, (d) Latex content: 15%

chloride ion penetration values than LMRC mixes containing accelerator.
This is because the accelerator accelerated the initial hydration reaction,
and the rapid temperature increase created fine cracks inside the concrete.
The target chloride ion penetration value of 2,000 coulombs was satisfied
by LMC mixes that did not use accelerator and had latex contents of 5, 10,
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Figure 5. Flexural strength test results with various latex contents. (a) Curing age- 1
day, (b) Curing age- 2 days, (c) Curing age- 3 days
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Figure 5. Cont'd... Flexural strength test results with various latex contents. (d) Curing
age- 7 days, (e) Curing age- 28 days

and 15% as well as LMRC mixes that contained accelerator and had latex
contents of 10 and 15%.

Recommended Mix Proportions

The objective of this study was to identify mixes that met the specified
performance characteristics after 3 days of curing, which would ensure that
pavement could be re-opened to traffic at this time. The target properties
and their values were as follows: compressive strength (22 MPa) and flexural
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Figure 6. Chloride ion penetration test results

strength (4.5 MPa) at 3 days, and compressive strength (>27 MPa), flexural
strength (>4.5 MPa), and chloride ion penetration (<2000 coulombs) at 28 days.
The mixes that met all of these requirements were LMRC mixes made with
accelerator and having latex contents of 10 and 15%. The LMRC mix with a
latex content of 10% is considered to be the optimum mix because it met the
performance requirements and was lower cost than that containing 15% latex.

CONCLUSIONS

The objective of this study was to evaluate the performance of LMRC made
with an accelerator as a potential material for repairing concrete pavement.
The target values for the LMRC were a compressive strength of 22 MPa
and a flexural strength 4.5 MPa after 3 days, and a compressive strength of
27 MPa and chloride ion penetration value of <2,000 coulombs after 28 days.
Meeting these requirements would ensure that the repaired pavement could
be re-opened 3 days after the concrete was repaired. The results of the study
are summarized below:

¢ LMRC mixes in which accelerator was used satisfied the compressive
strength requirement of 22 MPa at 3 days for the entire range of latex
contents. All of the LMRC mixes that contained accelerator met the
target 28-day compressive strength (27 MPa).
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Those LMRC mixes that used the accelerator and contained 10 or 15%
latex satisfied the target 3-day flexural strength of 4.5 MPa. At 28 days,
both LMRC mixes that used the accelerator satisfied the target strength
of 4.5 MPa.

Chloride ion penetration testing indicated that the charge pass rate
decreased with increasing latex content. The target chloride ion
penetration value was < 2000 coulombs. The LMRC mixes that met this
target value had latex contents of 10 and 15%.

Mixes that satisfied all of the compressive strength, flexural strength,
and chloride ion penetration requirements were identified. These were
LMRC mixes that used accelerator and had latex contents of 10 and
15%. The mix with the lower latex content would be the more economical
of the two. From our test results, we determined that LMRC, based on
an accelerator additive and ASTM Type | cement, can be formulated to
meet the performance requirements for the repair of concrete pavement,
with a re-opening time to traffic of 3 days.
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Abstract: To evaluate the effects of industrial by-products materials on the performance of porous
concrete for plant growth, this study investigated the physical, strength, and freeze/thaw resistances
of porous concrete for plant growth, prepared by replacing cement with blast furnace slag powder
at 60% by weight, and replacing natural stone aggregates with coarse blast furnace slag aggregates
at rates of 0%, 20%, 40%, 60% and 100% by weight. In addition, the effects of adding natural jute
fiber and styrene butadiene (SB) latex to these concrete mixtures were evaluated. The void ratio,
compressive strength, and freeze/thaw resistance of the samples were measured. With increasing
replacement rate of blast furnace aggregates, addition of latex, and mixing of natural jute fiber the
void ratio of the concrete was increased. Compressive strength decreased as the replacement rate of
blast-furnace slag aggregates increased. The compressive strength decreased after 100 freeze/thaw
cycles, regardless of the replacement rate of blast furnace slag aggregates or of the addition of natural
jute fiber and latex. The addition of natural jute fiber and latex decreased the compressive strength
after 100 freeze/thaw cycles. The test results indicate that the control mixture satisfied the target
compressive strength of 10 MPa and the target void ratio of 25% at replacement rates of 0% and
20% for blast furnace aggregates, and that the mixtures containing latex satisfied the criteria up to
an aggregate replacement rate of 60%. However, the mixtures containing natural jute fiber did not
satisfy these criteria. The relationship between void ratio and residual compressive strength after
100 freeze/thaw cycles indicates that the control mixture and the mixtures containing jute fiber at
aggregate replacement rates of 20% and 40% satisfied the target void ratio of 25% and the target
residual compressive strength of over 80% after 100 freeze /thaw cycles. The mixtures containing latex
and aggregate replacement rates up to 60% satisfied the target void ratio and compressive strength.

Keywords: by product materials; blast furnace slag aggregates; blast furnace slag powder; mechanical
properties; latex polymer; void ratio; porous concrete for plant growth

1. Introduction

As interest in ecological restoration has increased in Korea and other countries, diverse research
has been conducted into appropriate concrete design. In particular, studies on porous concrete for
plant growth have demonstrated a number of practical achievements in terms of research results and
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ecological restoration data [1-4]. A 40%-60% by weight replacement of cement with a fine powder
of blast furnace slag, an industrial by-product, is effective in reducing both the use of cement and
the alkalinity of concrete [5,6]. In addition, the long-term addition of fine blast furnace slag powder
promotes plant growth by aiding the neutralization of concrete. The replacement of cement with fine
slag can also contribute to mitigation of global warming [7,8]. Worldwide, CO, emissions generated by
cement production account for about 3% of total global carbon emissions [8,9], and production of one
ton of cement generates about 870 kg of CO;. Hence, a reduction in the use of cement will decrease
CO; emission, which is a major cause of global warming [7,8]. Rock-crushed stone has been widely
used as an aggregate in concrete production; however, the use of crushed stone has environmental
and conservation impacts, and there is an increasing need for research into other aggregates [9]. Blast
furnace slag aggregates may be one such replacement. As with fine powder slag, blast furnace slag
aggregates are waste by-products of the steel industry [10]. Thus, replacing rock-crushed stone with
blast furnace slag aggregates is considered to be of use both in environmental protection and resource
recycling. Thus far, blast furnace slag aggregates have been used extensively as substrates or as
auxiliary base floor materials; a great deal of research has been conducted in recent years into their use
as concrete aggregates. In particular, recent results indicate significant potential for using blast furnace
slag aggregates in concrete due to their material properties [11]. Porous concrete for plant growth
is manufactured using a dry process, which enables form removal immediately after fabrication of
the concrete specimen and may demonstrate increased productivity compared with wet processes
that require removal of concrete forms after a period of time has elapsed. In the dry process, however,
because the form is removed immediately, problems such as changing shape or dripping of concrete
may occur if the concrete has some fluidity. Additionally, if the amount of mixing water is too small,
the hydration reaction may not proceed sufficiently and problems such as difficult rod tamping may
occur during specimen fabrication. It is thus important to determine an appropriate amount of mixing
water. In this study, blast furnace slag powder was used to replace up to 60% of the cement weight
in concrete fabrication, and the effects of adding styrene butadiene (SB) latex and natural jute fiber
were evaluated. Additionally, the effect of the replacement rate of crushed stone aggregates with
coarse aggregates of blast furnace slag on the physical and strength performance of porous concrete
was investigated.

2. Materials

2.1. Materials

ASTM Type 1 cement, fine blast furnace slag powders, and coarse blast furnace slag aggregates
were used in this study. The properties of each material are given in Tables 1-3 respectively. In general,
concrete prepared using blast furnace slag aggregates has a similar compressive strength to concrete
based on natural crushed stone or gravels, but a higher absorbance [10]. Thus, it is necessary to conduct
initial mixing while maintaining surface dry saturated conditions for the blast furnace slag aggregates.
Natural jute fiber was also used, which contains surface hydroxyl radicals and has excellent adhesion
to concrete. The shape and properties of the fiber are shown in Figure 1 and Table 4, respectively.
SB latex was also used in this study. SB latex enhances the adhesion between materials due to the
formation of a latex film, thus increasing the strength properties of porous concrete. The properties of
latex are given in Table 5.

Table 1. Properties of cement.

Setting Time Compressive Strength (MPa)

Fineness Specific Stability
(cm?/g) Gravity (%) Initial (min) Final (min) 3 days 7 days 28 days

3200 3.15 0.02 220 400 20 30 38
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Table 2. Chemical composition of blast furnace slag.

Chemical Composition (%)

Si02 A1203 Fezog, CaO MgO MnO TiO S
33.1 13.9 0.29 42.4 6.1 0.4 096  0.66

Table 3. Physical properties of coarse aggregate.

Maximum Size

Type of Aggregate (mm) Specific Gravity =~ Absorption (%)  Fineness Modulus
Natural aggregate 25 2.65 0.35 6.92
Blast furnace slag aggregate 25 2.36 5.0 6.80

Figure 1. Photo of jute fiber.

Table 4. Properties of natural jute fiber.

Elastic Modulus  Specific Fiber Length  Fiber Diameter Tensile Strength

(GPa) Gravity (mm) (mm) (MPa) Surface
61 1.26 3 0.015 510 Hydrophilic
Table 5. Properties of latex.
Solids Styrene Butadiene Specific Surface Tension Particle  Viscosity
Content (%) Content (%) Content (%) T Gravity (dyne/cm) Size (A) (cps)
46.5 34+15 66 + 1.5 11.0 1.02 30.57 1700 42

2.2. Mix Proportions

The effects of varying mixtures of porous concrete for plants growth produced using a dry
process were investigated: natural coarse aggregates were replaced with coarse blast furnace slag
aggregates, and fine blast furnace slag powder was used as a replacement for cement. The physical
and mechanical properties upon addition of natural jute fiber and latex were also evaluated. Table 6
shows the mixing ratios of each component in samples used in this study. The use of cement was
minimized by replacing 60% of cement by weight with fine blast furnace slag powder for all mixtures.
In addition, 0.1% by volume of natural jute fiber and 5% by volume of latex were added to some
sample mixtures, and natural coarse aggregates were replaced by blast furnace slag aggregates over a
range of replacement rates.
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In the dry process, low unit water in the mixing of materials is very difficult. The latex was added
in order to ensure liquidity. In addition, the latex was added in order to improve the mixing of the
material. In addition, the latex increases the attractive force to form a latex film between aggregate
and aggregate.

Table 6. Mix proportions of porous concrete for plant growth. SB = Styrene butadiene.

