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A B S T R A C T   

Alkali-activated slag is a widely used low-carbon binder. Incorporation of textile can mitigate the brittle 
weakness of alkali-activated composites. The bonding between fibers and matrix is critical for the performance of 
textile reinforced mortar. This paper is focused on the effect of different treatment methods on the bonding 
properties of carbon fiber in alkali-activated slag. The interfacial shear strength of fiber bundles in matrix was 
determined by the pull-out test. The flexural strength of the reinforced mortar was evaluated by a repeated 
bending. A scanning electron microscopy test was performed to characterize the interfacial properties of the fiber 
bundles. The results show that the interfacial shear strength of carbon fibers in matrix is improved by the 
electroplating with calcium silica slurry (CSS), impregnation in different solutions, and plasma treatments. An 
electroplating in CSS has the best improvement in the bonding strength with an increase by 620%. The CSS 
treatment increases the maximum flexural strength of CFT reinforced mortar with 22.5% and 30% at 7 and 28 
d respectively, and it significantly inhibits the crack growth under the cyclic loading. This effect becomes more 
significant after a longer curing age. The electroplating treatment eliminates the cracks in the interface of fiber 
yarns. Slag reacts with the plated portlandite to strengthen the bonding between mortar and fiber bundles, so it 
has a better inhibiting effect on the crack growth after a longer curing.   

1. Introduction 

The alkali-activated binders have a much lower carbon footprint 
than Portlandite cement during the production process, so the devel
opment of these binders has been recognized as a promising way to 
reduce the carbon emissions in the construction sector (Shi et al., 2019). 
Moreover, the alkali-activated concretes have a superior fire and 
corrosion resistance, higher durability, and similar compressive strength 
compared with Portland cement concrete. Therefore, the 
commercial-scale application of alkali-activated binders in buildings 
and infrastructure is proceeding rapidly in many nations (Provis et al., 
2015). 

However, Alkali-activated concrete typically exhibits a lower flex
ural strength compared to Portland cement concrete with similar 
compressive strength, making brittle failure a major concern during its 
service life (Ding et al., 2016). The incorporation of fibers is an effective 

and popular way to overcome the brittle characteristics of the 
alkali-activated slag (AAS) concrete. Many kinds of fibers were used to 
reinforce the AAS, such as polypropylene fiber (Behfarnia and Rostami, 
2017; Choi et al., 2021), steel fiber (Bernal et al., 2010; Aydın and 
Baradan, 2013; Karunanithi, 2017; Niş et al., 2021), carbon fiber (CF) 
(Vilaplana et al., 2016; Cui et al., 2018), basalt fiber (BF) (Zhou et al., 
2022), and glass fiber (Yurt, 2020). These fibers in general increase the 
flexural strength of the alkali-activated composites with a possible 
maximum factor of 5 times, which depends on the types, dimension, the 
shape and dosage of fibers (Ranjbar and Zhang, 2020). The fibers with a 
higher Young’s modulus (such as steel and carbon fibers) can better 
sustain the internal stresses to avoid some local fracture induced by 
concentrations of stress (Amran et al., 2022). 

Carbon fibers have a very high specific strength and lightest weight 
among all reinforcing fibers (Chung, 2016; Ranjbar and Zhang, 2020). 
They present an outstanding tensile strength and modulus, a good 
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chemical stability and thermal stability. Therefore, carbon fibers are 
commonly used to reinforce the alkali-activated concrete. Vilaplana 
et al. (2016) reported that the inclusion of 1% CF in AAS had a weak 
effect on the compressive strength but it induced a significant increase in 
the bending strength by about 3 times at 60 d. They also found that the 
incorporation of CF reduced the drying shrinkage. Cui et al. (2018) 
incorporated 1% CF into ordinary Portland cement and AAS concrete. 
Their results showed that the flexural strength of both Portland cement 
and AAS concrete was significantly increased by CF, and this effect was 
more significant in AAS concrete than Portland cement concrete. 

