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The use of industrial by-products brings both economic and environmental beneﬁts. Ladle slag (LS) from steel
processes is a promising raw material and has been used as a precursor in a few studies. To better understand the
beneﬁts of LS mainly on mechanical behavior, in this investigation, an ettringite-based binder was produced
from the hydration between LS and gypsum. The material was reinforced with 2% v/v high tenacity polypropylene (HTPP) ﬁber to attain a high performance ﬁber reinforced cementitious composite with pseudo strain
hardening (PSH) behavior. In addition, results of FEM numerical analysis show the accurateness of an available
constitutive model in predicting the mechanical response of the HTPP ﬁber reinforced hydrated LS composite.
Additionally, the experimental results reveal that using HTPP ﬁber greatly enhanced the mechanical properties
of the hydrated LS. Moreover, PSH behavior and eventually multiple ﬁne cracks were recorded by the digital
image correlation (DIC) technique under uniaxial tensile tests. The numerical simulations show the capability of
the concrete damage plasticity (CDP) model to predict the nonlinear behavior of the material with a good
agreement between experimental and numerical predictions.

1. Introduction
Ladle slag (LS), a by-product from steel manufacturing processes,
has shown promise as a precursor for cementitious materials. There are
2.1–2.6 million tons of LS produced in Europe annually if every ton of
crude steel produced results in 12–15 kg of unrecycled LS according to a
statistical report from the World Steel Association [1]. Therefore, LS is
an interesting source to use in manufacturing inorganic binders with
considerable environmental related beneﬁts. In the literature, LS has
shown its potential to be used as a precursor for cementitious materials
[2]. In addition, LS was activated by an alkali solution to form an inorganic binder that attained up to 70 MPa compressive strength [3]. LS
was also successfully used in Ref. [4] to produce an environmentally
friendly cementitious materials for high-temperature applications.
Ettringite-based binders are a promising alternative to ordinary
Portland cement (OPC). The main phase in the binders is ettringite,
which is formed by chemical reactions between solid calcium alumino
and calcium sulfate sources [5,6]. The most popular ettringite systems
are calcium sulfoaluminate belite cement (CSAB) and supersulfated
cement (SSC), which they can be produced from by-products, such as
ﬂy ash and blast furnace slag [5,6]. These residue-based binders reduce
CO2 emissions and oﬀer comparative mechanical properties to OPC.
∗