Unit Weight (kg/m?)
Type of Water Cement Dlast Furnace  Natural Coarse Blast Furnace Natural SB Latex
Mix Slag Aggregate Slag Aggregate Jute Fiber
No. 1 84 128 192 1200 - - -
No. 2 84 128 192 960 240 0 -
No. 3 84 128 192 720 480 0 -
No. 4 84 128 192 480 720 0 -
No. 5 84 128 192 240 960 0 -
No. 6 84 128 192 - 1200 0 -
No. 7 84 128 192 1200 - 1.2 -
No. 8 84 128 192 960 240 1.2 -
No. 9 84 128 192 720 480 1.2 -
No. 10 84 128 192 480 720 1.2 -
No. 11 84 128 192 240 960 1.2 -
No. 12 84 128 192 - 1200 1.2 -
No. 13 72 128 192 1200 - - 16
No. 14 72 128 192 960 240 - 16
No. 15 72 128 192 720 480 - 16
No. 16 72 128 192 480 720 - 16
No. 17 72 128 192 240 960 - 16
No. 18 72 128 192 - 1200 - 16

The target performance criteria for porous concrete for plant growth are a void ratio >25%, a
compressive strength >10 MPa, and a residual compressive strength of 80% after 100 freeze-thaw cycles.
Performance goals of the study were determined by the performance standard of the Korea Ministry of
Environment for Environmental Mark Certification [12]. To fabricate experimental specimens, cement
and blast furnace slag aggregates and powder were added to a mixer. Dry mixing (cement + blast
furnace slag + coarse aggregate) was conducted for 30 s. After dry mixing, water was added and
further mixing was conducted for 90 s. Finally, natural jute fiber and latex were added, and the
specimens were mixed for an additional 1 min. The total mixing time was 3 min. The dry process is
formulated with no slump. Therefore, minimal water is added to the blended material. This study
added water at 84 kg/m?3. Additionally, latex was added. Addition of latex can increase the dispersion
of the fiber by increasing the fluidity.

After mixing, the porous concrete for plant growth was poured into a mold for fabrication of
experimental specimens, and rod tamping was conducted. Rod tamping was undertaken using
a compactor exerting pressure. After rod tamping, the form of the specimens was removed, and
accelerated curing was performed using a thermo-hygrostat. Currently in Korea, an accelerated curing
of the porous concrete for plant growth has been conducted in production methods. This study
was performed to accelerate curing. Figure 2 shows the curing process of porous concrete for plant
growth—2 h exposure to air at 25 °C, and after that the temperature was raised to 65 °C for 1 h.
Additionally it was then maintained at 65 °C for 6 h. Then the temperature was reduced to 25 °C
for 1 h. After exposure to the thermo-hygrostat for 12 h, the sample was removed. Curing chamber
conditions the total exposure time is one day.
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Figure 2. Curing of porous concrete for plant growth. (a) Accelerating curing process;
(b) Curing chamber.

3. Test methods

3.1. Void Ratio

Void ratio was measured in cylindrical specimens (diameter: 100 mm; height: 200 mm) using the
volumetric method from the Eco-Blocks Study Committee of the Japanese Blocks Industry Association.
The percentage void ratio was calculated after 28 days after accelerated curing (10 h), curing in air
(26 days), and curing in water (1 day) , using the following equation:

Pazl—wz+wl><100 1)

where W1 and W are the underwater and air-dried weights of the specimen, respectively, and V is the
volume of the specimen.

The specimens were prepared such that the pores were saturated with water as much as possible.
After water curing for one day before the test, the specimens were measured based on their dry weight
after measuring the weight of the water.

3.2. Compressive Strength

Compressive strength tests were carried out according to the ASTM C39 standard [13], to evaluate
the effects of the jute fiber fraction, latex and blast furnace slag aggregate replacement rate. Cylindrical
specimens (diameter: 100 mm; height: 200 mm) were fabricated and underwent accelerated curing
(10 h) and curing in air (27 days) prior to the compressive strength test.

3.3. Repeated Freezing and Thawing Cycles Test

To evaluate the freeze/thaw resistance of the porous concrete for plant growth, a freezing-thawing
repetition test of the material after accelerated curing (10 h) and curing in air (27 days) was conducted
according to the ASTM C666 standard [14]. The freeze/thaw experiment was conducted by cooling the
sample from 4 to —18 °C then raising the temperature to 4 °C, for 100 cycles. A compressive strength
test was then conducted to measure the residual compressive strength.

4. Results

4.1. Void Ratio

The void ratio test results shown in Figure 3 indicate that the void ratio increased as the
replacement rate of blast-furnace slag aggregates increased; this is because blast furnace slag aggregates
are porous materials. The addition of natural jute fiber also increased the void ratio. However, the "fiber
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ball" phenomenon, arising from the presence of multiple fibers, was observed, because the fluidity of
the mixtures was sufficiently small so that it was impossible to accomplish sufficient dispersion of the
fibers. The void ratio test results after addition of latex indicate that latex caused a relative increase in
void ratio. The target void ratio (more than 25%) [12] was satisfied for 80% and 100% of coarse blast
furnace slag aggregate content in the “Control” mix without the addition of natural jute fiber or latex.
The target void ratio of 25% (more than 25%) was achieved for all mixtures that included natural jute
fiber for coarse stone and blast furnace slag aggregates. For mixtures containing latex, the target void
ratio (more than 25%) was achieved for mixtures with a replacement rate of over 40% (the contents of
blast-furnace slag aggregates).

35

O Control W Naturaliute fiber W SBlatex

30

Void ratio (%)

15 ~

10 -
0 20 40 60 80 100
BFS slag aggregate contents (%)

Figure 3. Void ratio results of porous concrete for plant growth.

4.2. Compressive Strength

Blast furnace slag aggregate porosity is larger compared with that of general aggregate. This
property offers an advantage when applying the porous concrete for plant growth. It is also
environmentally friendly via its use of industrial by-products. Therefore, this study applied a blast
furnace slag aggregate.

The results of the compressive strength test are shown in Figure 4. The test results indicate
that the compressive strength of the porous concrete for plant growth decreased as the replacement
rate of blast-furnace slag aggregates (the contents of blast-furnace slag aggregates) increased. At a
replacement rate of 20% (content of blast-furnace slag aggregates), however, the compressive strength
increased. These results indicate that because the void ratio of blast-furnace slag aggregates is greater
than that of natural coarse aggregates, the compressive strength decreased due to an increase in
the number of pores. At 20% replacement (content of blast-furnace slag aggregates), however, the
increase in void ratio was still small; thus, the long-term strength increased. Because the porous
concrete for plant growth was cured through initial steam curing and then 28 days of water curing,
a long-term curing effect was created resulting in a long-term strength increase for the blast furnace
slag aggregates. At a replacement rate of 40% (content of blast-furnace slag aggregates), however,
the strength decreased through an increase in void ratio. The addition of natural jute fiber decreased
the strength. These results indicate that because the dry mixing process could not achieve sufficient
fluidity to suppress the fiber ball phenomenon, a decrease in strength was observed. Thus, some
method of increasing the initial fluidity must be used when fiber reinforcements are included in the
concrete mix. The addition of latex increased the compressive strength of the porous concrete for plant
growth blocks. Latex enables the smooth coating of binders around aggregates by increasing the initial
fluidity and increasing the adhesion between aggregates through adhesive forces, and hence improves
the compressive strength. In addition, the target design strength of over 10 MPa [12] was satisfied
for all mixtures excluding those with natural jute fiber added; the target strength of 10 MPa was not
achieved in mixtures with fiber added for all blast furnace slag aggregate replacement rates.
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18
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16
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Figure 4. Compressive strength results of porous concrete for plant growth.

4.3. Repeated Freezing and Thawing Cycles

The results of the freeze/thaw resistance test are shown in Figure 5. The compressive strength
after a material age of 28 days and 100 freeze/thaw cycles decreased, regardless of the replacement
rate of blast-furnace slag aggregates or the addition of natural jute fiber or latex. In general, in the case
of a porous concrete with high void ratio, the compressive strength decreases significantly. If natural
jute fiber is added, however, the generation and growth of cracks at the interface between the coarse
aggregates caused by freeze/thaw repetitions is suppressed. Because natural jute fiber is a hydrophilic
material with excellent adhesion to binders due to strong hydrogen bonding, adhesion at interfaces is
increased and the decrease in compressive strength after freeze/thaw cycles is small. In this study,
however, the dry process could not achieve sufficient freeze/thaw resistance due to the fiber ball
phenomenon. The freeze/thaw resistance results after the addition of latex indicate that latex alleviates
the decrease in compressive strength after freeze/thaw cycles, due to reinforcement through coating of
binders in the interface between coarse aggregates, due to the increase in initial fluidity and increased
adhesion between materials. The results of the residual compressive strength test after freeze/thaw
repetitions indicate that the target residual compressive strength of over 80% after 100 freeze/thaw
cycles was achieved in all mixtures with latex added. In addition, mixtures with natural jute fiber
added and the control mixture satisfied the target residual compressive strength of 80% at replacement
rates of 20% and 40% (content of blast-furnace slag aggregates).

14 100
O Control W Natural jute fiber W SB latex O Control W Natural jute fiber W SBlatex

13

V=]
o]

12 T

V=]
o

11 +

]
4]

10 +

~
[0

~
]

and thawing 100 cycles({MPa)
w

@
0]

Compressive strength after repeated freezing
Residual compressive strength after repeated
freezing and thawing 100 cycles(%)

oo
(=]

=
o

0 20 40 60 80 100 0 20 40 60 80 100
BFS slag aggregate contents (%) BFS slag aggregate contents (%)
(a) (b)

Figure 5. Repeated freezing and thawing cycles test results of porous concrete for plant growth.
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4.4. Relationship between Compressive Strength and Void Ratio

The relationship between compressive strength and void ratio is shown in Figure 6. As the
compressive strength decreased, the void ratio increased. In general, when the void ratio increases,
the compressive strength decreases [15-18] regardless of the replacement rate of blast-furnace slag
aggregates or the presence of added natural jute fiber or latex.
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Figure 6. Relationship compressive strength and void ratio of porous concrete for plant growth.
(a) Control; (b) Natural jute fiber; (c) SB latex.

Porous concrete for plant growth contains pores to activate plant growth. Thus, its compressive
strength will be significantly smaller than that of non-porous concrete. In general, therefore, if
promotion of vegetation is the main goal, the void ratio rather than the strength should be improved
for ecological restoration. However, for concrete for plant growth applied to rivers and lakes, it is
necessary to improve both the void ratio and the strength, as safety and plant growth should be satisfied
simultaneously. Here, the effect of blast-furnace slag aggregates and natural jute fiber and latex on the
compressive strength of porous concrete for plant growth has been investigated. Fiber reinforcements
may increase the number of binders in the interface between aggregates and suppress the generation
and growth of cracks in the interface through their cross-linking effect, enhancing compressive strength.
In addition, latex can improve destruction resistance and strength by increasing the adhesive force and
suppressing poor tamping and poor coating of binders on the surface of aggregates.

