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Abstract: In this study, a reinforced geosynthetic cementitious composite mat (GCCM) with improved
structural stability and reinforcement efficiency through yarn-in-lay technology was designed and
manufactured. Additionally, a blowing agent was added to relax the cross-sectional reduction caused
by the rapid curing and shrinkage for reduction of installation period. The impact resistance results
showed a significant increase compared to the pre-reinforcement values. Through the analysis of
blowing agent content, concrete filling ratio, and bending strength of the double raschel GCCM,
optimal conditions were determined. Therefore, the double raschel GCCM showed improved
flexural strength even after a short curing period of 10 days, along with excellent durability under
environmental conditions.

Keywords: geosynthetic cementitious composite mat (GCCM); yarn-in-lay technology; blowing
agent; impact resistance; bending strength; durability; environmental conditions

1. Introduction

When cracks form in concrete, they tend to propagate rapidly and eventually lead
to failure. However, when reinforced with fibers, the progression of cracks is inhibited
by the fibers embedded in the concrete, inducing a ductile failure effect. Fiber reinforced
concretes (FRCs) have been used to improve the mechanical properties of concrete caused
by its brittle nature [1-6]. This phenomenon known as flexible concrete behavior occurs
when fiber reinforcement significantly increases the maximum stress and deformation of
concrete even after the occurrence of cracks. Recently, FRCs using three dimensional fabrics
have been developed to improve the reinforcement performance of concrete structures,
these three dimensional fabrics have an excellent load-bearing capacity, ductility, thinness,
lightweight characteristics, and exceptional resistance to corrosion [7-13]. However, despite
these advantages, conventional FRCs has limitations due to the uniform dispersion of fibers
caused by the two dimensional fabric layers. To overcome these limitations, it is necessary
to develop a geosynthetic cementitious composite mat (GCCM), which is a reinforcing
material to which a three dimensional structure is applied. The typical structure of a GCCM
comprises an outer layer (; upper fabric) for concrete flow, an inner layer filled with concrete
mixture, and an outer layer (; lower fabric) to prevent concrete loss, as shown in Figure 1. A
major advantage of GCCMs is their rapid installation, enabling a rate up to 10 times faster,
at 200 m? /h, compared to using concrete alone. Due to its high stiffness and impermeability,
GCCMs are used for applications such as slope protection and soil erosion control [14-19].
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Figure 1. Schematic diagram of three dimensional GCCM structure.

Previous research on GCCMs has explored various aspects, including the tensile
behavior of three dimensional fabrics with geometric patterns, patterns of GCCM upper
and lower fabrics, three dimensional fabric structures modeling for seismic design, and
mechanical behavior of needle punched structures in geotextiles [20-24]. Some studies have
highlighted the challenges in maintaining consistent physical properties of needle punched
GCCMs due to manufacturing methods and the adhesive strength between the fabric and
cement. However, existing research has not adequately addressed the design of the 3D
fiber structure of the upper and lower fabrics, or the seaming yarn of GCCMs. To maintain
the advantageous constant physical properties of GCCMs, a holistic approach is needed,
considering the integral fiber matrix structure design and exploring three-dimensional fiber
matrix bonding between the fabric structure and the cement layer [25-28].

In this study, a three dimensional double raschel GCCM was manufactured using
a raschel knitting machine, and basalt fibers were used as reinforcement yarn to control
structural integrity and enhance the mechanical performance of the double raschel GCCM.
The characteristics of the manufactured double raschel GCCM were analyzed based on
concrete filling conditions. Furthermore, impact resistance was evaluated and bending
strength was examined to verify the improvement of the concrete’s ductile properties under
environmental conditions.

