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A B S T R A C T   

This paper details the effect of fiber reinforcement on mechanical characteristics of by-products based one-part 
alkali activated material (AAM). Two different binder matrices were considered in this study, such as, plain slag, 
and ternary blended slag, to understand their efficiency in fiber reinforced system. These matrices were rein-
forced with 1% v/v of three different fibers (steel, glass and basalt) to improve the flexural performance of high 
strength mortar blends. Steel fiber reinforced one-part AAM outperforms mineral fibers in compressive strength 
contribution. The fracture energy of steel fiber reinforced compositions was roughly 4 times higher than that of 
mineral fiber reinforced materials. In addition, the flexural performance of ternary blended matrix was higher 
than that of slag-based composition regardless fiber types and properties. Finally, preliminary finite element 
modelling was considered to assess the applicability of the concrete damage plasticity constitutive model in 
predicting the nonlinear behavior of the developed composites. The numerical predictions proved the accuracy of 
the model with good agreement between experimental and numerical results.   

1. Introduction 

Alkali activated materials are alternative binders to the traditional 
Portland cement composites which facilitates the use of industrial by- 
products such as fly ash and various slags. Alkali activates the alumi-
nosilicates present in the precursors from industrial side streams and 
forms dense polymeric gels resulting in high strength and durability 
properties [1–3]. Evidently, AAMs are potential replacement for con-
ventional cement binders stating their ecological low energy consump-
tion and greenhouse gas emissions [4]. However, the practical 
application of AAM in industrial scale is limited since the liquid alkali 
activators are corrosive and causes serious issues in handling, mixing 
and transportation [5]. Additionally, curing condition is another 
concern where most of the low calcium AAM needs heat treatment for 
the strength development [6,7]. To curtail the mentioned problems 
about AAMs, solid alkali is premixed with the aluminosilicate materials 
which can be activated just by adding water and termed as one-part 
AAM [8,9]. Some of the industrial side streams like blast furnace slag 
(BFS) enables room temperature curing, making the process easier to 
adopt in larger scale in-situ applications [10,11]. 

Several studies have shown high strength of such one-part AAM with 
fly ash and BFS as aluminosilicate precursors and, sodium silicate and/ 
or sodium hydroxide as solid precursors [5,10–12]. Like any other 
concrete material, tensile behavior of high strength one-part AAMs are 
not on par with their performance for compressive one [13]. In such 
cases, fibers come as an effective addition to attenuate the brittle failure 
and improve the pseudo strain hardening behavior of the high strength 
matrices [14–16]. Reinforcing the one-part AAMs with fibers improves 
the mechanical performance and toughness of matrix by delaying the 
cracks initiation and propagation. The bridging action of fibers controls 
the crack growth until fiber fails locally by debonding, sliding and pull- 
out [17]. This extends the energy needed for crack propagation and 
improves the post-crack behavior which positively affects the strength, 
toughness, and durability of the material ADDIN CSL_CITATION 
[18–20]. It is even proven that fiber reinforcement helps in reducing the 
environmental impact of the AAM by contributing comparable proper-
ties of conventional material at lower alkali dosage [21]. These benefits 
of fiber reinforcement in AAM with different types of fiber, such as, 
polyvinyl alcohol (PVA) [22–24], polypropylene (PP) [15,23,25], 
polyethylene (PE) [26], glass [21,24,27], steel [21,23–25], basalt 
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[25,28], carbon [29], and several vegetable-based fibers such as, sisal, 
cotton and so on [30,31], are well established in the existing literature. 
However, the benefits of fiber addition depend on various factors such as 
type, aspect ratio of fibers and mix composition [32]. For example, Guo 
and Pan found that steel fibers provide the reinforcing effects whereas, 
PP and basalt fiber contributes to the long-term mechanical properties in 
a fly ash – slag AAM [25]. Considering the vegetable fibers in AAM, the 
need for further development about fiber treatment to withstand the 
aggressive alkaline environment without affecting the matrix- fiber 
bonding, is emphasized [30]. There are several opportunities in this area 
to explore about the utilization of fibers in AAM for structural, envi-
ronment and cost benefits. 