While the control mixture satisfied the target compressive strength of 10 MPa and the target void
ratio of 25% at replacement rates of 80% and 100%, other mixtures could not meet these criteria. In the
mixtures containing natural jute fiber, however, as the replacement rate of blast-furnace slag aggregates
increased, the decrease in compressive strength and increase in void ratio was large, although the
compressive strength was below the target strength of 10 MPa. The mixtures containing latex met
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the target compressive strength and void ratio above a replacement rate of 40% (more than) for
blast-furnace slag aggregates.

4.5. Relationship between Cyclic Freeze/Thaw Resistance and Void Ratio

The relationship between void ratio and compressive strength after 100 freeze/thaw cycles is
shown in Figure 7. As the replacement rate of blast-furnace slag aggregates increased, the void ratio
increased and the compressive strength after 100 freeze/thaw cycles also decreased. In addition, the
mixtures containing natural jute fiber at replacement rates of 20% and 40% met the void ratio and
compressive strength targets after 100 freeze/thaw cycles. In the mixtures containing latex, the void
ratio and compressive strength targets were satisfied at replacement rates above 60% (more than 60%)
for blast-furnace slag aggregates.

200 35 200 35
180 M Residual strength after 100 cycles -Void ratio 180 M Residual strength after 100 cycles -#-Void ratio
S k30 _ 30
T 160 /_/- £ 160 /4-———-—-
—:‘b =
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3 120 /’_/ 0§ 20 8
100 5 % 100 £
> / ] 3 9
g | B o 2
E %0 ) B2
: 5
3 60 - 10 ER - 10
740 B 40
4 -5 = 5
20 20
0 -0 0 0
0 20 40 60 80 100 0 20 40 60 80 100
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g ./ o
g X
5120 0%
5 -
% 100 S
o 2
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T; 40
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(©

Figure 7. Relationship repeated freezing and thawing cycles test results and void ratio of porous
concrete for plant growth. (a) Control; (b) Natural jute fiber; (c) SB latex.

5. Conclusions

In this study, the effects of replacing natural stone aggregates with blast-furnace slag aggregates
and addition of natural jute fiber and latex on porous concrete for plant growth were investigated, by
adding fine blast furnace slag powders and coarse blast-furnace slag aggregates.

As the replacement rate of blast-furnace slag aggregates increased, the void ratio increased. This
phenomenon occurs because the void ratio of blast-furnace slag aggregates is greater than that of
natural aggregates. The addition of natural jute fiber also increased the void ratio. The void ratio test
results after the addition of latex indicate that the addition of latex increased the void ratio. In the
mixtures which did not contain natural jute fiber or latex, the target void ratio of over 25% was achieved
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at replacement rates of 80% and 100% for blast-furnace slag aggregates. All of the mixtures containing
natural jute fiber met the design void ratio.

The compressive strength of the porous concrete for plant growth decreased as the replacement
rate of blast-furnace slag aggregates increased. At a replacement rate of 20%, however, the compressive
strength increased. The addition of latex increased the compressive strength of the porous concrete for
plant growth. The compressive strength test results indicate that the targeted design strength of over
10 MPa was achieved by all mixtures, except for those containing natural jute fiber.

The compressive strength after 100 freeze/thaw cycles decreased regardless of the replacement
rate of blast-furnace slag aggregates, and whether or not natural jute fiber or latex were added.
The addition of natural jute fiber, a reinforcement, decreased the compressive strength after
100 freeze/thaw cycles. The addition of latex decreased the compressive strength after the
freeze/thaw cycles.

The results of the compressive strength and void ratio tests indicate that the control mixture
achieved the target compressive strength of 10 MPa and target void ratio of 25% at replacement rates
of 80% and 100% for blast-furnace slag aggregates. In the mixtures containing latex, these criteria were
satisfied at a replacement rate above 40% (more than) for blast-furnace slag aggregates.

The relationship between void ratio and residual compressive strength indicates that the mixtures
which satisfied the target void ratio of 25% and the target residual compressive strength of over
80% after 100 freeze/thaw cycles were the control mixtures, the mixtures containing natural jute
fiber—replacement rates of 20% and 40% for blast-furnace slag aggregates—and the mixtures
containing latex at replacement rates more than 40%.

Acknowledgments: This research was supported by a grant (code-14TBIP-C073993-01-000000) from
Technology Business Innovation Program (TBIP) funded by Ministry of Land, Infrastructure and Transport
of Korean government.

Author Contributions: Hwang-He Kim conceived and designed the experiments; Chun-Soo Kim performed the
experiments; Ji-Hong Jeon reviewed the references and provided useful comments; Chan-Gi Park analyzed the
data and wrote the paper. All authors have read and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Sung, C.Y; Kim, Y.I. Void Ratio and Strength of Porous Polymer Concrete and Initial Growth Properties
within Planting Block with Binder Contents. J. KSAE 2010, 52, 101-110. [CrossRef]

2. Kim, D.H.; Kim, C.S; Park, C.G. Physical and Mechanical Properties of Non-Cement Porous Concrete with
Alkali-Activator Contents. . KSAE 2010, 55, 59-64. [CrossRef]

3.  Oh, RO, Kim, C.S.; Kim, HH,; Jeon, ]. H.; Kwon, W.S.; Par, C.G. Physical- Mechanical and Temperature
Properties of Fiber Reinforced Porous Green Roof Hwang-toh Concrete. . KSAE 2013, 55, 59-64. [CrossRef]

4. Kim, H.H.; Kim, S.M.; Park, ].S.; Park, S.W.; Jeon, ].H.; Lee, ].H.; Chan, S.S.; Park, C.G. Effect of Blast Furnace
Slag, Hwang-toh and Reinforcing Fibers on The Physical and Mechanical Properties of Porous Concrete
Using Blast Furnace Slag Coarse Aggregate. |. KSAE 2010, 57, 9-17.

5. Lee, ]J.H; Park, ].S,; Park, C.G. Effect of Reinforcing Fiber on Mechanical Properties and Chemical Resistance
of Porous Concrete with Hwang-toh. J. KSCE 2011, 31, 105-113.

6.  Sung, C.Y. Freezing and Thawing Properties of Polypropylene Fiber Reinforced Eco-concrete. ]. KSAE 2006,
48, 59-66. [CrossRef]

7.  Han, SH.; Yong, M.]. The Future of Concrete Admixture Industry for Low Carbon, Green Growth.
Mag. Concr. Res. 2009, 21, 41-43.

8. Yang, K.H.; Oh, S.J.; Song, ].K. Mechanical Properties of Alkali-Activated Slag-Based Concrete Using
Lightweight Aggregates. . KCI 2008, 20, 405-412.

9. Mun, H.Y,; Jung, S.J.; Lim, N.K. Blast-Furnace Slag Aggregate. Mag. Concr. Res. 1997, 9, 18-22.

10. Jeon, J.H.; Cha, S.S.; Park, C.G. Performance Evaluation of Porous Hwang-Toh Concrete Using Blast Furnace
Slag Cement. J. KSAE 2010, 52, 9-17.


http://dx.doi.org/10.5389/KSAE.2010.52.6.101
http://dx.doi.org/10.5389/KSAE.2013.55.2.059
http://dx.doi.org/10.5389/KSAE.2013.55.4.065
http://dx.doi.org/10.5389/KSAE.2006.48.2.059

Materials 2016, 9, 84 11 of 11

11.

12.

13.

14.

15.

16.

17.

18.

Park, S.B.; Lee, B.C.; Kim, J.H.; Yun, D.Y. Planting-Ability Valuation of Porous Concrete Using Industrial
By-Products. J. KCI 2002, 14, 623-629.

Korea Ministry of Environment. Performance Standard for Environment Mark Certification (Permeableconcrete-
EL245-2003/4/2012-36); Korea Ministry of Environment: Seoul, Korea, 2015.

American Society for Testing and Materials. Standard Test Method for Compressive Strength of Cylindrical
Concrete Specimens; ASTM C39/C39M-15a; ASTM International: West Conshohocken, PA, USA, 2015.
American Society for Testing and Materials. Standard Test Method for Resistance of Concrete to Rapid Freezing
and Thawing; ASTM C666/C666M-15; ASTM International: West Conshohocken, PA, USA, 2015.

Song, WJ.; Fu, HY,; Wang, G.Y. Cement paste characteristics and porous concrete properties.
Constr. Build. Mater. 2008, 22, 894-901.

Song, W.J.; Fu, HY,; Wang, G.Y. Study on a Kind of Eco-concrete Retaining Wall’s Block with Water
Purification Function. Procedia Eng. 2012, 28, 182-189.

Park, S.B.; Mang, T. An experimental study on the water-purification properties of porous concrete.
Cem. Concr. Res. 2014, 34, 177-184. [CrossRef]

Lian, C.; Zhuge, Y.; Beecham, S. The relationship between void ratio and strength for porous concrete.
Constr. Build. Mater. 2011, 25, 4294-4298. [CrossRef]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0008-8846(03)00223-0
http://dx.doi.org/10.1016/j.conbuildmat.2011.05.005
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

Y
kel
1))
=
A
Ho
N
re

SEANZG - BAMEEANM

% Z 8 & :15D0407001-2 Al 2 A & 20154 02¥ 10
slo|E2|E AE”/GFRP e AlEA| . : ) i
A 1= of : Al B A F X Z2Foistn Adntsitfsr AR 274
| = (248 3.2 mm, FRP 6 nn) I i# Xl :=5FH tEtcH MRz 4
g A ¥:3FUstn xoH4dzEn A2 M F A SFHEL 7 & 2
°f 2 el:gt E 7 duolgsy ZZAEE
= 4 & ol olldhkE a2 1 X
Tzt EEAIG-HAL i85 2| AlRol| iS5t ol AlEErHo| w2t AlE-ZANE E2E THM7|s ZEY A
=) M56z=H|3gol| w2t chEnr 20| Y=
2 I
Alg-HAtZat eI &xt
o | AIBHAIES [Et 9 AEEARE | AHASS |y g g
St | s2 | s3|s4| 5 |mB xzzus | £ YA
7|E SAIH| M |392.84|401.43(397.24|397.13|394.25|396.58
Z741 | M |359.45(379.35/378.15/364.98|372.66(370.92
Z712 | M |329.26|334.78(319.58(331.45|324.47|327.91
g | EU3 | W [317.35/310.69|324.12|330.14/308.45/318.15 ~
ASTM D 7264 | ESZZA|H
1 |zt| =714 | W |403.62(365.62|260.00(343.08|338.47(342.16| / D 7264M JleAl |2 %,
£| =75 | W |288.19|308.51(335.99(310.90|307.42(310.20| ~~ 2007  |06178020020R
X746 | Ma |368.25|283.65(289.15(313.68(310.24(313.00
Z747 | M |282.94(299.67|369.92(317.51|312.24|316.45
X748 | Mh (389.45|387.24|377.56(385.36/380.24(383.97
- SIEA S -
W OZEZ  EV|SE(50€7 Yo T S F EHAIE)
W ZH2  HAEER((24hE2 60T 20| EX|, 24hE2H 60T 220 HZEE 13 {522 508 EHE F EAE)
W X713 1 SZBlE=R(SE 8o gs F EAE)
¥ Z74 : HI|FEE5(5022E 60 C 2ol HA F HAIE)
% 745 1 60 C 10 % Na:SO, 8ol 5027+ &X| = HAH
# ZE216 1 60 C 4 % CaCl: %o 5022t X &= A
¥ Z717 : 60 C 10% MgSO, SHoll 5022t X ¥ HAIE
¥ EZig : 7|2 E(60 T 220 50 =F F EAIE)
Bl I 1. 0] AlE-ZA Hte ©E 2/=[A| HEE A0 e 220|22 CfE 5oz 0|88 Xt
2. M7 =X A Al AHANAS| MY Mol 8lE ZFols 23 gt £ & 5 f;!lsUCh