2. Experimental Section
2.1. Double Raschel Structural Design

To manufacture a three dimensional fabric structure suitable for double raschel GCCM
applications, several important factors were taken into account. These include designing an
upper textile structure to facilitate smooth filling of dry cement powder, securing sufficient
thickness to support the dry cement powder, and maintaining a lower textile density to
prevent loss of the cement powder. Additionally, polyester DTY (Draw Textured Yarn)
with a tensile strength of 830 kN/m? and a tensile strain of 14% was used to manufacture
double raschel GCCM, and the manufactured double raschel GCCM must have appropriate
mechanical properties and durability to withstand external environmental conditions. In
this study, a three-dimensional double raschel structure was designed with these consider-
ations. Yarn-in-lay technology was applied to regulate the elongation of the reinforcing
yarn within the double raschel GCCM. To improve the overall durability against external
environmental circumstances, basalt fiber was chosen as the reinforcing yarn for both the
upper and lower layers (three dimensional fabric). The designed double raschel GCCM
structure applied in this study is shown in Figure 2, and the yarn specifications for the
double raschel GCCM are outlined in Table 1. The manufacturing process of the double
raschel GCCM was carried out using a 12-gauge WONIL 104 double raschel machine
(WONNIL Co. Ltd., Seoul, Republic of Korea).
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Figure 2. Schematic diagram of three dimensional double raschel GCCM.

Table 1. Yarn specifications of yarn for double raschel GCCM.

Yarn Fineness

Basalt Yarn (warp/weft)

(For covering) 600 denier/50 denier

Polyester DTY (warp/weft)

(Draw Textured Yarn) (2/300) denier/250 denier

2.2. Manufacturing of Double Raschel GCCM

The step-by-step manufacturing procedure of GCCM is represented in Figure 3. The
GCCM produced in accordance with the process outlined in Figure 3 is employed following
hydration at the construction site. During this hydration process, the cement’s natural
shrinkage results in a reduction of the concrete’s cross-sectional area. Given that this
phenomenon impacts the ultimate physical characteristics of GCCM, it becomes imperative
to mitigate the extent of cross-sectional reduction.

Three dimensional fabric
(double raschel)

v

Dry concrete mixed powder filling

v

Hot melt adhesive and film supply

v

Heat treatment for film attachment

v

Double raschel GCCM

Figure 3. Manufacturing process of double raschel GCCM.
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This study sought to achieve this minimization by assessing the concrete’s volume
change rates across various blowing agent concentrations and conducting image analysis
before and after the addition of the blowing agent. The blowing agent contents of the
double raschel GCCMs are 1, 3, 5, 7, 9, 11%, respectively. To investigate the characteristics
based on the concrete filling ratio, an examination was conducted on how the physical
properties change with respect to variations in concrete filling ratio, both before and after
the application of foaming agent treatment using the same concrete filling quantity. The
concrete filling amounts for the double raschel GCCMs are 530, 620, 710 g, respectively. In
this study, a double raschel GCCM manufacturing process, as shown in Figure 3, was ap-
plied to produce a double raschel GCCM. Moreover, to improve workability—a distinctive
feature of the double raschel GCCM—fast-setting cement was used to expedite the curing
process, resulting in rapider and more efficient hardening. The Portland cement used in the
formulation of the double raschel GCCM was a rapid-hardening cement mixture supplied
by Golden Pow Co., Ltd. (Seoul, Republic of Korea). The typical compound compositions
of this type are: 55% (C3S), 19% (C3S), 10% (C3A), 7% (C4AF), 2.8% MgO, 2.9% (SO3), 1.0%
ignition loss, and 1.0% free CaO (utilizing cement chemist notation).

2.3. Double Raschel GCCM Characteristics Evaluation

In order to analyze the impact resistance of double raschel GCCMs, a free fall test was
conducted. For the free fall test, a weight of 5.98 kg was dropped from 0.25 m, 0.5 m, and
1.0 m to observe whether or not it was destroyed. In order to quantitatively analyze the
impact energy delivered to each sample, the impact performance of the concrete before
and after double raschel reinforcement was analyzed using an impact strength tester.
The impact strength tester used was the IT504 from Tinius Olsen, and was measured
according to the test standards of ASTM D256 (I1zod). The evaluation of the double raschel
GCCM’s characteristics involved measuring its bending strength. Following the curing
of the double raschel GCCM in accordance with ASTM C 1185, specimens, each with
dimensions of 127 mm in width and 300 mm in length, were placed on supports spaced
at 254 mm intervals. The bending test was conducted by applying pressure to the center
of the specimen. The bending strengths of the double raschel GCCM were measured
using Zwick’s Zoo5 Universal Testing Machine (Zwick Roell GmbH & Co. KG, Ulm,
Germany). For the concrete’s physical properties, the standard curing period is typically
28 days. In this study, bending strength was evaluated at different curing periods (10 days,
30 days) using fast-setting cement. To assess the durability of double raschel GCCMs under
environmental conditions, bending strength was evaluated in seawater and freezing and
thawing conditions, as well as in acidic and alkaline solutions. After immersing the double
raschel GCCM in seawater for 30 days, the bending strength was measured according to
the ASTM C 1185 test standard. Considering the susceptibility of concrete to shrinkage
cracks upon hardening, particularly under the cyclic conditions of freezing and thawing, a
durability analysis was conducted under the assumption of seasonal changes from winter
to spring. Freeze-thaw conditions were replicated for 30 days at alternating temperatures
of 15 °C and room temperature, resembling the conditions of a domestic environment.
The bending strength was assessed in accordance with the ASTM C 1185 test standard.
The double raschel GCCM, cured for 10 days, was immersed in aqueous solutions of both
pH 4 (acidic) and pH 12 (alkaline). Following treatment at 50 °C for 56 days, the bending
strength was measured in accordance with the ASTM C 1185 test standard.