The present study is encouraged by the lack of knowledge existing in 
high strength one-part AAM with blended binders. Though there are few 
studies reporting about the effect of fiber reinforcement in one-part 
AAMs [16,33–35], this is the first attempt to measure the mechanical 
effect of fiber incorporated in blended binders involving one-part AAMs. 
Hence, this study gives a contribution, by experimental measurements 
and numerical modelling on understanding the effect of metallic (steel) 
and mineral (glass and basalt) fibers on some mechanical properties of 
one-part AAM with ternary blended binder composition and different 
industrial side streams (BFS, silica fume and phyllite dust). The nu-
merical model was able to predict the complete macroscopic behavior of 
the reinforced composites as well as the evolution of the damage. 

2. Materials and methods 

2.1. Materials 

Ground granulated blast furnace slag (GGBFS) was obtained from 
Finnsementti (Finland) and sodium silicate (SiO2/Na2O = 0.9) as 1 mm 
sized granules from Alfa Aesar (Germany). One-part alkali binder mix 

was prepared by co-grinding (GGBFS) with anhydrous sodium meta-
silicate in a ball mill (Germatec, Germany) for 30 min. Particle size 
distribution was then analyzed through laser diffraction (Beckman 
Coulter 13 320) and co-grinding of slag resulted in a median particle size 
d50 value as 9.75 µm. Milled Silica fume (Parmix-silika, Fescon Ltd., 
Finland) of d50 23.21 µm and phyllite dust (powder waste from local tiles 
manufacturing, Finland) of d50 196.77 µm were used as co-binders to 
achieve high packing density by applying modified Andreasen model 
[36,37]. Chemical composition of different binder materials was 
analyzed by X-ray fluorescence (XRF, PANalytical Axiosmax) at 4 kV 
(see Table 1). 

Standard sand, according to DIN EN 196-1 (passing 2 mm, density: 
2.67 g/cm3), from Normensand (Germany) was used as fine aggregate. 
Moisture content of the sand was < 0.2%. Water absorption and fineness 
modulus were calculated as 0.57% and 2.93, respectively. In this study, 
steel fibers (6 and 12 mm length), glass fiber, basalt fiber were used to 
produce fiber reinforced one-part alkali activated mortar. Table 2 lists 
the mechanical and physical properties of these fibers. Steel fibers were 
supplied by Weidacon (Germany). Glass fiber with very high chemical 
resistance was provided by Owens Corning (USA). Basalt fibers were 
manufactured by Basaltex (Belgium) which can withstand high tem-
perature and harsh environment. A common fiber length of 6 mm was 
chosen to help in better comparison between different types of fiber 
used. Influence of fiber length was studied in steel fibers with S-6 and S- 
12 (Table 2). 

Lignosulphonate (WRDA 90D, GCP, UK) with 30% solid content was 
used as a superplasticizer as in [38] being the best performing in one- 
part alkali-activated materials, especially for slag composition. 

2.2. Mortar mix design and preparation 

Based on preliminary studies and earlier research [33,34], 1% (vol-
ume) of fibers was considered suitable to improve the mechanical 
properties. The contents refer to the volume of fibers incorporated in the 
volume of one-part alkali activated mortar (AAM). Table 3 lists the 12 
different mix compositions produced for this study. Two types of binder 
with co-grinded slag (with 10% sodium silicate) were used. Binder G1 
contains only the co-grinded slag, whereas G2 is a ternary blend with co- 
grinded slag, silica fume and phyllite dust. G1 acts as control reference 
mix whereas, composition of G2 binder was determined based on 

Table 1 
Chemical composition (wt%) of binder material.  

Oxide CaO SiO2 Al2O3 Fe2O3 MgO SO3 Others 

GGBFS  38.51  32.33  9.58  1.23  10.24  4.00  4.11 
Silica fume  0.78  94.25  0.23  0.84  0.18  0.13  3.59 
Phyllite dust  9.01  71.91  8.96  2.07  2.06  0.26  5.73  

Table 2 
Mechanical and physical properties of fibers.  

ID Type Young’s modulus (GPa) Elongation at break (%) Tensile strength (MPa) Length (mm) Diameter (mm) Density (kg/m3) 

S-6 Steel 200 3 1300 6  0.16 7870 
S-12 Steel 200 3 ≥2200 12  0.13 7886 
G-6 Glass 72 4.9 1000–1700 6  0.014 2680 
B-6 Basalt 100 3.1 4100–4500 6  0.018 2650  

Table 3 
Mix composition of fiber reinforced one-part AAM.  