AlE-AALAL B E el
T.031)322-0326~8

&

2015 048 14¢

Al eora 2l g2 L

A= BOIA| X¢i7 =Z5H 22l2 68-3 TEL:(031)322-0325~8 F

page

HE2|e TEY Moexol ot HMI7|e8HY(FEHAL

1 of 2




[
1]
oy
R
r3
Ao
N
rH

SEHAE -SAFSEHN

g F 8 5 :15D0407001-2 Al E A # 20154 02€ 10
StO|E2|E AE/GFRP g A& x| s - R
A g & Al B A BSFUHED MYDIEHE AR AT A
| (245 3.2 mm. FRP 6 mn) | 2 & #F x| : 2FHED Aty ALY -
2 A @ HSFEtn xAHAMIZED) Al B & F| X STHEtn & A 5
o = 2l:gr E T Mool 2SH ZEEAEE
F a0 B of A o ALS i E2] 18]
Flst7t EEAIEAAL 2l2lE 2] A|=of CHEH0 ofal AlE o wal AE-AALE HaE THAY|s TIEYH Al
Z| | H56xH|3E0l w2t ckETr 2ol 2= Iuct
Z 3
2Kl 7| = A}
o1 & AHHAMES ot 2 Al"-H AL D} AlE-H At ANEEFH | o M o
AHEHE | T °
7| & SAA % 100.00
=741 % 93.53
= x=#H2 % 82.68
=7 9 . _ .
# 3 % oo ASTM D 7264 / | S S EHAIH ’
2 | & ZE=74 % 86.28 D 7264M 7|2 A} e 7%—
2 =715 " 78,55 - 2007 06179020020R
L
=716 % 78.92
=27 % 79.80
Z=718 % 96.82
% ZA1 0 Y|S0 B30T S F EFAIE)
M OEH2  HEEE((24hECH 60T 20l EX|, 24nEC 60C 20| HZE 15 gt=Ecz 508 =
¥ Z=713 © SESslets(SE S Hts T EHAEH)
W OEH4  BU|SEES(5022 60 C 2o AX| F EAIHE)
¥ E715 1 60 °C 10 % NasS04, 2ol 5047t AX| = &A™
¥ ZZ46 1 60T 4 % CaCly 2ol 502t ?‘élxl = EHAE
¥ OZEZ7 D 60T 10% MgSOs S0l 507t &X| & EHAlE
¥ OEHS L A ID2C-E(60C 220 502 =& F EHA|H)
B I 1. o] A|E-HA Hals ©HE 22|A| HEE A|R0 Oist Z2oo|22 clE EXez o|8g Xt
2. MeAT|=X Y A|SHAARS M@ Mo gle Eol= ool st E52 & £ glguch

AlE-ZALKE B & gl @
T.031)322-0326~8

page 2 of 2

20154 048 14

ot IRHALUASEATHY

A7z A XoUT 23D 22 68-3 TEL:(031)322-0325~8 FAX:(031)322-0098

A7 TEY H26xo o/ HHZ|=SHY[EZ AL etEof] 5 7|2,

pall el




X > Ao
SR
s

2 2 ¥ & :16D0219024-2 Al B R H 201649 01 142
Al B o slolEElE ZEHYGFRP EHOIE Al 2 A F x| SFHED MIATEHE AN EHATA
¢ M ™ SFUED x|YHdIZstnt Al B2 A F A SFHED M E &
of g eol:gt i 7 Mol 2Ed ZEEZAEE
F 2 EBE o MT oA HE|E| 1EX|
FEt7t ZEAIE-HALE 2|28 9] AlR0l| Cfslo] ofal] Al" gigfol| w2}l AlEAAISE ZIE THMT|E TEY A
&, ®Hs6xH3e| w2} ezl #o| =gt
- & o -
AlE-H AT} o7 = Al NEEEES
S = =28 i=5] Z=2 gl
A | ARBBMES |Eh#l) ARBME | o1 | oo | s3 | sa |55 |mE | TSR lua My |ae by
AHEEHS
1 E | W 400,35 | 398,56 | 412.98 | 397.56 | 401.25 | 402.54
=41 | W 300.75 | 399.56 | 394.31 | 380.54 | 388,98 | 394.43
x #H2 | W 388.56 | 367.51 | 364.36 | 379.68 | 371.36 | 374.29
= 243 | W |ASTMD 7264 /|298.26 | 384.21 | 368.25| 395.41 | 395.28 | 388.28 | E2ZZIA[&
1 |2 = 244 [ W | D7264M [350.64]361.20|348.97|360.48|350.12|367.90|  7|Al A._F%?—:l‘%HH@P_I EZ
| = A5 | W - 2007 348,13 | 351.26 | 369.28 | 334.97 | 358.24 | 352.38 | 06179020020R
= 716 | W 335,21 | 330,35 | 329.65 | 342.64 | 349.67 | 339.30
EH7 | W 330.98 | 329.87 | 341.25| 319.68 | 334.21 [ 331.20
x 2148 | M 344 50| 334.12 | 315.76 | 319.81 | 339.47 | 330.75
—Slodi A &-
WOEZMT  BV|ESZE(50Y2F ¥sH0C SE T EAE)
¥ EH2 HAXZE2(24hsEC 60C 2ol EX|, 24hECt 60C 220 HZE 13| HIE S 2 503 dtE T EA|H)
=M AV IE2LEB0 T 220 507 =& F EAE)
¥ T4 SZElEIS(SESE i F EAE)
=ML AV EES(50€ZE 60T 20| AX| F EHAH)
¥ =26 0 60°C 10% NaSO4 S0 50272t &X| & EHAlY
# =247 1 60T 4 % CaCl, S%of 5047t &X| F EAIE
# ZEZ48 1 60 °C 10% MgSQs %o 507 X = A
o] AMlE-ZAI Zole ZE 2|2 A| HEE AR 43 ZIl0|22 CIE SXHCZ o|EE Fxggch
2016 038 o7y
Page 1 of 2

FojAtet : Mel7|SAL 3 AIEZ AR HYR MYo| gle ZFole Zajol diE 258 & 5 "E4ch



g 2 ¥ F:16D0219024-2 Al 2 F g20ied 018 142

Al B & slol22|= ZEBHGFRP HEHOIE Al B A F X SFOED MATIEE AL zHETA
g H ¥ SFUED XHHAMLIED A2 F A SFMUEn o 5 3

ef 2 ¢ol:gkE T MololgsE:  EFHAEHE

= A0 B oM o ME HE 2| 19X

st ZETAIEHALE 228t 9| AlZol CH5lo] ofef Al 2ol w2l AlEAAlSt ZoE THMI[s FEY AY

&, Hs6=H3E| w2t ciZat 2ol Y=gk

_é Il_l._

el 7| S X} Al E-H ALRE
o H AHHASF|CHR| AlE-HAeY Al E-HALE D} XP’-.*%E—%%J Moo Moo oA
ANHAE RS
7] = % 100.00
2 = 741 % 97.98
Sl = M2 | % 92.98
T = 213 | % |ASTM D 7264 / 96.46 ESTRAH
2 |8 =4 | % D 7264M 88.91 7lsAl | AR %HH@H!{!@
2| =S | % - 2007 87.54 06179020020R
= = 746 | % 84.29
= H7 | % 82.28
= M8 | % 82.17
=,
¥ OEA1 D AVISZH(50YZF YHO T SE T EHAIY)
¥ OZEH2  HEEE(24 h% 60 C ol &X|, 24hEet 60°C 20| UEE 18 Y=o 50%| gts = EHAIH)
X3 AV IR-E(60°C 280 50 =& F EA|Y)
® X4 %g%sw%(%ggsu gts = EAIH)
¥ OZ745 0 E7|EE(5097E 60 C 2ol X F HAIH)
¥ =216 1 60 C 10 % Na,S0, S0l 507t &X| = A
¥ Z77 1 60T 4% CaCl, 2ol 5027F &X| & HAlE
# =28 1 60T 10 % MgSO, Eo| 507t X F HAIH
Ol AlE-HAL Zobe BE o] A HE&E A|Zo Cist Zojo|E2 C}2 EXoz 0|88 FXIFLICH
20164 03g 07¢
e
oIS TNY
A7|T BOIA| Mol 20 2= Z 68-3 Tel:(031)322-0325~7 Fax:(031)322-0098
Page 2 of 2

FolAle: Mev|aX 2 AIHAAKIL MER MHO| gl FR0= 2ol gt EEE & 5 fsdCh




£33

CERTIFICATE OF PATENT

&
g =

4

E 3§ H| 10-1614240 & , rl,,”ﬂ//iﬂlll't\\\\‘\) \\
Patent Number ///” \\\\\\\\
sass H| 10-2015-0006884 & .

Application Number

Y 20154 01g 14¢

Filing Date

SEY 20164 04¥ 14Y

Registration Date

HHEHO| HA Title of the Invention

+IZHIY U 0|2 ESHE £ATHIA|

S{ X} Patentee
7= DY YAS T YA 142, 8243 (MM E, QL|E|IY)

Am

o -4

SHEHX}  Inventor
SEArEE| 7|7y

Flol 232 TS E. o mat ESS SR SEEIASS SHELCL
This is to certify that, in accordance with the Patent Act, a patent for the invention
has been registered at the Korean Intellectual Property Office.