The textiles consist of several yarns fabricated with plenty of fila
ments. The use of carbon fiber textile (CFT) has a higher effectiveness in 
comparison with the dispersed short fibers (Brameshuber, 2006). The 
textile can provide a higher tensile strength, lower self-weight and 
greater resistance to corrosion compared to traditional steel reinforce
ment (Liu et al., 2020). Moreover, the textiles are very flexible, and they 
can provide multi-dimensional enhancement in the ultrahigh perfor
mance concrete (Meng et al., 2018). The performance of both the short 
fiber reinforced (Wu et al., 2018) and textile fiber reinforced concretes 
(Carozzi and Poggi, 2015; Raoof et al., 2016) is largely affected by the 
bonding strength between fibers and concrete matrix. 

Researchers have employed many approaches to improve the 
bonding strength between fibers and matrix, such as mechanical modi
fication (Singh et al., 2004), chemical treatment (López-Buendía et al., 
2013; Park et al., 2008), and plasma modification (Trejbal et al., 2016). 
The main purpose of these treatments is to increase the surface rough
ness or to activate polar groups on the surface of the fibers. Some in
vestigations tried to coat the active SiO2 on fiber surface so that it can 
react with portlandite in the matrix to increase the bonding strength. Lu 
et al. (2018) proposed a method to improve the bonding strength be
tween CF and cement matrix by coating with nano-SiO2. They designed 
complex procedures to induce the condensation and polymerization of 

the tetraethyl orthosilicate by the chemical reaction in alkaline solu
tions. Li et al. (2020) applied electrophoretic deposition method to coat 
nano-silica on the CF thus improving its bonding to cementitious 
matrices. It should be noted that the performance of chemically treated 
fibers varies in different binders (Li et al., 2002; Nematollahi et al., 
2017). The alkali-activated binders commonly have less CaO but more 
SiO2 and Al2O3 in the chemical compositions compared with Portland 
cement. A coating of Ca-rich layer in the CFT would have a good 
improvement in the bonding strength between textile and 
alkali-activated binder, because it has the potential to react with the 
SiO2 or Al2O3 in binders. 

To our best knowledge, there is no such research on how to coat a Ca- 
rich layer on the carbon fibers as well as its application in the alkali- 
activated slag mortar. Herein, we proposed a novel method to coat a 
Ca-rich layer on the CFT by electroplating. The effect of this coating 
method has been compared with other impregnation treatments in 
different kinds of slurries. The interfacial shear strength between 
different fiber yarns and matrix was measured by the pull-out test. The 
flexural strength and crack growth of the electroplated CFT reinforced 
AAS mortar was compared with that of the commercial CFT reinforced 
mortar. A measurement by the scanning electron microscopy under 
backscatter mode (BSEM) was performed to analyze the interfacial 
properties between the AAS matrix and CFT. The mechanism of 
improving the bonding performance between electroplated CFT and 
matrix was discussed. 

2. Materials and methods 

2.1. Materials 

The main binder is the ground granulated blast-furnace slag (Merit 
5000) from Merox AB. The mortar was also mixed with a small amount 

Table 1 
The chemical composition of binders.  

Chemical composition (%) CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O MnO TiO2 LOI 

Slag 40.62 38.71 10.46 0.33 7.58 0.54 0.35 0.21 0.37 0.83 
Cement 61.81 19.32 7.90 2.69 0.81 0.11 1.02 0.06 0.23 2.96  

Fig. 1. Different methods for the treatment of CFT.  
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of Swedish Portland-limestone cement (CEM II/A-LL 42.5 R). The 
chemical compositions of slag and cement are shown in Table 1. Water 
glass (sodium silicate, Na2O⋅xSiO2) was supplied by Sibelco Nordic with 
the initial molar ratio (Mr) of 3.34. Sodium hydroxide (NaOH) pellets 
(pure, Thermo Scientific® or EMPLURA®) was added to the water glass 
to adjust the molar ratio to a desired value. Gypsum and sand with 
standard grades were purchased in a local market. Colloidal silica 
(Levasil CB8) was supplied by AkzoNobel. The other materials were 
purchased from Sigma Aldrich, including calcium chloride (industrial 
grade), hydrochloric acid (37%, EMSURE®, reagent grade) and kaolin 
(particle size < 2 μm), Tetraethyl orthosilicate (TEOS), 3-(Trimethox
ysilyl)propyl methacrylate (MEMO) and Vinyltrimethoxysilane 
(VTMOS). 