Mix ID Binder content (g) Fine aggregate(g) Fiber content (g) SP(g) Water content(g) 
Co-grinded slag Phyllite dust Silica fume Steel Glass Basalt 

S-6 S-12 G-6 B-6 

G1  742.8  –  –  1257.1 – – –  –  7.4  222.8 
G1S-6  742.8  –  –  1257.1 72 – –  –  7.4  222.8 
G1S-12  742.8  –  –  1257.1 – 72 –  –  7.4  222.8 
G1S-M  742.8  –  –  1257.1 36 36 –  –  7.4  222.8 
G1G-6  742.8  –  –  1257.1 – – 25  –  7.4  222.8 
G1B-6  742.8  –  –  1257.1 – – –  24.5  7.4  222.8 
G2  514.2  57.1  114.2  1257.1 – – –  –  7.4  205.7 
G2S-6  514.2  57.1  114.2  1257.1 72 – –  –  7.4  205.7 
G2S-12  514.2  57.1  114.2  1257.1 – 72 –  –  7.4  205.7 
G2S-M  514.2  57.1  114.2  1257.1 36 36 –  –  7.4  205.7 
G2G-6  514.2  57.1  114.2  1257.1 – – 25  –  7.4  205.7 
G2B-6  514.2  57.14  114.29  1257.1 – – –  24.5  7.4  205.7  
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particle packing method to achieve ultra-high strength [37]. Binder to 
aggregate ratio and water to binder ratio were maintained constant at 
0.6 and 0.3, respectively. Table 3 gives the content of the different 
material components. Superplasticizer (SP, 1% binder weight) was used 
to ensure proper workability and fiber dispersion in the matrix. Molar 
ratios of the designed binder compositions (G1 and G2) are listed in 
Table 4. It is worth to note that the binder G2 has lower ratio of Na2O/ 
SiO2 compared to the binder G1. This is due to the reduced amount of co- 
grinded slag in G2 which ultimately resulted in the reduction of acti-
vator content (solid sodium silicate). 

Dry ingredients (binder and fine aggregate) were mixed in a 5-liter 
Kenwood mixer at a low (70 rpm) and high (150 rpm) speed for a 
minute each. Part of the water was added at this stage, while the mixing 
was continued in low speed and superplasticizer was introduced with 
the remaining portion of the water at later stage. A high-speed mixing 
was used for further 2 min to result in a homogeneous mortar. As a final 
step, fibers were introduced by gradually addition to the fresh mortar 
while stirring in low speed to avoid balling effect. Fresh fiber reinforced 
one-part AAM was then cast into prismatic molds. The specimens were 
cured in a humidity chamber at 20 ◦C and 100% RH until testing. For 
each mix composition (Table 3), six prismatic beams were cast, total of 
72 specimens. The mix ID in Table 3 contains: the binder ID (G1 or G2), 
the fiber material and diameter (S-6 or S12, G-6, B-6). As for the steel 
fibers, S-M indicates a hybrid reinforcement containing the same content 
of S-6 and S-12 (1:1). 

2.3. Experimental procedures 

The influence of different fiber types on some mechanical properties 
was measured after 28 days of curing age. Fracture toughness was 
estimated by bending of notched beam as per RILEM recommendation 
1985 TC50-FMC [39]. Fig. 1 shows the test set up and dimensional de-
tails of the notch of 1 mm width. The three-point bending of notched 
beams was displacement controlled (0.4 mm/min). Fracture energy and 
toughness were calculated as discussed in [40]. The two halves of the 
tested beam were used for compressive strength measurement with 
displacement control at 2 mm/min, loading a surface of 40x40 mm2. 

Digital image correlation (DIC) technique was used together with 
flexural tests for notched beams to monitor the crack propagation. Im-
ages were captured by two high-speed camera with a LED light and 

analyzed by LaVision StrainMaster software [41]. The frequency of 
image acquisition was 1 Hz, while the aperture and the shutter speed of 
camera were set to f/4.0 and 1500 μs, respectively. The samples’ surface 
was prepared with speckle pattern including white background and 
randomly distributed black dots (Fig. 1b). The post processing of images 
allows to measure crack mouth opening displacement (CMOD) and 
crack evolution. Some of the adopted parameters for DIC were subset, 
size 37 and step size 3. 