Furthermore, the ettringite system leads to interesting characteristics
such as high chloride resistance and heavy metal immobilization, as
reported in Refs. [7,8]. In Ref. [9], LS was successfully used as a precursor to produce an ettringite system through reactions with dehydrated gypsum (CaSO4). Although the material showed promising
properties (e.g., over 1.5 h in initial setting time, roughly 45 MPa in
compressive strength), the preparation process was sub-optimal, as it
necessitated uneconomical steps such as re-melting and rapid cooling of
the slag.
There is a lack of studies on high performance ﬁber reinforced ettringite-based binders. Similar to other inorganic binders, the ettringite
systems exhibit a brittle mechanical behavior. By using ﬁbrous reinforcement, the cementitious materials can improve the ductility
under ﬁber bridging action, aﬀecting the hardening and softening
phases. This is, on one hand, a well-studied behavior for ﬁber reinforced OPC based materials with many reports on pseudo strain
hardening (PSH) (i.e., strain hardening behavior of the brittle matrix
attained by ﬁbrous reinforcement) cementitious composites (i.e., ECC)
[10–12]. On the other hand, there are no investigations in the literature
on the mechanical properties of PSH cementitious composites with ettringite-based binders. In 2015, Jewell [13] studied the interfacial bond
between diﬀerent types of ﬁbers and CSAB cements; since then, there
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react with rapid air cooled LS to form ettringite in its structure. In
contrast, in this experimental investigation, hydrated gypsum (calcium
sulfate dihydrate CaSO4.2H2O) was employed to take advantage of its
availability in secondary resources. Also, using hydrated gypsum reduces the energy consumption on the dehydration in comparison to
dehydrated gypsum (calcium sulfate CaSO4). The particle size distribution of gypsum was measured by the same equipment and technique with LS and FS, and the median particle size d50 was 11.5 μm.
Furthermore, the gypsum chemical component was analyzed by XRF,
and the percentage of oxides in gypsum is indicated in Table 1. The
mechanism and reactions to form ettringite are detailed in Section 2.2.
Citric acid (product code C1949 by Tokyo Chemical Industry Co.,
Ltd., Japan) was used as a retarder for the LSG in this investigation.
Citric acid has been proven to be an eﬀective retarder in ettringite
systems (see Refs. [19,20]), inﬂuencing the ettringite formation during
hydration reaction [20]. Moreover, citric acid was also used in Refs.
[21,22] as a retarder in gypsum plaster to improve setting time and
workability. The acid prevents the nucleation and the subsequent
crystal forming process of ettringite, as proposed in Ref. [23]. Automatic Vicat machine (model E044N by Matest, Italy) was employed to
record the setting time of mortars, complying with ASTM C191-13 [24].
Based on the preliminary experiments in this investigation, 1.8% citric
acid solution was used to attain the initial setting time of almost 1.2 h.
Polypropylene (PP) ﬁber was used in previous studies to attain
strain hardening behavior on cementitious composites [12,14]. In this
investigation, HTPP ﬁber was provided by Brasilit (Saint Gobain,
Brazil). The mechanical and physical properties of ﬁber are listed in
Table 2. While HTPP ﬁber is inexpensive compared to PVA ﬁbers because of the worldwide availability of PP raw material [25], the ﬁber
oﬀers good mechanical properties due to the high tenacity from manufacturing processes. Consequently, using PP ﬁber is more cost eﬃcient
than other polymeric ﬁbers used in ECC (e.g., PVA and high modulus
polyethylene ﬁbers). The adopted HTPP ﬁber was successfully used to
produce strain hardening OPC based cementitious composites [25].
According to the design framework in Refs. [11,26] and our preliminary experimental results, the minimum volume fraction of ﬁber of
2% was chosen to yield PSH behavior on HTPP ﬁber reinforced LSG
composites with adequate workability. The same ﬁber volume fraction
was also eﬀectively used in Ref. [25] for HTPP ﬁber reinforced ECC.

have not been any further investigations on the macro scale mechanical
properties of those composites. Thus, there is a need to study ﬁber reinforced ettringite-based binders, especially when the material oﬀers
more environmental beneﬁts than conventional cements.
This investigation is encouraged by the lack of information about
high performance ﬁber reinforced ettringite-based binders, as mentioned. This is the ﬁrst attempt to produce PSH behavior on a cementitious composite from LS, gypsum, and high tenacity polypropylene (HTPP) ﬁber. The matrix is formed by the hydration between
LS and gypsum (LSG). Compared to the hydrated LS in Ref. [9], this
matrix provides more economic beneﬁts by using the natural cooling
process for LS and consuming less energy by using hydrated gypsum. As
for the reinforcement, in a previous study [14], polypropylene ﬁber was
eﬀectively used to produce PSH behavior on alkali activated LS. As
reported in Ref. [14], the ﬁber oﬀers good mechanical properties and
better cost eﬃciency than other commonly-used ﬁbers (e.g., PVA ﬁbers)
when it comes to high performance cementitious composites. Consequently, the mechanical behavior of the HTPP ﬁber reinforced LSG is
experimentally investigated for the following relevant properties: ﬂexural strength, compressive strength, fracture toughness, and uniaxial
tensile behavior.
Finally, numerical simulations are detailed in this study using ﬁnite
element method (FEM) to assess the capability of a constitutive material
model to capture the mechanical behavior of HTPP ﬁber reinforced
LSG. In the numerical simulations, some unknown parameters of the
concrete damaged plasticity (CDP) model [15], generally adopted for
OPC concrete, were identiﬁed by conducting an inverse analysis. The
numerical results were veriﬁed by the experimental results obtained
from a mode I fracture. The comparison of the numerical simulations
and the experimental results highlights the eﬀectiveness of the CDP in
commercial FEM software for modeling the mechanical properties of
ﬁber reinforced ettringite-based binders. The numerical simulation
ﬁndings contribute to the general knowledge about high performance
ﬁber reinforced cementitious composites and HTPP ﬁber reinforced
LSG.
2. Materials and methods
2.1. Materials