20164 04¥ 14

—
= 01 *6' %"
COMMISSIONER,
KOREAN INTELLECTUAL PROPERTY OFFICE

3 % 7




oln
Jhu
2
ogt

E 3 SE 73| 10-1614240 &

—
Patent Number
S X} 1nventors

=
O| XY & (760921 -****xx)
MEA| £O}7 2021772 34 SCjLa} BE 1033

[ 25 (661101 -**+*++¥)
Z7|E DYA YMER T EEZ 99 S0 5015 15015

%'J_él.él[(730801_*******)
MEA| ZEF UXCHE 1656 AQ1X} O}I}E 20558115



SS90l 10-1614240

G (19) HIN=TE3H(KR)
‘ (12) 55533 X (B

(45) FTYA  2016304¥26Y
(11) 393 10-1614240
(24) TS24 2016304914

(561) FAES =7 (Int. Cl.)
E02B 7/20 (2006.01) E02B 7/40 (2006.01)
(52) CPCEFEH
E02B 7/20 (2013.01)
E02B 7/40 (2013.01)
(21) &Y= 10-2015-0006884
(22) E4LA 2015301914¢
AAP AR 20159801214
(56) AP7lezrwd
KR100647352 Blx

(73) 53187
FA A L7
7% FA dabET bR 142, 8243 (M4
&, fryHEa)

(72) 2=
ol
MgA Fup 12174 34 dudel BE 103%
AP
A7) AEA dAET =FER 99 St
501% 15013

o

KR101260211 Bl 794
KR1020100119201 Ax A e AR 1656 Arel1x} olutE 20
#= ALl oste] QlgH wH 5E8ll%
(74) 9=l
B3] Ql ofolu o2
AA A ¢+ 0 F 7 T AAR At
(54) el WA FHAZxAAY 2 ol& ¥ 3 FHZIFXA
(57) & ¢<F
2 odlgo] ¢ Ao wE FHRdude, 95 -3 FAREAR M AT, €d o 719 2
E&o] FHE= YA de] oA, A FAL WS st g 2 AV AREE Xt A
7] AR YRR mE2HA FEF U] A AT Ee ASHEE XFge, 4] A5Ee, RAAEES #F
(Sl A%)
0] ¥ & - %6
//\\
// \\
310 - o

T AT T 777 L ]
et st s G

7




10-1614240

s==4

_y
No

(Fiber reinforced plastic: FRP)
s}

A7

o7

N
< Mo
%O W oK

Al wj A == A

3} o]

U
=

ERE

g, 71 Al

ERE

F A=, Al

7] A1 %9

719e] = wA|

7 AL 5928

)

254

A

0

_y
N

0

T
ue
T

Nd

2|

)

o




10-1614240

s=s4

g Al Al

F7H9)
ATE1

AHA

K

ey

A

7% 3

2HA

T4

0

)

ul -
2L

A1 ol o

o

@ 99g A

& ojge Algshs A2 ofol;

A

_Z:|

A4d= = 7%

}71 Al oA

b o] o] Ale s

5]
&

3} 7] A2 R9)2ANE Abe] el

71 A2 sejzdsde] 7

Hol Jrrt sty =

A2 5912 Aol ze] FAS] fiFe] AEES snl,

FRP)

(Fiber reinforced plastic:

=

o

2~ El
— =

st



10-1614240

s==4

T3 5

AHA

K

ey

o ghefAl,

&

A4

AT 7

o ghejA,

f;o].

A6

b

iy

iy

Nro

o)

i

~

ﬂo

wjr

~

Nro

T

T

e

mﬂ

I

E Po

o
N
oF
4
A

, A7) AL e dde] A7 54 719l

A% 8

o glejAl,

&

A6

71He] Ze= 7]

279

o $hejA,

8(}.

A6

B

—~
o

ol

wjr
el
w
o))
NI
fuy

N

AT 10

o ghejAl,

&

A6

‘WO
wr
oy

i
ol

AT 11

o $hejA,

&

A6

yige] Hy

7l & £ oF

2]

=K

o]

[0001]



10-1614240

s==4

I A

wr

—_
o

[0002]

N
ajo

Ho
Ho

¢

B

o

[0003]

[0004]

=K

ko] Wil F717F A =S o

[e)

9l

o

=

s
T

AFE (o) o] 3,

3}

ke)

Hd ZAEE
o

|

Q}

=
=

9

[0005]

W]

.
~,

.
i)

o
&
—~
o

, BH(weir)E %

&

sk g AP @A AFFHE of

[0006]

A7F EAY = A

L

o &

p
L

}

A

]
A

A7}

il
)l

bob

"o

s 2

o}

-0
o=

z2x9 7]

ol

iy
ajo

=0

o] ways o] A

il
of

=N
[}

Aol A AY 9

[e)
=

<
E o
o=

wul

!

}

kel
pil

o <]

=
=

o

=

o Az}
CENE

ar

o

15
=

Aol Al

&

o ool wW 7] HE2 F=2 el

tgou, sast g Aol HA

L
L

st =
B3]

S

g

o sl

o~

o
AT7F Al

3 o)
=

°©

o] oo

P
T

o}
S ERA

L
L

7HE R

Fi B4 AMERAt A8 gt
4
7}

o) A]
H

1

[

3L
[e)

i

Hgrel Sdst g Abol

15

72 5F

O

o

79 HE e

AA RS
wigel yg

o]
A

[0008]
[0009]
[0012]
[0013]

iR

i
o

o

iR



10-1614240

s==4

(Fiber reinforced plastic:

=

[}

CETIRNS

A3lZet~E (Glass fiber

o

[0014]

A
fmul
7o
o

o

o)

Ta
frl

—

03
fan
2=

o
T
iy
"
Nfo
‘WO

3
K

&HE

)

KeX
=

reinforced plastic: GFRP)ol®, A7) &3

ATt

Al
Al o]

L

L

A 5
_I_Qr

s

SEA i

[<)

I HFEH BV Al eezdaldt 7] A2 FHRddfd Abe] 29

[0015]
[0016]
[0017]

o

i)

™
)

g 71" AR Z1"Eo] 7] AL ARl 7] A2 fAAE KA o

=
=

ujeke] fjAel A 2371

[0020]
[0021]
[0022]

)

—~
o

ozel

T
T

-

vie)

71 A2 A ANAM Zr] AL

g 73

[0023]
[0024]

53

)
o
s

il

[0025]

=,
il ARAIE.
=,

=,

MeF A4

M ALA

i

k)
w

1

k)
w

1o] B8 AAAA

[0026]
[0027]



10-1614240

s=s5

s
.

o] i AAWAA

!

j
.

A ALA

§l_

2AZANE B4

oF

P
-

=,

o
)

= 89 B W& 3

9=

o))
=

1A

o))
—

1A

b 7AYo

wigs A7) 9@

o]

[0028]

)
A

w9l deld the

AT A

=1

1

ToR

He el 2

CINER)

H
=4

Aele] mre] vehbs QG Ao

/‘5:‘1_

Z}

g,

:3

[0029]

)
N

WEF ApA o)Al &

i

EA

o]

[0030]

il ARA] S0l Tt

3]

i

& YE=

T
B
ol
N
oF
A

[N

w ANARA ol T

il

o]
(a0}
b

o

=

T

[0031]

)
—_—

oy
a

[0032]

15)0] 4] Bl

A X

S 71248

S

A

34 (10)o] 7]

]
=
FZel 917} Gopd

[0033]

o~
T

2

Ho

71

[e]

|J

, 7371 olejdl(Al, A2, A3)

[e)
45

I A=

3]

)l <]

%=

=
=

dd =2, 7] go] dojW (AL, A2, A3, X 8

[0035]

oy

of wjx=o], %

b=

(10)2] 3]

2!

s}

OGES

o

|4

, A7l A4 (10)

o

)

t:yl_

[0036]

A

alil
)

;0_
el

-

;AL

o zA7]9} )

Bl

L
L

71

[0037]

[0038]

o

)

FRP)& 2233l

(Fiber reinforced plastic:

o

=

5ot

]
|

71

[0039]

S

No
-

o
ol
o

ns!
e
on

BK



10-1614240

SESd
GFRP)

reinforced plastic:

fiber

[0040]
(Glass

[0041]

E W
ol #r

ok RO

T

THAA 237

= o, =
J_I?__:]Zjl*é' o

ol
H

s

[0042]

e whe el

R

A (sanding)ll <
(100)¢]

i}

.

pi

R B

TC

WA 2glolt.
(200)7F AH7]

-
It

|, Z&E(shot)

P

|

9

171 <]

o]

7

o

=

o &4

bl
wAE 2ol dFely, 37l

-
It

-
It

L

L

]_

5

+2.(100) 9

vz

ARl
HAI

, 871

A

o17]

[0043]
[0045]

B

B

FAE elolw]

L
L

eolms) o

A7 W ALEE

3L

L

L

-(200) Atelell
1

=
o

]
&

1}

7] Z33R(100) 2+ A7)

[0046]

n

o

X
L

= 5+

)

Zola

MeF AA

ki3

ge =4

&l
I ARA o], = 6

9]

poayes

[0048]

R

A, =]
USRI

S IEEREIE

r
N

A
)

ol

=

=

A
F-(310)

(10)3 +

15
=

el

A

=

Fox

AR

2 Al uE

-

el v

iy
2.(310)¢

X
L

[0050]

(400) ¢}

= 1
A5

o] 7]

o] 4H9)

=]
T

(400)9] ¢

=n
Cl

3|

I

}7]

AO

4%

(300) 9l

-
)

N

131

}7]

AO

L
L

(310) 9

-
1o
=

=

1—7]
\

[e]

AO

[0051]

¥

=

o

Z]
&

1}

(400)7}F 2471 ZF25-(300) “dell

Felol
A

H

k<)

p
L

(400)
=

=3
ST
=
5

S|

]
&

7]

\

7] ZFs-(300) 9] 2
H, 7]

A
S
71

[0052]

(400)7}

==
A5

3 7

(310) 9

-
1o
H

-

(400b) 9] ¢

=]
o T
Ak
H

=

S|
&

p
L

|
(310)]
(400)7F 2471 ZF35-(300)

=

[e]
<]

Zol A

(400a) 9]

>
(300)9] €

=

S|
&

(300)9]

T+

1—7]

TAHA R,

[0053]

B.(400)9] ¢

o

R

e

1=}
B

o

o] 7]

[0

)

= 1
A5

e 7

ARAA A%

A7) ZFaE-(300) 2 oheF

o))
il

A AN EolT, = 9

i

kel
pl

[0054]