3. Experimental results and discussions 

The measurements and observations from experimental results hel-
ped in composing an overview of the effect of different fibers on the 
strength characteristics of the fiber reinforced alkali activated mortar 
(FR-AAM). Flexural behavior of notched FR-AAM specimens provided 
considerable information on the effect of the fibrous reinforcement, 
which was well documented with the help of DIC technique. Crack 
initiation and propagation were monitored, and fracture surface was 
observed through scanning electron microscope (SEM) to understand 
the failure pattern of different fibers with G1 and G2 mixes. Flexural as 
well as compression loadings confirmed the better performance of steel 
fibers compared to mineral ones in improving the strength characteris-
tics of FR-AAM. 

Table 4 
Molar ratios of the designed binder composition.  

Binder 
type 

SiO2/ 
Al2O3 

Na2O/ 
SiO2 

Na2O/ 
Al2O3 

CaO/ 
SiO2 

Na2O/ 
H2O 

G1  6.705  0.155  1.041  1.090  0.052 
G2  5.765  0.011  0.062  0.058  0.060  

(a)
(b)

Fig. 1. (a) Fracture toughness test setup for notched beam [27], and (b) representative crack propagation in a notched (G1S-12) sample after testing.  

Fig. 2. Compressive strength of AAM after 28 days of curing.  
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3.1. Unconfined compression 

AAM with ternary blended binder matrix (G2) resulted in strength 
improvement compared to the sole binder (G1) matrix with co-grinded 
GGBFS. Fig. 2 shows a strength improvement of approximately 38% 
with the combination of co-grinded slag, silica fume and phyllite dust. It 
is interesting to note that, regardless of the lower dosage of activator 
content (Table 3 and Table 4), G2 mixes outperformed G1 mixes (Fig. 2). 
It was established that addition of silica fume helped polycondensation 
and formation of cross-linked calcium alumina-silicate hydrates (C-A-S- 
H) and sodium alumina-silicate hydrates (N-A-S-(H)) which improves 
the strength properties [37]. Phyllite dust acted as a filler material and a 
nucleation site to enhance hydration reactions. Ternary blended mix, 
thus given the best compressive strength results among the plain alkali 
activated mortar. 

Irrespective of the type of binder matrix, the compressive strength 
increased by 15% to 30% with the inclusion of steel fibers. In recent 
publications, similar strength improvement with steel fiber reinforced 
AAM was reported in one-part systems [33,35]. Though, this is contra-
dicted in two-part AAM concrete studies indicating a strength loss with 
fiber addition [42]. Length of fiber is an important factor affecting the 
strength properties and made a 13% substantial strength enhancement 
in the G1 mix. It was also the case with binary blended two–part alkali 
activated slag mortar at high fiber dosages [14]. However, in G2 mix, 
there is no significant strength difference between short (S-6), long (S- 
12) fiber. A microstructural representation of G1 and G2 matrix with 
steel fiber (S-12) reinforcement is shown in Fig. 3a and 4a, respectively. 
Debonding failure of fibers is noted in both G1 and G2 matrix with some 
observation of pull out effect on G2 matrix. The residual mortar adhered 
to the fibers shows the effective bonding between the fibers and the 
mortar. A better performance of steel fibers is also notable with the 
combination of the two fiber lengths (1:1, short and long fibers). It 

resulted in an average ultra-high strength of 242 MPa in G-2 matrix 
(G2S-M) which is 33% higher than the plain AAM (G2, 180 MPa). 

Considering the fiber type, steel fiber outperformed the glass and 
basalt fibers in contribution to compressive strength. With single binder 
system, inclusion of glass or basalt fibers resulted in an approximate 
strength increase of 15%. However, blending of three binders in ternary 
system (G2) caused a slight strength loss with mineral fibers from 2% to 
8% (See Fig. 2). This can also be due to the influence of the binding 
system in the effective dispersion of fibers. It is observed that cluster of 
glass (Fig. 3b and 4b) and basalt (Fig. 4c) fibers are still bonded together 
in the binder matrix, explaining the inefficient fiber distribution. Addi-
tionally, basalt is known to be unstable in the high alkaline environment 
causing the deterioration of the fiber itself [43]. SEM image of basalt 
reinforced AAM shows a clear evidence of its reactivity with the matrix 
and the fibers are entrapped into the reaction products (Fig. 3c and 4c). 
This explains the strength loss with basalt fibers reinforcement in the 
alkali activated systems, and motivates the need for alkali resistive 
coating [33,35,44]. 