3. Results and Discussion
3.1. Characteristic Analysis of Double Raschel GCCM by Blowing Agent Content

The blowing agent was considered as a method to relax the cross-section reduction
phenomenon caused by concrete shrinkage during the hydration of double raschel GCCMs.
Curing was conducted over a 10-day period to assess the volume change with varying
blowing agent content ranging from 1 to 11 wt%. While curing the concrete, a problem
occurred in which the central portion became elevated due to the effects of the blowing



Appl. Sci. 2023, 13, 11271

50f12

agent treatment. The volume change was quantified by measuring the amount of water
needed to match the original volume of the specimens. Although the volume of the concrete
increased as the blowing agent content rose, surface cracks were observed when the content
reached 7 wt% or higher due to the formation of bubbles. The results of the volume
change corresponding to different blowing agent contents are shown in Table 2, and the
concrete’s surface appearances are shown in Figure 4. Consequently, the optimal blowing
agent content chosen was 5 wt%, providing the highest volume change without causing
concrete surface cracking. This content was incorporated into the concrete mixture when
manufacturing the double raschel GCCM.

Table 2. Volume change of double raschel GCCM with blowing agent content.

Blowing Agent Content (wt%) 1 3 5 7 9 11
Volume change (%) 6.25 9.38 11.25 15.63 18.13 18.75
Surface texture Smooth Cracked

Figure 4. Photographs of Surface change of concrete with blowing agent content.

3.2. Analysis of Double Lassel GCCM Characteristics by Concrete Filling Factor

To analyze the characteristics of double raschel GCCMs in relation to concrete filling
rates, three different concrete weights of 530 g, 620 g, and 710 g were used to create Samples-
C1 to C6, with the blowing agent addition. Photographs of the concrete cross-sections,
both with and without blowing agent addition, are shown in Figure 5. The 530 g filling
represents the middle layer of the double raschel GCCM, 620 g fills up to the upper fabric,
and 710 g overfills beyond the upper fabric. Samples-C1 to C3 were prepared without the
blowing agent addition, while Samples C4 to C6 were cured for a duration of 10 days after
5 wt% of a blowing agent was added. Upon examining the cross-sectional image of Sample-
C1, it became evident that despite filling the middle layer of the double raschel GCCM,
a reduction in cross-section was observed due to curing shrinkage. Similarly, Sample-C2,
which was filled up to the upper fabric layer, exhibited a void in the middle. Particularly,
Sample-C3, involving overfilling beyond the upper fabric, showed more extensive curing.
Cross-sectional images of both Sample-C1 to C3 and Sample-C4 to C6 were analyzed,
and comparisons were made between sections treated with the blowing agent and those
without treatment. It is seen that the phenomenon of cross-section reduction attributed to
concrete shrinkage during hydration was relaxed through the use of the blowing agent
addition at equivalent concrete content levels.
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Figure 5. Photographs of cross-sections of double raschel GCCM with blowing agent addition.

Table 3 shows the thickness, filling factor, and bending strength measurements of
GCCMs with and without blowing agent addition. For comparing Sample-C1 and Sample-
(4, it is seen that the filling rate is nearly 100% when using a concrete filling amount of 530 g
with blowing agent addition. However, upon contrasting Sample-C2 and Sample-C4, both
characterized by similar filling rates, it is seen that the bending strength slightly decreased
in the sample with blowing agent addition, in comparison to the sample without blowing
agent addition. This phenomenon can likely be attributed to the formation of bubbles
within the concrete due to the blowing agent addition.