The untreated carbon fiber textile (mesh) was purchased from 
Nanjing Haituo Composite Materials Co. Ltd., with the mesh size of 10 
mm (including warp 4 mm with 12k fibers and space 6 mm) by 8 mm 
(including weft 3 mm with 6k fibers and space 5 mm). The other com
mercial fiber textiles include the styrene-butadiene rubber (SBR) 
impregnated carbon fiber textile (SITgrid017 by V. Fraas GmbH, Ger
many) and the basalt fiber textile (BFT) (US GRD 25–100 from US 
Basalt). Some more detailed information of binders and fibers was 
recorded in a previous report (Bachinger et al., 2021b). 

2.2. Preparation of the samples 

2.2.1. The electroplating treatment 
A technique developed by (Tang et al., 2020) was employed for 

electroplating treatment of carbon fibers in this study. Colloidal silica 
suspension (51% solid content) was diluted with the deionized water to 
obtain an aqueous solution with a SiO2 concentration of 100 g/L. The 
other solution was prepared by dissolving the CaCl2 into the deionized 
water to a CaCl2 concentration of 363 g/L. The two different solutions 
were mixed with a volume ration of 1:1 in a container with stirring to 
produce a calcium silica slurry (CSS) as the electrolyte (see the upper 
part in Fig. 1). Table 2 shows an example of the mix proportion of 
electrolyte, and the viscosity of the slurry is 130–140 mPa s (measured 
by the viscometer, Anton Paar Visco QC 300–H, at a speed of 100 r/min). 

The CFT was immersed into the electrolyte as cathode, and the ti
tanium mesh was used as anode. A constant DC current with density of 2 
A/m2 was applied to the two electrodes and powered with the duration 
of 2.5 h so that the amount of charge passed through the electrodes 
reached about 18 kC/m2 carbon fiber surface. Afterwards, the power 
supply was disconnected and the cathode was cleaned with deionized 
water to obtain an electroplated CFT. 

2.2.2. Preparation of the slurry impregnation 
The impregnation treatment was performed in a setup (see the lower 

part in Fig. 1) developed at RISE (Sweden). It allows a continuous 
impregnation of CF bundle with viscous slurries. The setup consists of a 

fiber spreading unit and a 3-roller arrangement, which ensures a good 
impregnation throughout the bundle. 

Before the preparation of geopolymer slurry, the Kaolin was calcined 
for 3 h at 800 ◦C to obtain metakaolin as the precursor. The waterglass 
solution was prepared by slowly adding NaOH into a silica solution to 
get a SiO2/Na2O molar ratio of 1 and a silica concentration of 3.3 mol/L. 
Metakaolin was added into the solution to achieve a final SiO2/Na2O 
molar ratio of 1.4. The impregnated bundle was cured at room tem
perature for 72 h and followed by 4-h curing at 80 ◦C (Bachinger et al., 
2021b). 

The TEOS, ethanol and deionized water were mixed with a ratio of 1/ 
8/4 to produce a TEOS-solution. The pH of solution was then adjusted to 
1.0 by the addition of HCl acid. The VTMOS-solution consisted of 2.7 mL 
TEOS, 4.7 mL HNO3 (0.05 mol/L), 3.6 mol VTMOS and 1 mL MEMO. 
The impregnated bundles were cured at 70 ◦C for 24 h. More details can 
be found in a thesis (de Muinck, 2020). 

2.2.3. Plasma treatment 
The plasma treatment was performed in a vacuum plasma chamber 

(440 Plasma System, Technics Plasma GmbH, Germany) in the presence 
of oxygen gas. The treatments were performed at an oxygen gas pressure 
of 0.7 mbar and a plasma power of 320 W for 1 min. 

2.2.4. Preparation of slag-based mortar 
The alkali-activated mortar was mixed with the proportion shown in 

Table 3. The mortar was mixed according to the standard EN 196-1. All 
samples were cast and cured under room temperature (about 20 ◦C). 
Samples for pull-out test were prepared in coffee mugs where the 
impregnated bundles were kept in place (straight and ~0.5 cm above the 
bottom) by a plastic coffee mug lock. The mortar was cast in the coffee 
mug before it was sealed for embedding the fiber bundles. The samples 
were then stored in a sealed box with a wet cloth underneath for 
maintaining a high moisture environment with about 95% relative hu
midity (see Fig. 2). Water was added to the cloth for increasing the 
moisture content after 24 h. The wet cloth was taken away and the 
samples were demoulded after 7 d. Samples were stored in a moist box 
for an additional 2 d. Afterwards, samples were taken out and stored at 
lab room for 1 week before the pull-out test. 