2.2. Hydration of ladle slag and gypsum

The LS was supplied by SSAB Europe Oy, Finland, while ﬁne sand
(FS) was milled from standard sand (DIN EN 196-1 [16]). The as-received slag was collected at the by-product cooling pit of SSAB Europe
Oy, and the material was exposed to natural weathering. The chemical
composition of the LS, as shown in Table 1, was analyzed by X-ray
ﬂuorescence (XRF) (PANalytical Omnian Axiosmax) at 4 kV. The free
CaO measured by the method described in the standard EN 450-1 [17]
was zero. As detailed in the previous study [14], particle size plays an
important role in the activated reaction and the mechanical performance of the cementitious composite. Consequently, the as-received LS
and FS were separately milled with a ball mill (TPR-D-950-V-FU-EH by
Germatec, Germany) to reach a d50 value of less than 10 and 200 μm,
respectively. The particle size distribution was then analyzed by a laser
diﬀraction technique (Beckman Coulter 13 320) using the Fraunhofer
model [18].
Gypsum was used as a calcium sulfate source in this study. The
gypsum was CaSO4.2H2O (cement nomenclature: CS̄ .2H) supplied by
VWR Finland (product code 22451.360). In Ref. [9], CaSO4 was used to

The main reaction product of LSG is ettringite, and it is also the
dominant phase in CSAB and SSC cements [27–29]. Mayenite (C12A7) is
the main mineral in LS, as indicated by the X-ray diﬀraction (XRD)
results (Fig. 1). The mineral tends to have a rapid reaction with water to
produce hydrogarnet (C3AH6) aluminum hydroxide (AH3) as follows
[9]:

C12 A7 + 51H → 6C2 AH8 + AH3 → 4C3 AH6 + 3AH3 + 18H

Hydrogarnet prevents further reactions of C12A7 and consequently
impedes any further strength development in the hydrated LS. By
−
adding gypsum, the system forms ettringite (C3 A. 3CS . 32H ) instead of
hydrogarnet after the chemical reaction between C12A7 and gypsum;
the reaction is as follows:
−

CaO

SiO2

Al2O3

Fe2O3

MgO

SO3

Others

LS
Gypsum

50.96
41.40

8.27
0.96

27.87
0.12

1.13
0.07

6.31
0.48

0.80
53.75

4.66
3.22

−

C12 A7 + 12CS . 2H + 137H → 4C3 A. 3CS . 32H + 3AH3

(2)

The XRD pattern of LSG in Fig. 1 clearly shows that ettringite is the
dominant phase in the structure. Ettringite was estimated to be roughly
65% of the crystals in the LSG. Therefore, the mineral is the main
strength-giving phase of LSG, which is discussed in more detail in
Section 3.2.
The required amount of gypsum to complete the reaction C12A7
entirely was calculated by the modiﬁed Bogue equation, as proposed in
Ref. [9]. The amount of oxides from XRF analysis (see Table 1) was used

Table 1
Chemical composition (wt %) of LS and gypsum measured by XRF.
Oxide

(1)
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Table 2
Mechanical and physical properties of HTPP ﬁber.
ID

Type

Young's modulus (GPa)

Elongation at break (%)

Tensile strength (MPa)

Length (mm)

Diameter (μm)

Density (g/cm3)

HTPP

Multi-ﬁber

9

22

910

10

12

0.91

to calculate the percentage of C4AF, C12A7, and C2S in the LS. More
details about the calculations and modiﬁed Bogue equations can be
found in Ref. [9]. The percentage of C12A7 in the LS was approximately
47.5%; therefore, the gypsum-to-LS ratio to complete the hydration of
LS was roughly 0.38. However, the dosage of 30% gypsum was recommended as an optimized amount after the experimental investigation in Ref. [9] due to crack formation at 20% and 40% gypsum dosage.

Table 3
Mix proportions of the LSG reinforced with HTPP ﬁber.
Sample ID

Slag

Gypsum

Sand

Citric
acida

W/Bb

PP ﬁber

Fiber volume
fraction

2PP-LSG

0.7

0.3

0.5

1.8%

0.45

HTPP

2%

a

Citric acid mixed with water to produce solution with 1.8% concentration.
W/B (water-to-binder ratio) with total binder mass by the sum of the mass
of slag and gypsum.
b

2.3. Fiber reinforced mortar preparation

The dispersing agent was sodium polymethacrylate (commercial name
Darvan 7-N) supplied by Vanderbilt (USA) in liquid form. The role of
the agent is to stabilize the viscosity and rheology of the mortars and to
ensure proper ﬁber distribution in mortars [30,31]. The dosage of the
superplasticizer and dispersing agent were 0.5% and 1%, respectively,
by weight of total binder mass. The former was dry-mixed together with
LS, FS, and gypsum, while the latter was stirred well into the citric acid
solution.