Table 3. Concrete filling content of double raschel GCCM with blowing agent addition.

Content Before Blowing Agent Addition
Name Sample-C1 Sample-C2 Sample-C3
Concrete Filling Amount (gram) 530 620 710
Thickness (mm) 11.3 11.9 134
Filling Content (%) 92 98 105
Bending Strength (MPa) 297 322 512
Content After Blowing Agent Addition
Name Sample-C4 Sample-C5 Sample-Cé6
Concrete Filling Amount (gram) 530 620 710
Thickness (mm) 11.3 13.2 14.2
Filling Content (%) 99 104 123
Bending Strength (MPa) 3.21 432 5.98

Figure 6a shows the relationship between bending strength and filling factor, while
Figure 6b shows the bending strength with blowing agent addition under equivalent filling
amounts. Irrespective of whether the blowing agent was used or not, there was a noticeable
trend of increasing bending strength with a higher filling factor of the concrete. Particularly
when the concrete filling rate surpassed 100%, the increase in bending strength exceeded
160%, as shown by Sample-C3. From this, it is seen that a concrete filling rate exceeding
100% is essential for the inherent physical properties of double raschel GCCMs to appear.
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Figure 6. Bending strength-deformation curves of double raschel GCCM with blowing agent addition.

Figure 7 shows the fracture surface images of double raschel GCCMs with and without
blowing agent addition. The variation in fracture surface due to blowing agent addition
was found to be insignificant. However, when reinforcing fibers are present on the fracture
surface, the damaged concrete adheres to the specimen. On the other hand, when there is a
cured concrete layered over the reinforcing fibers, it fractures during the bending strength
test. This leads to the detachment of the concrete, similar to what occurs in unreinforced
concrete. It can be thought that the concrete’s curing process, containing concrete filling for
the double raschel GCCM, as seen in samples such as Sample-C3 and Sample-C6, affects
the area’s weakness for brittle concrete fractures.
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(b)

Figure 7. Fracture surface of double raschel GCCM with blowing agent addition. (a) For using

reinforcing fiber; (b) For not using reinforcing fiber.

3.3. Impact Resistance Analysis of Double Raschel GCCM

To confirm the reinforcing effect on brittle fracture occurrence in general concrete, both
general concrete and the double raschel GCCM were cured for 30 days. Animpact resistance
test was conducted through a free fall test on the general concrete and double raschel
GCCM samples. The photographs resulting from the free fall test are shown in Figure 8.
After conducting the free fall test, it was observed that when dropped from a height of
0.25 m, the normal concrete exhibited an immediate tendency to fail. However, in the
case of the double raschel GCCM, deformation occurred on the rear side without resulting
in destruction. The double raschel GCCM displayed backside deformations measuring
0.2 mm, 0.5 mm, and 1.2 mm at drop heights of 0.25 m, 0.5 m, and 1.0 m, respectively.
Figure 9 shows the double raschel GCCM sample after the free fall test. General concrete
showed a brittle fracture owing to the rapid propagation of cracks, contrasting with the
double raschel GCCM which remained free from fractures at drop heights of 0.25 m and
0.5 m; however, a partial plastic fracture was observed at a drop height of 1.0 m. This
indicates the reinforcing effect of the double raschel GCCM on the brittle fracture likelihood
in concrete.

Furthermore, in order to perform a quantitative analysis of the impact energy applied
to each sample, the impact performance of the concrete was evaluated both before and
after the introduction of the double raschel GCCM. This evaluation was carried out using
an impact strength tester, and the corresponding test results are shown in Table 4. The
average bending strength value was obtained from five measurements for each individual
experimental condition.
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Before Reinforcement After Reinforcement

Figure 9. Free fall test result of double raschel GCCM; (a) 0.25 m, (b) 0.5 m, (c) 1.0 m.
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Table 4. Impact test results of double raschel GCCM.
Test Test No. Thickness (mm) Width (mm) Impact Energy (kJ/m?)
1 15.14 12.40 80.67
2 15.03 12.11 82.55
3 15.22 12.04 82.18
Before 4 15.78 11.42 83.27
5 15.61 11.00 87.42
Average 15.36 11.79 83.22
Standard 0.2883 0.5095 2.2660
Deviaton
1 10.31 13.54 127.91
2 10.42 13.68 127.65
3 10.15 13.74 129.17
After 4 10.17 13.65 129.38
5 10.30 13.94 124.79
Average 10.27 13.71 127.78
Standard
. 0.0994 0.1321 1.6411
Deviaton

The impact test results showed that the shock absorption rate of the double raschel
GCCM reached 127.78 KJ/m?, representing a significant increase compared to the pre-
reinforcement value of 83.22 KJ/m?2. From this, it is seen that the double raschel GCCM is
indeed suitable as a reinforcing material.