The composite specimens for bending test were cast in a steel mould 
with a size of 40 mm × 40 mm × 160 mm. The mould was firstly filled 
with mortar to a height of 5 mm and followed with a vibration. After 
that, CFT with a size of 40 mm × 160 mm was horizontally put on the 
surface. The mould was then filled with mortar to about 2/3 of the 
height, and it was vibrated to an even thickness. Finally, the rest volume 
of mould was filled with mortar and vibrated. The specimens were 
covered with a thick plastic sheet for 24 h before demoulding. Speci
mens were cured in the moist condition (water curing) to 7 d and 28 d, 
respectively. 

Table 2 
Mix of the suspension for electroplating of CFT.  

Concentration of the materials (g/L) Mixed with volume ratio CaO/SiO2 (mol) Viscosity at 100 rpm (mPa⋅s) 

CaCl2 SiO2 

363 100 1:1 2.0 130–140  

Table 3 
Mix proportion for alkali-activated slag mortar.  

Materials Density (kg/m3) Mass (kg/m3) Volume portion 

Slag (Merit 5000) 2920 390 13.2% 
Cement (CEM II/A-LL, 42.5R) 3088 97.5 3.1% 
Gypsum (CaSO4⋅2H2O) 2320 19.5 0.8% 
Natural aggregate (0–10 mm) 2650 1500 56.5% 
Water glass (Mr = 1.0, solid 30%) 1270 172 15.8% 
Water 1000 108 10.6%  
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2.3. The pull-out test 

The pull-out strength between the matrix and the fiber bundles was 
tested by an AG-XK plus Shimadzu machine with a 50 kN grip at a speed 
of 1 mm/min. Fig. 2 shows the setup used to fix the samples. A rubber 
material was placed between the grips and mortar to avoid strong 
pressing stress. To reduce slippage, the fiber bundles were held between 
two tabs glued with P800 sandpaper. 

The perimeter of the bundles (P) was initially characterized by a 
microscopy. The 3D scanning was used to evaluate the perimeter at 
different locations of the sample as well, and the detailed description of 
this measurement can be found in a previous work (de Muinck, 2020). 
The interfacial shear strength (τ) was calculated with the P, the 
embedded length (L) and the pull-out force (F) at the first peak of 
loading curve by the equation: 

τ = F
P × L

(1)  

2.4. The bending test 

The flexural strength of the CFT reinforced mortar was tested on a 
three-points bending machine according to EN 196-1. The bending 
machine will automatically stop after a certain deformation, implying 
the formation of macro-cracks in the specimen. The load at this stop is 
usually used as the flexural strength of mortar. However, in this study 
the specimen was repeatedly placed on the machine for loading again 
until it was totally broken. After each stop, the maximum load was noted 
down and the width of the main crack (the largest one if there were 
many cracks) were measured using a digital microscope. 

2.5. Backscatter scanning electron microscope 

The CFT reinforced mortars were crushed into fragments, and then 
some small pieces embedded with CFT were chosen to be vacuum dried 
at 60 ◦C. The electroplated CFT and the dried pieces were vacuum 
embedded with a low viscosity epoxy. After it was hardened, all speci
mens were polished with a series grade of SiC papers from 800 meshes to 
2000 meshes before they were polished with the diamond crystallites 
from 3 to 0.25 μm. The polished samples were plated with gold and 
examined by a scanning electron microscope (Nova NanoSEM 450, 
14001-2004, America) under the backscatter scanning electron mode 
(BSE) with an accelerating voltage of 10 kV. The machine was coupled 
with an energy dispersive X-ray spectrometer for mapping of elements. 