10-1614240

s=s4

F ZH F ok R OFT FMBI L & T ®
LB - ™ o — oF ¥ B o — = o
sx e® xS0 00 Thwwe & F 2 4
~0 ~ o ~o Ju—— = = z.L — N ,_lry|
< 5x Moz ol < ap G o = o M ° =~ F e~
G = 0 W _ o =Y g . N z Sy
sE 4 g owT KRR T8 3z TR Fe
o w =X SAyX= © % ) -
R w2 Y ey BRI G I~ o B o
Fooww o wT X T ox w2 owm 8 5 T
. ol 4 —,ﬁ EE ny H;l CO ;of — NN vl Z‘.m iy
o S oS R T T4 A B - SR
- M R 7 ° v - R m_ o - e Yo I+
0 o N = o) T wr & N Zo RO ; ]
al CZ Ea £ = = WE L wmhga mm — w =T
< - A o = = ME N o mC N Ty S
< =% H o = ™o TPz BN ik ST T2
= Iy Nox I Ar B wﬁ_u xE A 5 3 mo 3 = T T B X0
o S TEOF I¥ g g7
— - 0 ) T N N e K
B S o~r 7w N - W A R = S R
= NN Cnﬁ O_ ﬂq = _éﬁm ﬂHTﬂv =) X X |
o ﬂ.o N7 - — N EW K A ,zw.: ~ ‘_lryl S AT T = ‘UI o =
m A o %0 o TN ol T & o o
L ! N i o el \)ﬂ —_ ) - -
iy N % g A A = - mﬁ Cofp 3R ok ﬁm BH ,wn_ ) 2 Mm
2T e g8 B AN geE ZPEr & aw g% gy
~ S e gl BT ox ® g oIEF wT ooy FFT
n W o Q% o AF X R o = S 5 W oKk g AR = o A
o B N z- W om X M2y B N R
x _E omd g ® R® oMy o F T e ¢ 83w o§E
s Tmoz0 - 2% v S Pghg T4 wg o X
Y TN LT 2% Ie o T o5 T 3T R ed TE
§ T Mo ® Bg Ay PR Ixe TURE @S HA g OF
& T wm WEE o B FFEL pg o N Mw = BEw KK
<+ SR S R M g BT W B o s B
W gt aME Ng EE gR FEI ko g T o.X P52
£ )y Rgl {35 @% (© wmem oRE T P 2 g8
= wE <4 L Mg o= Mag® gl ® @5 pd gt ®4
< K g 2T L TS Ta® Q2R PW gL ax 2 A
= Eoame _® Yo 2 oM o g BERST My BA o
X -7 W ON R N e R = Moo o
& 5T _MT Al 2% 522 Fel ZTgud SR TE 4T T
3 ‘ﬂm o u ﬂﬂ Hlmrﬂ ‘mﬂ ~ oA Lt Jnmw Er| « ﬂxm Moﬂ ﬁa Mﬂ EO LE AT ‘HE <0 Lt U__A
—_ ] . — T 9 = — —
r S ZTaR L4 moﬁnmym e ™ ylﬁéw RS
) ﬂ,ﬂ7 N o oji @mﬂo» R~ mﬂwﬂr%oﬂ _i] W = = =
2 P H wuH T g x opl Flg g R GTT g s S g
S8 Mgew wyT 285 W 2 PHoF LT M 2% v
— r~al ! N o [N o — =~ N —~ [P T
o wo T e S we® SETE RN g B <y SN O
9 VoG Ty L EE oy 538 _aT iy 72 ol g D
S — B <+ = ~ ) o H NN - ZCZ N~ N N o— 5 oo — N~
— X 2 — 0 N o o Hoow o= ~ o 0 — N N A4y XO
=W = do gy EORORO — W X ov(iﬂr NRONE g X
H N N LT TE - W N L <L T
- P TAMN BW ORE RERX RAW @I BTG -F BM TF WE
" HAF BT oW 20 HomW MM HTRIEIZ A oo <9 H W

[0055]
[0056]
[0057]
[0058]
[0059]
[0060]
[0061]
[0062]
[0063]
[0064]
[0065]

Bl

15|
=
S

CESE

o~
T

e 282 % 37 1A

e 5 gleh,

71 A2 FYFEAHI1D)F QH-E A Al

=

(34)
4 71del dEE wjA

(12)9] <

15|
=
5]
E
=

i3

]

g
o)

CESE
A

=
o

=
T
J¥

g

101, 71 Al #x=dad(12) £ A7) A2 FARdRE(14)9] 719 e E5d 9

}7] Z1ER(30)E A7) Al
7] Al FAZxEH9(12)9

o
\

e}

A
A

b
=

5-(32)

g

s

al

, 87 ARE-GH7E A7) A2 FAEEAE(14)

o zAgd(14)0] A7) Al FYzAud12)7

T(32)25H 7]
Aot

71

71

=
=

[0067]
[0069]
[0070]



10-1614240

s==4

[0071]

Ao

=
T

Q)
=

|

X
P71 A1 sAdad12)3 3] A2

Bfell A o] 7] AEF(34)¢] 9

}6]—

o0ro
T

w4

A7) AFYE(34)7F A7) EE5-(20)9

FHEBH7F 47 2552009 A

Al
=

371
71 A2 AR,

1 A&,

719e] el M el 914 ols® 7] 2349 AL = U,

g

= =
gt Bx%

]

[e]

3

HE(14) ]

ol
N

&

s

9l

el

ol A 371 &

71 A2 Fexzdad

A 71" ez Z1gEe] A7 AL fA A A7) A2

z3}e] 9]

Azxdaqd12)o] 7] 54 7199 ZH

=
T

471 Al

[0072]

wr

719 o] e ke Ao A 7]

0

s

(14)e] 271 &

&= 2ol

)

471 R 5-(32) 9 I

s

[0073]

2 H(34) %}

A)
=

b= g 2 5

5]

&71 a7 H-(32)7F B4

Aol 9

[0074]

L
L

PH-(34)

]

rl

7]
o A7) A2 AX= ol

\

»AO

[0075]

(34)9} 7]

-
ﬂo

Azdsid12)3 471 A2+

o=
T

(20) Atel7} AR uwal, A7 Al

=]

RGBS} A7) 2T

71 A

&

X

1,

17]

[0076]

A7) Al FHREAD(12)3F 7] A2 FHx24

[e]
T,

ﬁo

A=H
=]

d(14) Aol

[0077]

=
oy

ox

1
A

B

~
HO

ox

1
A

B

~
o

i
A

Ao o] Aol o]

[0080]

4

e

-

W
-

e

o))

gis
)

3

oW, wEhA olef 2L WA

al

K

o
&

‘mo

i

A Al Al

[0081]

it
3

A1 9=

12:

il
3

A2 Y%

14:

o
,ZT.:
i

o

30: 714

_10_



SS90l 10-1614240

k1
N2

1
(g
~

k1
:
[\

_11_



k1
g
W

755555227 77777
45450055077 7724450 )
e o)
e

>
<2
el
XN T
R 5277
% ‘.‘é;’l"zzll
YA

_12_

SS90l 10-1614240



SS90l 10-1614240

k1
2

400(a)

1
2

310 - ~_

or
775
L7
77755

2%
2 00‘00,‘/;’“ l""ﬁ//
<> ZH
9%, ""
g

_13_



SS90l 10-1614240

g7
310 /400(3)
AaCN 300
e 400(a)
R=f 7]

| =

_14_



SS90l 10-1614240

E99
20 30

o ~ - 40

e ™~
/ AN
/ AN
/ \
/ T

\ /
\\\ Q /
N /
\ /,
///
N /
~ e
~ -
EH10
T

30
/_H
/ 32 34

40

20

1

fM

e

_15_



SS90l 10-1614240

20

fm

40

(b)

_16_



Journal of the Korean Society of Agricultural Engineers
DOI : http://dx.doi.org/10.5389/KSAE.2015.57.2.067

Vol. 57, No. 2, pp. 67~73, March 2015
ISSN 1738-3692 | elSSN 2093-7709

RIAORIRET HIAA S1HER [H3 2320 338, YSUE 2
SuGsHREY Bt

Void Ratio, Compressive Strength and Freezing and Thawing Resistance of Natural Jute Fiber

Reinforced Non-Sintering Inorganic Binder Porous Concrete
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Abstract

This study evaluated the effects of fibers on the void ratio, compressive strength and repeated freezing and thawing resistance of porous vegetation
concrete with binder type (non-sintering inorganic binder and blast furnace slag cement) and natural jute fiber volume fraction (0.0 %, 0.1 % and 0.2 %)).
The natural jute fiber volume fraction affected the void ratio, compressive strength and repeated freezing and thawing resistance. Added of natural jute
fiber resulted in improved properties of the void ratio, compressive strength and freezing and thawing resistance. Also, the both compressive strength and
freezing and thawing resistance increased with natural jute fiber volume fraction up to 0.1 % and then decreased with fiber volume fraction at 0.2 %.

Keywords: blast furnace slag cement, freezing and thawing, compressive strength, non-sintering inorganic binder, porous vegetation concrete, void ratio
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Table 3 Properties of natural jute fibers

Maximum size Density .
(mm) (g/mm) Absorption (%) F.M
25 2.65 0.35 6.92

Table 2 Properties of non—sintering inorganic binder

Properties Value
Cement content 0%
Compressive strength 40~80 MPa
Resistance of chemical Above 200% of ASTM Type 1
environment cement
pH 9~11
Resistance of sulfate Above 150% of ASTM Type 1
environment cement
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Elastic . Fiber Fiber Tensile
Density .
modulus (o] 3) length | diameter | strength | Surface
(GPa) | /M (mm) (mm) | (MPa)
H -
ot 126 3 0015 | 510 ydro
philic

Fig. 1 Photo of natural jute fiber
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Table 4 Mix proportion of natural jute fiber reinforced non—sintering
inorganic binder porous vegetation concrete

Unit (kg/m°)
Type of | Water/ Binder (kg) Aggre— Natural
mix | Binder | Water qate | Jut
(kg) BFSC* NSB** (kg) fiber
(kg)
BSC 318 - 0
BSC—fiber
- 2
(1.0) 318 126
BSE)Z—S)ber 318 B 250
———— 0288 o1 1469
NSB - 318 0
NSB-fiber
- 2
(1.0) 318 1.26
NSB—fiber
- 2.52
(2.0) 318 5

* BFSC: blast furnace slag cement
** NSB : non—sintering inorganic binder
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Fig. 2 Void ratio of natural jute fiber reinforced non—sintering

inorganic binder porous vegetation concrete
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Fig. 3 Compressive strength of natural jute fiber reinforced non—
sintering inorganic binder porous vegetation concrete
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Fig. 4 Compressive strength of natural jute fiber reinforced non—

sintering inorganic binder porous vegetation concrete after
repeated freezing and thawing cycles
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Fig. 5 Residual compressive strength of natural jute fiber reinforced
non—sintering inorganic binder porous vegetation concrete
after repeated freezing and thawing cycles
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Fig. 6 Relationship between compressive strength and void ratio
of natural jute fiber reinforced non—sintering inorganic binder
porous vegetation concrete
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Abstract: The purpose of this study is to investigate porous vegetation concrete formed using the
industrial by-products blast furnace slag powder and blast furnace slag aggregates. We investigated
the void ratio, compressive strength, freeze-thaw resistance, plant growth and water purification
properties using concretes containing these by-products, natural jute fiber and latex. The target
performance was a compressive strength of >12 MPa, a void ratio of >25% and a residual compressive
strength of >80% following 100 freeze-thaw cycles. Using these target performance metrics and test
results for plant growth and water purification, an optimal mixing ratio was identified. The study
characterized the physical and mechanical properties of the optimal mix, and found that the
compressive strength decreased compared with the default mix, but that the void ratio and the
freeze—thaw resistance increased. When latex was used, the compressive strength, void ratio and
freeze-thaw resistance all improved, satisfying the target performance metrics. Vegetation growth
tests showed that plant growth was more active when the blast furnace slag aggregate was used.
Furthermore, the use of latex was also found to promote vegetation growth, which is attributed to
the latex forming a film coating that suppresses leaching of toxic components from the cement. Water
purification tests showed no so significant differences between different mixing ratios; however,
a comparison of mixes with and without vegetation indicated improved water purification in terms
of the total phosphorus content when vegetation had been allowed to grow.