The preparation of mortar specimens proceeded as follows: citric
acid solution was prepared with a concentration of 1.8%; citric acid
solid was weighted and dissolved into water by using magnetic stirring
with speed 250 rpm for 30 min. The solution was kept at room temperature (roughly 23 °C). LS, gypsum, and FS were then weighted and
mixed in a 5-L Kenwood mixer at low and high speed (70 rpm and
150 rpm, respectively) for 1 min at each level. The citric acid solution
was added gradually to the dry mixture. The mortar was mixed at low
speed for 3 min before adding the PP ﬁbers into the mixture. The ﬁbers
were added gradually to the mortar to obtain uniform ﬁber distribution
and to prevent ﬁber clustering during mixing. During the process, the
mixing speed was kept at low level and the mortar was checked periodically to ensure a uniform ﬁber dispersion in the mortar. After adding
the ﬁbers, mixing was continued for 10 min at high speed. It took approximately 20–25 min to complete the mixing process. Mortar samples
were cast into molds and vibrated for 3 min at a frequency of 1 Hz.
Samples were cured in plastic bags at room temperature for 24 h before
demolding. Samples were cured in a water bath at room temperature
(approximately 23 °C) until testing (7 and 28 days). The recipe of the
mixture is shown in Table 3.
A superplasticizer and dispersing agent were employed to gain
proper workability and ﬁber dispersion. The superplasticizer was a
melamine based chemical speciﬁed for calcium sulfate cements; the
chemical was powdered Melment F10 provided by BASF (Germany).

3. Mechanical experiments
3.1. Experimental procedures
The eﬀects of HTPP ﬁber reinforcement on LSG were measured
considering some main mechanical properties, including ﬂexural,
compressive, tensile strength, and fracture toughness. These properties
can provide a clear understanding on the performance of HTPP ﬁbers
reinforced LSG.
Uniaxial tension and ﬂexural (notched and un-notched beams) tests
were assisted by digital image correlation (DIC) techniques to monitor
the crack patterns. Images were captured and analyzed by LaVision
StrainMaster [32] and VIC-2D [33]. The image acquisition frequency
was set at 1 Hz, and the speckle pattern region of the sample was illuminated by an LED light source. The aperture and the shutter speed of

Fig. 1. XRD characterization of hydrated ladle slag and gypsum compared to as-received ladle slag.
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camera were set to f/4.0 and 2000 μs, respectively. Post processing of
images allows measurement of the full-ﬁeld displacement and calculation of the strain distribution over the surface previously speckled with
black and white acrylic paints. Some of the adopted parameters for
correlation were subset size 37 and step size 3. Those were selected
because lower values of subset and step sizes did not generate considerable variation of the calculated strain ﬁeld.
The three-point bending for un-notched specimens and compressive
strength tests, according to the standard ISO 679-2009 [34], were
conducted by a Zwick device (load cell of 100 kN). After 7 and 28 days
of curing in a water bath at room temperature, four specimens for each
of the considered materials were tested by the three-point bending test.
The purpose was to determine the ﬂexural characteristics of the reinforced mixtures compared to the reference unreinforced material. The
three-point bending test was done using displacement control and a
speed rate of 0.4 mm/min. The compressive strength was measured by
loading halves of the prismatic bending specimens. At least six specimens were tested for each combination and each curing time, and the
displacement speed was set to 1 mm/min.
The fracture toughness was investigated by the three-point bending
test while loading the notched specimens according to RILEM 1985
TC50-FMC [35]. Fig. 2 shows the scheme of the three points bending
test and the geometry of the notched specimen. The notch width was
1 mm. The three-point bending test was conducted after 28 days curing
in water at room temperature by the same loading device for the
bending tests. The displacement-loading rate was 0.4 mm/min. Fracture
energy was calculated based on the strategy used in Ref. [35], while the
fracture toughness was computed by the eﬀective crack model suggested by Karihaloo and Nallathambi [36].
Uniaxial tension tests were then performed on dog-bone specimens
with dimensions recommended by Japan Society of Civil Engineers for
high performance ﬁber reinforced cement composites [37]. The
adopted main geometrical features according to [37] were the following: width at the grip zone was 60 mm, width of the free length was
30 mm, thickness was 13 mm, total length was 330 mm, and the free
length was 80 mm. The specimen geometry was successfully used in
previous investigations in the literature (e.g., [38]). In addition, the
tensile tests of specimens cured in water for 28 days were performed
with a machine MTS 810 (maximum load capacity of 10 kN) with a
loading rate of 0.5 mm/min as in Ref. [38].