3. Results 

3.1. Pull-out strength 

Fig. 3 presents the interfacial shear strength between the matrix and 
fiber bundle (Bachinger et al., 2021a, 2021b). The shear strength be
tween the BF bundle and mortar is higher than that of the untreated CF 
bundle. The plasma treatment induces a 40% and 65% increase in the 
shear strength of the commercial BF and CF bundle in matrix (see 
Fig. 3a), respectively. The plasma treating improves the adhesion be
tween the CF and the matrix because it induces the formation of various 
functional groups on the fibers surface (carbonyl and hydroxyl) (Zielke 
et al., 1996; Dilsiz and Wightman, 1999; Sharma et al., 2014). These 
reactive functional groups will enhance the wettability of fiber surface 
and the physical intermolecular bonding with matrix (Bismarck et al., 
2000; Montes-Morán et al., 2001). An increase in the shear strength 
between the plasma treated BF and matrix is due to the increase in 
surface roughness (Wang et al., 2007) and the generation of some active 
surface functionals groups (Khandelwal and Rhee, 2020). 

The CF bundles impregnated in VTMOS-solution and TEOS-solution 
have a similar shear strength in the AAS matrix (see Fig. 3b), and their 
shear strength is about 70% higher than that of the plasma treated CF. 
TEOS was also used in the investigation (Lu et al., 2018) to graft SiO2 on 
the surface of CF, and there was an effective connection between CF and 

Fig. 2. The samples for pull-out test and the setup for measuring the pull-out strength.  

Fig. 3. The interfacial shear strength between fiber bundle and matrix: a – the 
comparison of the untreated and the plasma treated fiber bundles; b – the 
comparison in fibers with different treatment methods (an average value from 3 
repeated tests). 
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silica built by TEOS. TEOS also interacts with the hydration products 
(portlandite and calcium silicate hydrate) (Barberena-Fernández et al., 
2015), so the interfacial strength between CF and matrix has been 
improved by the TEOS impregnation. VTMOS-solution comprises 
VTMOS, TEOS and MEMO, and the further addition of TEOS and MEMO 
is mainly functioned to adjust the ratio of alkyl and oxygenated func
tional groups (Metroke et al., 2004). It seems that this modification has 
few effects on the interfacial shear strength. An impregnation in geo
polymer slurry has a greater improving in the shear strength than TEOS 
and VTMOS-solution. The interfacial shear strength of CF impregnated 
with geopolymer is about 4.5 times higher than the value of untreated 
CF. The CSS electroplated CF has the highest interfacial shear strength in 
AAS matrix, and the value is almost 7.2 times higher than the untreated 
CF and 5 times higher than that of the plasma treated CF. 

Fig. 4 shows the detailed strength-displacement curves and the pull- 
out work of different fiber bundles. The pull-out of fiber bundle includes 
three failure modes: the breaking of bond between the matrix and fibers, 
peeling of the composites at the interface and the slipping of the fibers 
(de Felice et al., 2014). The debonding failure corresponds to a sharp 
drop of the force after the first peak, and it is a linear stage before the 
debonding at interface due to the elastic stretching of the carbon fibers 
(Lu et al., 2018) (also see Fig. 4a). After the first peak, the pull-out force 
is dominated by the frictional force. The stress would decrease linearly 
upon displacement, assuming that there is no peeling of composites. 
However, an increase of force is observed in the plasma-treated and 
VTMOS-solution treated fibers, defined as slip hardening from the 
jamming effect of fibers (Redon et al., 2001). The pull-out of the plasma 
treated BF and TEOS-solution treated CF shows a slip softening. It is 
probably due to the phenomenon that the fiber surface becomes smooth 
after a sudden damage of bond between the connection between fiber 
yarn and matrix, so the force presents a sharp decrease during the 

Fig. 4. The typical strength-displacement curve (a) and the pull-out work of the 
fiber bundles (b). 

Fig. 5. The BSEM images and the elements map of the cross section of the CSS electroplated CFT.  
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slipping. The impregnation by geopolymer can largely enhance the bond 
as well as the frictional force at the interface. The electroplating by CSS 
results in not only the highest bond force but also the strongest frictional 
force. The CSS treated CF bundle also presents a slip hardening effect 
after the debonding process. This hardening process may be caused by 
increase in frictional surface area from the pilling of the plated 
substance. 

To assess the energy absorption capacity, the pull-out work (W, N⋅m) 
was calculated by the integration of force-displacement curve (Eq. (2)) 
with the loading force value (F(x), N) at corresponding displacement (x, 
m) (Oh et al., 2021). It indicates the consumption of energy for a com
plete pull-out of fiber bundles with a similar embedded length (L, m). 