3.2. Flexure of notched specimens 

The steel fiber reinforcement had excellent load carrying capacity, 
and the fiber length plays an important role in the post-peak behavior of 
materials. Fig. 5 shows the average load vs. CMOD curves of all mix 
compositions. The CMOD was measured by the DIC technique during 
loading. It clearly shows that the plain materials (i.e., G1 and G2) had 
typical brittle failure under a mode I fracture. Notably, G2 had higher 
peak load than G1, which is in-line with the comparison in compressive 
strength between these two mixtures. The steel fibers significantly 
improved the peak load and post-peak branch of all compositions. Steel 
fiber-reinforced G2 mixtures attained higher peak load than that of G1 
with the same type of reinforcement. Reasons are the higher strength of 

Fig. 3. Representative microstructure of fibre reinforced one-part AAM (G1).  
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G2 matrix than G1, and the better interfacial bond between matrix and 
fibers of G2 than that of G1, leading to higher load carrying capacity. All 
the mix compositions exhibited softening post-peak branch, in which the 
length of steel fibers strongly affected the reduction rate in load level. 

For instance, in the same G2 matrix at CMOD = 2.0 mm, the load level of 
G2S-6 (6-mm long fiber), G2S-M (hybrid of 6- and 12-mm fiber), and 
G2S-12 (12-mm fiber) were approximately 315, 520, and 760 N, 
respectively. The latter was 2.4 times higher than the former. A similar 

(a) (b)

(c)

Fig. 4. Representative microstructure of fibre reinforced one-part AAM (G2).  

Fig. 5. Average load vs. CMOD curves of all mixtures under mode I fracture test.  
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performance was also observed in G1 matrix (Fig. 5). 
In contrast, the mineral fibers exhibited poor load transferring be-

tween the fibers and matrices compared to the steel fiber-reinforced 
compositions. Although both glass and basalt fibers enhanced the peak 
load of the composites, there was little improvement for post-peak 
branch, in which all compositions showed quasi-brittle behavior. This 
can be attributed to high pH environment that led to partially dissolve 
mineral fibers [45,46], and the poor distribution of the mineral fibers in 
the matrices that limited the contribution of the fibrous reinforcement to 
the composites (see SEM images in Fig. 4). These factors eventually 
caused less efficiency in the load transferring capacity between the 
mineral fibers and the matrices. 

Fracture energy was increased in all reinforced compositions, but the 
effect was only clearly observed on steel fiber-reinforced composites. 
Fig. 6 shows the fracture energy of all mixtures, in which the materials 
were divided into 2 groups: steel fiber and mineral fiber reinforcement. 
It is clearly seen that the steel fibers contributed to energy absorption 
much better than mineral fibers. The highest fracture energy was ac-
count for G2S-12 with 6.8 N/mm, which was around 4 times higher than 
that of G2G-6 (fracture energy 1.4 N/mm at failure). Note that the 
fracture energy of all reinforced mixes was higher than that of plain 
materials, which were only 0.15 and 0.18 N/mm for G1 and G2, 
respectively. There was a proportional relationship between the energy 
absorbed in steel fiber-reinforced composites with the fiber length. The 
long steel fiber is more favorable to enhance the fracture energy of the 
material due to better fiber bridging action [47,48]. Notably, the steel 
fiber reinforced G2 generally attained higher fracture energy at failure 
compared to the same fiber types in G1 matrix. However, the difference 
was not statistically significant. In contrast, composites from G2 matrix 
worked better with glass and basalt fibers in comparison to G1 matrix. 
Additionally, glass fiber obtained higher fracture energy than basalt 
fiber in both matrices (Fig. 6). This can be due to the better alkali 
resistance of glass fiber. 