Keywords: by-product materials; blast furnace slag aggregates; latex; void ratio; plant growth;
porous vegetation concrete; water purification

1. Introduction

Ecosystem restoration has received growing attention in recent years, and there have been many
and diverse investigations of the properties of concretes, including porous vegetation concrete [1-4].
Plant growth is inhibited in concrete because of the limited space for rooting and sprouting, the low
water permeability and retentivity, and the low nutrient content [5-8]. Porous vegetation concrete
allows water and nutrients to be supplied, enabling plant growth [9-11]. Also, CO, emissions
are becoming an increasingly pressing concern because of the threat of global warming [5,12,13].
The concrete industry is seeking measures to reduce CO, emissions, as CO; emissions from cement
manufacturing contribute to about 5%—-15% of global CO, emissions [12-14]. Therefore, a significant
reduction in cement use would be an effective way to reduce CO; global emissions [13]. The CO,
emissions associated with the production of 1 ton of cement are approximately 870 kg, and methods to
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reduce the use of cement in concrete are urgently required [5,13]. If cement could be replaced with
blast furnace slag cement, it would be particularly effective in reducing global CO, emissions [13,14].

Crushed stones are widely used as aggregates in the production of concrete; however, there are
a number of environmental problems (destruction of natural rock, rock mountain, and forest
resources, etc.) associated with this technique, and other aggregates are being sought [11,15]. Blast
furnace slag aggregates are a by-product of the steel industry; if they could be used as a substitute for
crushed stone, they would be particularly effective for resource-recycling.

There have been a number of investigations of the use of porous vegetation concrete for river
revetments, obtaining a vegetation effect as well as a water purifying effect [6-8,16,17]. Here, blast
furnace slag powder was used, with a mixing ratio of up to 60% of the mass of cement. This study
investigated the effects on the physical and mechanical properties of porous concrete, as well as the
water purification performance. This study also investigated the addition of styrene butadiene (SB)
latex and natural jute fiber, as well as the substitution of crushed aggregates with coarse blast furnace
slag aggregates.

2. Materials and Methods

2.1. Materials

The blast furnace slag cement used in this study had a 60% substitution rate of blast furnace
slag; its physical properties are listed in Table 1. The blast furnace slag aggregates exhibited a grain
size in the range 8-25 mm, as shown in Figure 1, and the physical properties of the blast furnace slag
aggregate are listed in Table 2. During steel production, blast furnace slag aggregates is formed at
temperatures in excess of 1500 °C. Also, Blast furnace slag aggregates does not include harmful heavy
metals such as Cr or Pb [18].

Table 1. Physical properties of blast furnace slag cement.

Properties Value

Fineness (cm?2/ g) 4330

Density (kg/L) 3.02

Stability (%) 1

Setting time (Gillmore needle) Firlgitilt iijcc)(tiilrrll\)in) 62?55
3 day 20.6

Compressive strength (MPa) 7 day 29.8
28 day 54.5

Figure 1. Blast furnace slag aggregates.
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Table 2. Physical properties of coarse aggregate.

Properties Blast Furnace Slag Aggregate Crushed Aggregate
Density (kg/L) 2.36 2.65
Water absorption ratio (%) 5 0.35
Fineness modulus 6.75 6.92

When industrial waste contaminates either underground water aquifers or surface water, serious
environmental problems may result, including soil and water contamination. Therefore, it is important
to carry out environmental analyses. Here, this study carried out heavy metal elution tests on the blast
furnace slag aggregates according to the standard of waste process test [19], as listed in Table 3. None
of the items listed in Table 3 were detected except for oil; the oily component was <0.1%, which satisfies
the standard (of <5%). The oil is contained in the blast furnace aggregate by the machine in the course
of crushing the blast-furnace slag. The crushed aggregates had a maximum size of 25 mm, and the
physical properties are listed in Table 2.

Table 3. Test result of heavy metals extraction for blast furnace slag aggregate.

Test Items Unit Value Remark (Standard)

Pb N/A < 3

Cr N/A < 1.5
Cu N/A < 3

Cd N/A < 0.3

As N/A < 1.5

Hg mg/L A < 0.005

CN~— N/A < 1
Organophosphorus N/A < 1

Trichloroethylene N/A < 0.3

Tetrachloroethylene N/A < 0.1
Oil composition % <0.1 < 5

N/A: Non-Analysis.

Natural jute fiber is a natural material formed mostly of cellulose. When it is used as a reinforcing
agent in cement, unlike artificial fibers it generates little static electricity, reduces fiber aggregation
because of its excellent dispersive nature, and increases the adherence of materials because of its
roughness. Furthermore, it has been reported that the application of natural jute fibers to the porous
vegetation concrete increases the void ratio and the strength [4-6], which was attributed to the
hydrophilic nature of jute fiber. Also, this was attributed to stronger hydrogen-bonding between the
hydrophilic jute fiber and the cement paste, which increased the bonding strength between the cement
paste and the blast furnace aggregate. Figure 2 shows the shape of the jute fiber used herein, and Table 4
lists its physical properties. SB latex was also used in this study. SB latex is a milky semitransparent
liquid containing surfactant-coated organic polymer particles (Figure 3). The latex particles form a film
during cement hydration. A semi-continuous film forms on the surface of the aggregate and thereby
fills the voids. As a result, both the bond and tensile strengths increase. The properties of latex are
given in Table 5.

Table 4. Properties of natural jute fibers.

Elastic Modulus Density Fiber Length  Fiber Diameter Tensile Strength
(GPa) (g/mm3) (mm) (mm) (MPa)

61 1.26 3 0.015 510 Hydrophilic

Surface
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Figure 2. Natural jute fibers.

Figure 3. SB latex.

Table 5. Properties of styrene butadiene (SB) latex.

Solids Styrene Butadiene H Density Surface Tension Particle  Viscosity
Content (%) Content (%)  Content (%) F (g/mm®) (dyne/cm) Size (A) (cps)
49 34+ 15 66 + 1.5 11.0 1.02 30.57 1700 42

2.2. Mix Proportions

The default mixing ratio was determined from a literature survey and analysis of previous studies
on vegetation concrete blocks. The substitution ratio of blast furnace slag aggregate was 40%. Also,
jute fibers were added 0.1% (Vol, %) and the latex was added in a quantity of about 0.02% of the blast
slag cement weight. The mixing ratio was determined based on the addition of latex and natural jute
fiber, as listed in Table 6. The main purpose of this study is to develop porous vegetation concrete with
structural stability, in which plant growth was facilitated. The EL245 environmental declaration for
water-permeable concrete products, issued by the Korean Ministry of Environment, lists the following
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standards for porous vegetation concrete: a compressive strength of >12 MPa, void ratio of >25% and
residual compressive strength following repeated freeze—thaw cycles of >80% [20]. This study aimed
to comply with these standards.

Table 6. Mixture design of porous vegetation concrete.

Unit Weight (kg/m3)

i A t

Mix Code Water Blast Furnace ggregate Fiber  Latex
Slag Cement 25 mm Blast Furnace Slag
Plain 79 306 1412 0 0 0
BFS 79 306 847 565 0 0

BFS-fiber 79 306 847 565 1.2 0
BFS-latex 75 306 847 565 0 6.2

2.3. Test Methods

2.3.1. Void Ratio

Porous vegetation concrete has pores that enable plant growth. The void ratio is a particularly
important factor: a low void ratio typically leads to high strength, but does not facilitate plant growth;
however, a high void ratio may lead to low strength. Therefore, it is critically important to control
the void ratio. Here we investigated how the void ratio of porous vegetation concrete is affected by
the addition of blast furnace slag aggregate, natural jute fibers and latex. This study investigated
the void ratio using conical specimens that were 100 mm in diameter and 200 mm in height using
the volumetric method provided by the Eco-Concrete Research Commission of the Japan Concrete
Industrial Association. The void ratio is given by

W2 W

P.=1 v

x 100 (1)
where W; and W, are the underwater and oven-dried weights of the specimen after 28 days,
respectively, and V is the volume of the specimen.

To characterize the void ratio, the conical specimens were cured for 24 h following production at
23 + 2 °C and 58% relative humidity. The specimens were prepared such that the pores were saturated
with water as much as possible (Figure 4a). After water curing for 1 day before the test, the specimens
were measured based on their dry weight after measuring the weight of the water (Figure 4b). The void
ratio test was performed on the six specimens from each mix proportion.

@) (b)

Figure 4. Void ration test specimens. (a) Wet conditions; (b) Dry conditions.
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2.3.2. Compressive Strength

The compressive strength was characterized according to ASTM C39/C39M-15a [21]. Specimens
of 100 mm in diameter and 200 mm in height were cured for 24 h at 23 + 2 °C and 58% relative
humidity. The samples were removed from the mold and cured in water for 28 days at 23 + 2 °C.
The compressive strength test was performed on the six specimens from each mix proportion. Figure 5
shows the compressive strength test.

Figure 5. Compressive strength test set-up.

2.3.3. Freeze-Thaw Cycles

Repeated freezing and thawing tests were carried out according to the ASTM C666/C666M-15
standard [22]. The freeze-thaw experiment was conducted by cooling the sample from 4 °C to —18
°C (4 h) then raising the temperature to 4 °C (4 h), for 100 cycles. A compressive strength test was
then conducted to measure the residual compressive strength. The compressive strength test was
performed on the six specimens from each mix proportions.

2.3.4. Plant Growth

With porous vegetation concrete, it is important that seeds can sprout and that plants adhere to
the concrete. To analyze the vegetation capacity of the concrete, comparative tests were carried out
using 200 mm (width) x 200 mm (length) x 100 mm (height) cubic specimens [6,9,23], as shown in
Figure 6. To analyze of vegetation capacity, sprouting and the length of perennial ryegrass shoots
(which thrive in cold and wet environments) were monitored. Then, 20 g of ryegrass seeds were sowed
on each block while it was submerged underwater, as shown in Figure 7.
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Figure 6. Installation of porous vegetation concrete.