W =

∫ L

0
F(x)dx (2) 

Fig. 4b shows that although the plasma treated BF has a higher 
interfacial strength (Fig. 4a), it consumes the lowest energy before a full 
pull-out. The TEOS treatment has negligible effects on the pull-out work, 
but the plasma treatment and impregnation by VTMOS-solution induce 
a significant enhancement in the pull-out energies. The pull-out work of 
the geopolymer treated and CSS electroplated CF is about 3 and 7 times 
higher than that of the untreated CF, respectively. 

3.2. The surface of the treated CF 

The CF electroplated with CSS has the best bonding performance 
among CF bundles with different treatment methods. Therefore, the 
further analysis will be focused on revealing its surface feature charac
terized by the BSE. Fig. 5a shows that the gap between the fibers has 
been filled with the electroplated substance. An element analysis at the 
high magnification (see Fig. 5b) demonstrates that the substance is rich 
of Ca and with the O/Ca molar ratio of about 2, so the main substance is 
most likely portlandite. The electrochemical oxidation of carbon fibers 
occurs in the sodium hydroxide solution with the production of sodium 
phenoxides (Gulyás et al., 2001). Therefore, the electrochemical re
actions would also occur on the surface of cathode during the electro
plating treatment in CSS, possibly resulting in a formation of bond 
between portlandite and carbon fiber. 

The micro-sized portlandite layer wraps around the CF yarns after 

the CSS treatment. The map of Ca and Si elements illustrates that ma
jority of the coated material is portlandite, but it also consists of some 
silicates. Silica colloids in solution normally have a negative surface 
charge so the nano-silica will be coated on the anode (Li et al., 2020). 
However, the pH in the solution will increase as the dissociation of water 
under the electrifying, and the increasing pH will probably induce the 
formation of Ca(H3SiO4)+ and Ca(H2SiO4) in solution (Huang et al., 
2022). Therefore, the precipitation of calcium silicate hydrate can occur 
on the cathode surface as well. 

Fig. 6 illustrates the molecular structure of organic precursors used in 
the solution treatment of CF. The hydrolysis of TEOS will take place in 
the acid solution, and then the reaction will proceed with the sol-gel 
polymerization of the hydrolyzed TEOS (Ng and McCormick, 1996; 

Fig. 6. Illustration of the surface feature of CF after different treatments.  

Fig. 7. The flexural strength-crack width curve of the alkali-activated slag 
mortars at 7 d after cyclic loading: the untreated CFT (N0), the basalt fiber 
textile (Nb), the SBR-impregnated CFT (Ns) and the CSS electroplated CFT 
reinforced (Ncss) mortar. Note that the reference mortars without CFT (Ref-7 d) 
were completely broken into two parts after the first loading. 
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Tamon et al., 1998). A layer of the silica gel will be coated on the surface 
of the CF yarns. The addition of VTMOS and MEMO changes the length 
of alkyl on the surface the coated matter (Metroke et al., 2004), so it may 
induce different effects on the bonding strength. It can be observed from 
the pull-out curves (see Fig. 4) that VTMOS-solution treated CF bundle 
has a higher frictional strength, resulting in a higher pull-out work 
compared with TEOS. CF yarns with CSS electroplating will be bound 
together by the coated substance (portlandite and silicate). These coat
ings enhance the chemical bonding as well as the frictional forces be
tween CF bundles and ASS matrix. 

3.3. The flexural strength of CFT mortar under the cyclic loading 

The use of fibers and textile mitigates the brittle nature of AAS 
mortar by enhancing the tensile strength, ductility and toughness 
(Koutas et al., 2019). The performance of fiber reinforced composites 
under cyclic loading is significant for minimizing the damage from the 
catastrophic disasters such as highway bridge collapses and earthquakes 
(Bontea et al., 2000; Howser et al., 2011). Fig. 7 presents the flexural 
strength and maximum width of cracks in CFT reinforced mortar under 
the cyclic loading at the curing age of 7 d. The reference mortar without 
fibers (Ref-7d) was broken at the first load with an average flexural 
strength of 6.2 MPa. The AAS mortar with the SBR-impregnated CFT 
(commercial) has a lower flexural strength at the first loading than the 
reference mortar, but a hardening phenomenon has been detected after 
the repeated loading. Mortar reinforced with the untreated CFT has a 
similar flexural strength as the mortar with BF textile (commercial) at 
the first load, but the BF textile has a better inhibiting effect on the decay 
of the strength under cyclic loading. Mortar reinforced with CSS elec
troplated CFT has the highest flexural strength at the first load, with an 
increase by 22.5% for the maximum force compared with untreated 
CFT. Moreover, the flexural strength shows an increase by 13% after 
four cyclic loadings. The CSS electroplated CFT has a significant effect 
on the inhibiting of crack growth. The maximum crack width in mortar 
with the CSS coated CFT (Ncss-7d) is only 0.55 mm after the fourth 