4. Numerical modelling 

To reduce expensive and time-consuming experimental measure-
ments, predictive models are necessary to estimate the mechanical 
response in any loading condition, and for the proper modeling of the 
material behavior in structural analyses. For the composites under 
consideration, preliminary numerical predictions were performed 
assuming constitutive models and theoretical assumptions available in 

the literature and codes for concrete structures. The peculiar mechanical 
features of the considered materials allowed to adopt an available 
constitutive model implemented in the finite element code Abaqus [49]. 
The Concrete Damaged Plasticity (CDP) is suitable for homogeneous 
isotropic materials having different tensile and compressive behavior, 
and it includes the modelling of the damage initiation and development. 
Hence, this can consider the features of the considered composites, once 
the proper input paraments are identified. The numerical model accu-
racy was assessed replicating the experimental three-point bending test 
of notched specimen for fracture toughness measurement of two 
representative materials G1S-12 and G2S-12 (see Table 3). 

As for the input parameters of the CDP model, some assumptions and 
approximations were introduced, due to unavailable experimental 
measurements, mainly for post peak compression and tensile behavior. 
The dilation angle ψ was adopted to be 40◦, being in the typical range 
30◦÷45◦. As suggested in [49], the flow potential eccentricity was 
assumed ∊=0.1, the ratio of initial equibiaxial compressive yield stress 
to initial uniaxial compressive yield stress was set σb0⁄σc0 = 1.16, the 
ratio of the second stress invariant on the tensile meridian to that on the 
compressive meridian was set Kc = 0.67, and viscosity parameter μ = 0. 

The experimentally measured average uniaxial cubic compression 

Fig. 6. Fracture energy of all mixtures at failure.  

Fig. 7. Estimated compressive cylindrical stress vs. strain behavior.  
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strength σ’c (see Fig. 2) was adopted to build the cylindrical stress (σc) 
vs. strain (ε) diagram, depicted in Fig. 7, according to the relationship 
proposed in [50]: 

σc = σ’c

β
(

ε
∊’c

)

β − 1 +

(
ε
∊’c

)
β

(1) 

where 

β =
1

1 − σ’c
∊’cEc

(2) 

In eqns. (1, 2), ∊’c is the strain corresponding to σ’c , Ec is modulus of 
elasticity and β is a material parameter mainly defining the descending 
branch. An iterative numerical procedure allowed to set the parameter β 
= 5, quite typical for high strength concretes [50]. Then, the modulus of 
elasticity was estimated by eqn. (2) as 3317 MPa and 5647 MPa for G1S- 
12 and G2S-12, respectively, while Poisson’s ratio was set 0.2. 

The tensile behavior of material was not experimentally measured. 
Therefore, the tensile strength was estimated by the maximum load of 
the notched three-point bending tests, while the complete tensile 
constitutive behavior was considered linear up to the tensile strength, 
whereas bi-linear post-peak stress vs. crack opening law was estimated 
according to the proposal in [51], as adopted in [52], being aware that 
more complex models are available for cementitious fiber reinforced 
materials (see e.g. [53]. 

The indirect tensile strength was estimate from the flexural tensile 
strength as suggested in [54], getting 3.45 MPa and 5.28 MPa for G1S-12 
and G2S-12, respectively. 

As for the bi-linear post-peak tensile stress vs. crack opening 
displacement, the first branch was modeled following the model code 
2010 [54] for plain concrete. The second branch was estimated as 
detailed in [51], which was dedicated to steel fiber-reinforced concrete. 
This second linear portion was obtained considering the post-cracking 
residual strength fR1 and fR3 at COD of 0.5 mm and 2.5 mm, respec-
tively, as for the experimental tests (see Fig. 5). By adopting parameter 
ka = 0.37 and shifting the value of fFts = ka∙fR1 (serviceability residual 
strength) at zero crack opening [51], the first point of the second linear 
branch was defined. Another point of the second linear branch was 
estimated as fFt,2.5 = 0.5fR3 −

kb
2 fR1 , where kb = 0.529 − 0.143 fR3

fR1 
. Finally, 

the complete tensile stress vs. crack opening displacement curve (see 
Fig. 8) was fully defined by the intersection point of the first and the 
second branches, which was implemented in the numerical model. 

The shape of the notched three-point bending specimen depicted in 
Fig. 1 was considered for the finite element discretization. The specimen 
was constrained to fulfill the experimental supports, namely, no 
displacement (ux = uy = 0) of nodes on the bottom surface line repro-
ducing one support, and no displacement in the vertical direction (uy =

0) of nodes on the line simulating the other. While an increasing vertical 
displacement (uy) was applied on the top surface mid span center line 
(Fig. 9). 