3.4. Bending Strength of Double Raschel GCCM with Curing Time

Typically, the curing period required to obtain the desired physical properties of
concrete is around 28 days. However, in the scope of this study, the bending strength was
assessed at two different curing periods: 10 days and 30 days, using the fast-setting cement.
Table 5 shows the bending strength of double raschel GCCM with curing period. From
this, it is seen that fast-setting cement can be effectively applied in double raschel GCCM
applications, with a curing period of 10 days. Furthermore, this suggests the potential
application of this material for emergency restoration purposes.

Table 5. Bending strength of double raschel GCCM with curing period.

Curing Period (Days) Bending Strength (MPa)
10 6.60
30 9.29

The double raschel GCCM, when subjected to a 30-day curing period, showed excellent
bending strength, reaching a value of 9.29 MPa. This improvement is attributed to the
reinforcing influence of basalt fiber within the upper and lower textiles, thus contributing
to the overall performance enhancement. From this, it is suggested that the integration
of fast-curing cement with double raschel GCCM could potentially lead to a reduction in
construction period while simultaneously achieving enhanced physical properties during
field application.

3.5. Bending Strength under Environmental Condition

Table 6 shows the bending strength of the double raschel GCCM under environmental
conditions. The bending strength exhibited in the presence of seawater did not show a
significant tendency.
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Table 6. Bending strength of double raschel GCCM under environmental conditions.

Environmental Curing Bending Strength Retention of Bending
Condition Period (Days) (MPa) Strength (%)
Seawater 300 Zéz 97.8
Freezing and Thawing 300 z%g 65.9
Acidic (pH 4) 300 gig 83.1
Alkaline (pH 12) - o 74.1

The freezing and thawing phenomena is attributed to the fact that the moisture present
within the concrete during the repeated thawing cycles did not undergo proper curing,
consequently giving rise to the formation of pores within the concrete as the freezing-
thawing cycle continued, even under the challenging condition of ice, where concrete
typically shows its weakest performance, the double raschel GCCM exhibited a bending
strength of 6.12 MPa. Also, for the double raschel GCCM before and after undergoing acid
and alkali treatment, a marginal decrease was observed after alkali treatment, while an
increase was actually observed after acidic treatment. From this, it is seen that the marginal
reduction in bending strength resulted from the influence of the polyester fiber, which is
susceptible to the effects of the alkaline condition. Conversely, the impact under the acidic
condition was not substantial, and in fact, a slight increase in bending strength was noted
as the curing period extended.

4. Conclusions

In this study, a double raschel structure was employed to enhance the bending strength
of GCCM. Bending strength was compared and analyzed alongside the concrete filling
amount and foaming agent content. When the concrete filling amount was the same, the
thickness of the double raschel GCCM increased with the addition of a blowing agent,
but it was observed that cracks occurred on the surface due to concrete shrinkage during
hydration. When a blowing agent was added, it was observed that as the concrete filling
amount increased, the bending strength of the double raschel GCCM also increased, and,
due to this, it can be inferred that the influence of concrete’s tendency for brittle failure
may be reduced. Additionally, when the double raschel GCCM was subjected to 30 days of
treatment in seawater, freezing and thawing conditions, acidic, and alkaline conditions, the
retention of bending strength followed the order: seawater > acidic > alkaline > freezing
and thawing conditions. For the double raschel GCCM in seawater, there was almost no
change in bending strength. However, under freezing and thawing conditions, there was a
35% reduction in bending strength. In acidic and alkaline conditions, there were reductions
of 17% and 26%, respectively, in bending strength.

It can be seen that when expanding the application of double raschel GCCMs to
purposes such as coastal erosion prevention, coastal protection, and slope reinforcement,
the above results can be used as reference data.
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