loading, and this is much smaller that the cracks in mortar reinforced 
with the untreated CF (N0) and commercial textiles (Nb and Ns). 

Fig. 8 illustrates the loading direction and typical features of the 
cracks after the bending test. There is a severe crack in the middle of the 
Nb and Ns prism with a width of 1.4–1.5 mm after the first bending test. 
Ncss prism has two fine cracks distributed in two perpendicular di
rections. The occurrence of the horizontal crack is due to the transferring 
of the tensile force to vertical direction by the CSS treated CFT. The 
widths of cracks in N0, Nb and Ns have a significant increase after four 

Fig. 8. The typical feature of the cracks and shape of the CFT reinforced mortars after the cyclic bending test: the untreated CFT (N0), the basalt fiber textile (Nb), the 
SBR-impregnated CFT (Ns) and the CSS electroplated CFT reinforced (Ncss) mortar with curing time of 7 and 28 d. 

Fig. 9. The flexural strength-crack width curve of CFT reinforced mortars at 28 
d with a cyclic loading. A comparison between the CSS electroplated CFT (Ncss) 
and commercial fiber textile (Nb and Ns). 
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cyclic tests, but the crack in Ncss sample is still very small. After curing 
for 28 d, the maximum bending force seems to be increased by 30% 
through the CSS treatment. Moreover, Ncss prism maintains in a good 
shape after 15 cyclic tests with a maximum crack width of 0.9 mm (see 
Figs. 8 and 9). The longer curing time induces a higher flexural strength 
at the first test for all the samples, but it seems to have very weak in
fluence on the propagation of crack in the commercial CFT reinforced 
mortar (Nb and Ns). The CSS treated CFT has a better inhibiting effect on 
the crack growth after a longer curing time, which will be further dis
cussed in the next section. 

The bending performance of the textile reinforced mortar is mainly 
controlled by the bonding between the matrix and textiles (Carozzi and 
Poggi, 2015; Raoof et al., 2016). Many factors make impact on the 
bonding strength between textile and matrix: the mechanical perfor
mance of both textile and matrix, the penetrate capability of mortar into 
the grid and the frictional force between the filaments. Fig. 8 shows that 
the electroplating in CSS has coated some materials on the CF surface 
but without filling the grids. This treatment also fills the gaps between 
the fiber yarns to bind them together (see Fig. 5). These effects induce an 
increase in the chemical bond and the frictional force between CFT and 
AAS mortar (See Fig. 4), resulting in the best reinforcement in the 
bending performance. 

3.4. Interfacial feature of CFT in mortars 

The analysis of microstructure by the scanning electron microscopy 
under backscatter mode is an effective way to indicate the interfacial 
features (phases and cracking) of the concrete composites (Huang et al., 
2019, 2020). Fig. 10 shows the BSE images of the untreated CFT rein
forced AAS mortar at 7 d. The attention is paid to the interfacial zone 
between the fiber bundle and the hardened paste matrix. Pastes have 
penetrated in gaps between different fiber bundles, but some gaps 
remain empty between the yarns. Many microcracks can be observed in 
the interfacial transition zone between the untreated yarns and the 
matrix. Some investigation (Katz et al., 1995) also found that the surface 
of the untreated carbon fiber was very smooth and clean from particles 
after being pulled out from the matrix, which implied a poor bond be
tween the matrix and fibers. The elements map can clearly distinguish 
the fibers and matrix. It shows that Ca, Si, and Al are the primary ele
ments in the penetrated pastes. The main end-phase in the hydration 
products of slag (based on composition in Table 1) is composed of C-(N-) 
A-S-H gel, Mg-Al LDH and strätlingite (Myers et al., 2017), which ex
plains the observed distribution of elements. 