The specimen was discretized by 3D solid hexahedral elements 
C3D8R, with reduced integration. Finite element mesh had increasing 
density from the sides to the center to get the maximum density 
approaching the crack tip and the mid span compressed zone where the 
average length of element side was approximately 0.4 mm (Fig. 9). The 
total number of elements was 93840. The latter resulted from a mesh 
sensitivity analysis to balance simulation time and accuracy of the 

Fig. 8. Estimated bi-linear post-peak stress vs. crack opening displacement.  

Fig. 9. FE mesh and boundary conditions of the notched three-point bending test.  
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outcomes. 
The accuracy of the numerical model was verified in simulating the 

fracture toughness test of the two considered reinforced composites. 
Results are compared to the average experimental (three tests) load- 
midspan deflection curves in Fig. 10. 

Overall, the numerical simulations can be considered satisfactory 
having a good agreement with the average experimental measurements, 
with some discrepancies in predicting the peak load and the post-peak of 
load-midspan deflection trend. Nevertheless, the numerical model 
demonstrated the capacity to predict, to some extent, the complete 
behavior of the material under the considered load condition, with 
proper estimation of the damage evolution also under post peak con-
ditions when reinforcement has the main role. This was assessed 
comparing the numerical predicted damage pattern at the maximum 
midspan displacement (see Fig. 10), which should represent the cracks 
configuration as observed during experimental loading. The maps of the 
predicted equivalent plastic strain magnitude, over the full height cen-
tral portion of the specimen, are detailed in Fig. 11, beside the experi-
mental DIC estimation of the max principal strain. 

Hence, considering the assumptions adapted from codes and models 
dedicated to steel fiber-reinforced concrete, and the approximations of 
the materials parameters, the CDP constitutive model can numerically 
predict the overall quasi-static response of the considered reinforced 
one-part alkali activated slag composites. The accuracy can be improved 

when accurate experimental measurements are available for the 
compression and tensile post-peak response. 

5. Conclusions 

The study was focused on the performance of fiber reinforced alkali 
activated slag composites with three different fibers such as, steel, glass, 
and basalt. A ternary blended matrix was also introduced to compare 
with plain slag mix, to understand the influence in the presence of 
different fibers. 

The main understanding from the outcomes of the experimental 
study is summarized here:  

• Ternary blended matrix had strong interaction with fibers in addition 
to their contribution in optimized particle packing which is reflected 
in the better strength properties.  

• Steel fibers outperformed other type of fibers in the alkali activated 
slag composites. Longer the fiber the better was the load carrying 
capacity which was in the order of 12 mm > Mixed (12 mm + 6 mm) 
> 6 mm length of fibers. Similar trend was observed also in fracture 
energy measurements.  

• Mineral fibers (glass and basalt) were unstable in high alkaline 
environment, resulting in strength loss. 

   (a)

   (b)

Fig. 10. Comparison of the average experimental (error bars represent the standard deviation of three tests) and numerical model load vs. mid-span deflection of (a) 
G1S-12 and (b) G2S-12. 
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Based on the experimental findings, two slag composites (plain and 
ternary blend) with 12 mm steel fibers were chosen to be studied for the 
numerical model. For the present study, concrete damaged plasticity 
(CDP) model was adopted in modelling the damage initiation and 
development. The proposed model demonstrated to have good accuracy 
and capacity to predict the complete behavior of the material under the 
considered loading conditions when reinforcement has the main role. 
However, a better accuracy is expected with the complete measurements 
of the post-peak behavior of the material. 

Overall, it was shown from the study that ternary blended slag 
composites with steel reinforcement results in high load carrying ca-
pacity (compressive strength 242 MPa). Nevertheless, further in-
vestigations need addressing, such as understanding the micro level 
damage mechanisms and durability issues for the designed high strength 
composites. 
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[22] M. Nedeljković, M. Luković, K. van Breugel, D. Hordijk, G. Ye, Development and 
application of an environmentally friendly ductile alkali-activated composite, 
J. Clean. Prod. 180 (2018) 524–538, https://doi.org/10.1016/j. 
jclepro.2018.01.162. 

[23] M.M. Al-mashhadani, O. Canpolat, Y. Aygörmez, M. Uysal, S. Erdem, Mechanical 
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