Figure 7. Photo of seeding completed.

2.3.5. Water Purification

The 200 mm x 200 mm x 100 mm specimens that had been used for the vegetation analyses were
subsequently used in the water purification analysis. This study analyzed the water quality before
and after vegetation using a standard water pollution process test [24]. An acrylic port was formed,
and the residence time was 10 min. Water with known concentrations of dissolved ammonia-nitrogen,
phosphorate-phosphorus, total nitrogen and total phosphorus was produced using reagents in the
same manner as with the blast furnace slag aggregate water purification test. Figure 8 shows a
photograph before vegetation, and Figure 9 shows a photograph after vegetation.
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Figure 8. Sampling before plant.

Figure 9. Sampling after plant.

3. Results and Discussion

3.1. Void Ratio

Figure 10 shows the void ratio for the four different mixes; i.e., the default mix, as well as porous
vegetation concrete with added blast furnace slag aggregate, with natural jute fibers and with latex.
The inclusion of blast furnace slag aggregate resulted in a larger void ratio than with crushed aggregate.
The larger void ratio is attributed to the blast furnace slag aggregates being more porous than crushed
aggregates. The mix with natural jute fiber exhibited the largest void ratio. The specimen with added
latex also exhibited an increased void ratio. The target void ratio of >25% was satisfied by all mixtures
except plain. Therefore, this study concludes that it is necessary to add natural jute fiber or latex or
blast furnace slag aggregates to satisfy the target void ratio.
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Figure 10. Void ratio result of porous vegetation concrete.

3.2. Compressive Strength

Figure 11 shows the results of the compressive strength tests. The compressive strength of the
porous vegetation concrete increased when blast furnace slag aggregate was used. This is attributed to
the similar pozolanic reaction of the blast furnace slag aggregate. In previous research, blast furnace
slag aggregate have been shown to have the tendancy to increase strength of concrete [25]. The addition
of natural jute fiber resulted in a decrease in the compressive strength. Generally, the addition of
jute fiber improves the tensile and flexural strengths of porous vegetation concrete, rather than the
compressive strength. This is because the fiber enhances the bond strength between materials when
concrete is subjected to flexural or tensile loading [26,27]. Also, this is attributed to the low slump of the
relatively dry mixture, as the porous concrete may have insufficient fluidity so that the fibers partake
in balling [11]. Therefore, the compressive strength of the porous vegetation concrete is decreased [11].
The addition of latex increased the compressive strength of the porous vegetation concrete, which is
attributed to an increase in the early fluidity, promoting the coating of the binder around the aggregates
and hence the adherence of the aggregates. The target compressive strength of >12 MPa was satisfied
by all mixtures except those containing natural jute fibers.

14

Target performance

[—
w
|

Ju—
[\S}

—
—
L

Compressive strength (MPa)
=

\O
!

Plain BFS BFS-fiber BFS-latex
Type of mix

Figure 11. Compressive strength result of porous vegetation concrete.
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3.3. Repeated Freezing—Thawing Cycles

Following 28 days of curing, cyclic freeze-thaw tests were carried out (100 cycles), and the
compressive strength was determined. The compressive strength decreased following the freeze—thaw
cycles for all mixes, as shown in Figure 12. The decrease was particularly large for the porous concretes
with a large void ratio. However, the addition of natural jute fiber suppressed the generation and
growth of cracks between aggregates following repeated freeze-thaw cycles. The hydrophilic nature of
jute fiber improved the water purification properties and increased the adherence at the surface due to
increased hydrogen bonding; it also appeared to increase the freeze-thaw resistance. The freeze-thaw
resistance tests with added latex exhibited a decreased compressive strength following the repeated
freeze—thaw cycles. The use of latex increased the early fluidity of the porous concrete to promote
coating of the binder onto the surface of the aggregates, thereby strengthening this interface and
improving the adherence of aggregates into the matrix. Because of this, the decrease in the compressive
strength following the freeze-thaw tests was relatively small. Following 100 freeze-thaw cycles,
the target of >80% residual compressive strength was achieved by all mixtures containing blast furnace
slag, natural jute fiber and latex, but not by the default mixture. Therefore, to provide freeze-thaw
resistance, we should consider the use of blast furnace slag aggregate, natural jute fiber and latex.

100

95 A
Target performance
90 -

./

80

75 A
70 A
65 A

Residual compressive strength (%)

60 -
Plain BFS BFS-fiber BFS-latex
Type of mix

Figure 12. Repeated freezing and thawing test results result of porous vegetation concrete.

3.4. Plant Growth

Figure 13 shows the temperature and relative humidity as a function of time in the test chamber
that was used to monitor vegetation. The average temperature was 25.4 °C and the average relative
humidity was 48.8%. The daily maximum temperature was 30 °C, and the daily minimum temperature
was 24 °C. Two days after sowing, seeds began to sprout, as shown in Figure 14. Figure 15 shows the
results of vegetation monitoring, and Figure 16 shows photographs of the grass shoots for the different
samples at various times. On the third day, the length of the grass shoots was 12-13 mm. After 9 days,
the length began to differ among the specimens. After 11 days, the mixture with latex exhibited the
longest grass shoots (91 mm), while the default mixture had the shortest shoots (80 mm). After 25 days,
the mixture with latex exhibited the longest grass (152 mm), which was 28 mm longer than that of
the default mixture. The mixtures with blast furnace slag aggregate and natural jute fiber exhibited
similar length grass shoots, which were approximately 10 mm longer than those of the default mixture.
When blast furnace slag aggregate was used, the vegetation growth was more active. Furthermore,
the use of latex promoted plant growth. This is attributed to the latex forming a coating to prevent
toxic components from leaching out of the cement.
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Figure 13. Graph of temperature and humidity.

Figure 14. Photo of plants germination on porous vegetation concrete.

16

14 -

[
S+
I

—
(=]
I

Plant length (mm)
[e,s]

4 4 --Plain BFS
2 -&-BFS-fiber =<BFS-latex
0 J E—

Seeding 3days 35days 8days 11 days 16 days 20 days 25 days
Time (day)

Figure 15. Graph of plants growth in laboratory.
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After 16days After 11days After 8days After Sdays

After 20days

Figure 16. Photo of plants length research in laboratory.

3.5. Water Purification

Figures 17-20 show the results of the water purification tests. Following vegetation, the density of
ammonia-nitrogen in the inflow water was 19.89 mg/L and that in the outflow water was in the range
17.73-18.42 mg/L, which corresponds to a treatment efficiency of 7.38%-10.85%. Following vegetation,
the density of total nitrogen in the inflow water was 20.26 mg/L, and that in the outflow water was in
the range 18.36-19.02 mg/L, which corresponds to a treatment efficiency of 6.14%-9.40%. The treatment
efficiencies before and after vegetation were similar, and did not differ significantly among the mixtures.
Following vegetation, the density of phosphorate-phosphorus in the inflow water was 1.96 mg/L,
and that in the outflow water was in the range 1.74-1.79 mg/L, which corresponds to a treatment
efficiency of 9.57%-11.24%. The phosphorate-phosphorus treatment efficiency before vegetation was
in the range 18.00%-31.00%, which is significantly greater than that after vegetation. Following
vegetation, the density of total phosphorus in the inflow water was 2.34 mg/L, and that in the outflow
water was in the range 2.06-2.26 mg/L, which corresponds to a treatment efficiency of 6.36%—11.78%.
Prior to vegetation, the total phosphorus treatment efficiency was in the range 12.66%-24.45%, which is
significantly greater than that after vegetation. It appears that the residence time (10 min) was too short
to obtain a significant water purification effect due to the vegetation. Furthermore, as the phosphorus
materials (which are usually removed by precipitation and water purification) accumulated in the
specimen during the tests without vegetation, the effects of vegetation on water purification were
limited. Furthermore, we cannot exclude the possibility that residual materials were used as nutrient
sources following sprouting of the seeds. The difference in treatment efficiency among the mixtures
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was not significant. The porous vegetation concrete formed using the blast furnace slag aggregates
exhibited the greatest water purification effect for phosphorate-phosphorus and total phosphorus.

140

130 - M Raw water = Without plant m With plant
120 -

110 -

80 -

Concentration rates (%)
=
8

70 -

60 -
NH;-N TN PO,-P T-P

Testitem
Figure 17. Ion adsorption test results of Plain mix.
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Figure 18. Ion adsorption test results of BFS mix.
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Figure 19. Ion adsorption test results of BFS-fiber mix.
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Figure 20. Ion adsorption test results of BFS-latex mix.

3.6. Optimum Mix

The porous vegetation concrete with latex exhibited increased compressive strength, a larger
void ratio and improved freeze-thaw resistance compared with the default mix. With almost all the
mixtures that included latex, the target specifications were satisfied. In terms of the vegetation capacity
in particular, the use of latex provided highly favorable results. Therefore, considering the mechanical
properties of porous vegetation concrete, as well as the freeze-thaw resistance, vegetation capacity
and water purification capacity, the mix with latex and blast furnace slag aggregate was selected as
the optimum mixture (see Table 7). The compressive strength of the resulting optimum mixture was
13.46 MPa, the void ratio was 27.41%, and the residual compressive strength following 100 freeze-thaw
cycles was 87.38%.

Table 7. Optimum mixture design.

Unit Weight (kg/m®)
Aggregate
Water  Blast furnace slag cement Latex
25 mm Blast furnace slag
75 306 847 565 6.2

4. Conclusions

The purpose of this study was to evaluate the performance of the porous vegetation concrete.
Target performance metrics of the porous vegetation concrete were a compressive strength of >12 MPa,
a void ratio of >25%, and residual compressive strength of >80% following 100 freeze-thaw cycles.
Vegetation capacity tests and water purification tests were carried out to identify the optimal mixing
ratio. The results of this study can be summarized as follows.

(1) Characterization of the physical and mechanical properties of the porous vegetation concrete
showed that mixtures that contained latex exhibited favorable compressive strength, void ratio
and freeze—thaw resistance.

(2) Vegetation growth tests showed that plant growth was more active when blast furnace slag
aggregate was used. The use of latex was also found to promote plant growth, which is attributed
to the latex forming a film coating that prevents toxic compounds from being leached from
the cement.
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(3) A water purification test revealed no clear differences among the mixtures. Comparisons
of mixes with and without vegetation showed greater water purification effects on
phosphorate-phosphorus and total phosphorus with vegetation.

(4) The mix containing blast furnace slag aggregate and latex satisfied all of the target performance
metrics; i.e., compressive strength of >12MPa, a void ratio of >25%, and residual compressive
strength following 100 freeze-thaw cycles of 80%, as well as excellent plant growth and water
purification properties. For these reasons, this mix was identified as the optimal mixture.
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