Fig. 11 presents the BSE images and the elements map of the AAS 
mortar reinforced with CSS electroplated CFT. The mixed elements map 
is useful for distinguishing the carbon fibers, the electroplated Ca-rich 

Fig. 10. The BSE images and the elements map of interfacial zone between the untreated CFT and the alkali-activated slag mortar cured for 7 d.  
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substance and AAS paste. The fiber yarns are densely bond together with 
the electroplated portlandite, which has been detected in the bundles 
before mixing into AAS (see Fig. 5). The electroplated matter is much 
denser than the penetrated pastes (see Fig. 10). The AAS paste merges 
seamlessly with the electroplated portlandite, without an apparent 
interfacial transition zone between them. Moreover, the CSS electro
plated CFT exhibits a denser interfacial zone than the untreated CFT in 
AAS mortar, due to the strong bonding between carbon fiber and por
tlandite under the electrified condition. Therefore, The CSS treatment 
CFT yields the highest flexural strength of reinforced mortar, and more 
notably, exhibits the most inhibiting effective on the crack propagation 
(see Fig. 7). The Si-rich substance accumulate in some local region on 
the surface of electroplated CFT (see the mixed element map), and there 
is few Si element in the gap between fiber yarns at 7 d. 

After curing for 28 d (see Fig. 12), the difference between the elec
troplated substance and AAS pastes becomes more evident in elements 
map compared with the mortar at 7 d. The interfacial zone between CFT 
and the coated Ca-rich substance remains a dense feature. Moreover, the 
Si rich substance penetrated in the gaps of fiber yarns with an even 
distribution. This is most possibly due to the hydration reaction between 
the electroplated portlandite and the slag after a long-time curing 
(Kolani et al., 2012). The later age reaction increases the strength of AAS 
mortar and builds a stronger connection between CFT and the matrix, so 
it will cause an increase in the flexural strength and an enhancement in 

inhibiting effects on the crack propagation (see Figs. 7–9). 

4. Conclusions 

The embedding of CFT can mitigate the brittle weakness of the AAS 
mortar. The effect of various treatment methods on the performance of 
mortar with textile was identified by pull-out tests, flexural strength test 
and scanning electron microscope. The main conclusions from this 
investigation are presented as follows. 

All of the treatments in this study effectively improve the interfacial 
shear strength between fiber bundles and AAS matrix, including the 
plasma, slurry impregnation and electroplating treatments. A plasma 
treatment induces some active functional groups on the fiber surface to 
increase the bonding strength between AAS matrix and fiber bundles (CF 
and BF). The impregnation in TEOS and VTMOS solutions induces an 
increase in shear strength between fibers and matrix. The geopolymer 
impregnation increases the interfacial shear strength by about 350%, 
and the CSS electroplating treatment has the best effect on bonding 
strength with an increase by 620%. After the electroplating, a dense 
layer of portlandite particles was deposited on the surface of the CF fiber 
yarns and within the gaps to interconnect the yarns. The CSS electro
plating enhances not only the chemical bonding but also the friction 
between CF bundles and matrix. 

The flexural strength of the CFT reinforced AAS mortar has been 

Fig. 11. The BSE images and the elements map of interfacial zone between the CSS electroplated CFT and the alkali-activated slag mortar at 7 d.  

L. Huang et al.                                                                                                                                                                                                                                  



Journal of Cleaner Production 418 (2023) 138214

10

improved by the electroplating treatment of CFT. After a CSS treatment 
of CFT, the maximum bending load has been increased by 22.5% and 
30% at 7 d and 28 d, respectively. The use of CSS electroplated CFT also 
shows a much better inhibiting effect on crack propagation under cyclic 
loading compared with the untreated and commercial CFT, which be
comes more significant as the curing age increases. The width of the 
micro-crack in mortar with CSS electroplated CFT is smaller than 0.9 
mm even after 15 cyclic bending tests. CSS electroplating treatment 
avoids the formation of cracks between the fiber yarns and matrix, and 
builds a denser connection between fibers compared with the penetrated 
paste, so it can induce a good enhancement in the bonding strength in 
matrix. The Si-rich phase can penetrate in the plated substance due to 
the further reaction of slag and portlandite. This enforces a better 
inhibiting effect on the crack propagation after a longer curing time. 
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