the crack propagation was monitored by the DIC technique as in Ref.
[38]. Experimental results revealed that the HTPP ﬁbers oﬀered considerable improvements in the mechanical properties of LSG composite
under diﬀerent loading conditions. Moreover, the PSH behavior was
recorded during uniaxial tensile tests with the appearance of multiple
cracks.
3.2.1. Bending
The ﬂexural strength of reinforced material was considerably improved compared to the plain material. Fig. 3a shows the ﬂexural
properties of the mixtures. The increase ranged approximately from
60% to 130% after 7 and 28 days, respectively, of curing for 2PP-LSG.
In the literature [39,40], the negative eﬀects of PP ﬁbers, due to weak
bond between PP ﬁbers and its surrounded matrix, and the debonding
process from the matrix [39], were reported on the long-term ﬂexural
strength of ﬂy ash and slag based geopolymer, while there was a negligible eﬀect on the early ages. The better ﬂexural performance of HTPP
ﬁber reinforced material in this investigation is mainly connected to the
high tenacity of ﬁbers that have high stiﬀness and high tensile strength,
allowing for a better load-carrying capacity between matrix and ﬁbers.
Also, due to the high-early-strength nature of the ettringite system
[27,28], there was no diﬀerence in ﬂexural strength of 2PP-LSG at 7
and 28 days when the ﬁbers and the matrix were already well-bonded.
The HTPP ﬁber changed the crack patterns of LSG composite completely with deﬂection hardening behavior recorded by DIC. Stress vs.
mid-span deﬂection curves of the reinforced (2PP-LSG) and unreinforced (LSG) materials are compared in Fig. 4, and the curves were
plotted by calculating the vertical deﬂection of samples with the DIC
technique. The plain material showed a typical brittle failure after
reaching peak load, while the 2PP-LSG exhibited deﬂection hardening
behavior with a signiﬁcant increase of load after the onset of initial
crack. The fundamental requirement for strain-hardening behavior is
the occurring of steady-state cracking under tensile load via the load
transferring between ﬁbers and matrix, as reported in Ref. [10]. Under
ﬁber bridging action, the ﬁbers delayed the formation of crack localization and the sudden failure of the brittle matrix. These results are
consistent with literature ﬁndings with PP ﬁber reinforced OPC composites. Deﬂection hardening behavior has been observed with 2% v/v
PP ﬁber in concrete [41], while with a PP ﬁber volume fraction of 0.5%,
the composite exhibits strain softening behavior [42]. Beside the positive eﬀect of ﬁber bridging action, the results show that adding HTPP
ﬁbers increased the crack tortuosity, prolonged crack formation, and
absorbed more energy [43]. At a mid-span deﬂection of 2 mm, the residual ﬂexural strength was approximately 35% of the ﬂexural strength.
The HTPP ﬁbers and the LSG matrix were properly bonded, improving the bridging capacity of the ﬁbers. Along with deﬂection
hardening behavior, multiple cracks were generated on 2PP-LSG, as
observed by the DIC (Fig. 5). After the initial crack, the ﬁbers transferred tensile load across the fracture surface, slowing the rate of additional crack formation. The stress-transferring process was continued
until the ﬁbers were pulled out, as exhibited by the softening branch on

3.2. Results and discussions
The experimental results provided an overview on the modiﬁcation
of some mechanical properties of the cementitious composite from LSG
mortars and HTPP ﬁber. The eﬀect of the ﬁbrous reinforcement was
analyzed by observing the fracture surface of the bent specimens with a
scanning electron microscope (SEM). Additionally, ﬂexural tests clariﬁed the role of ﬁbrous reinforcement on the crack initiation and propagation by the DIC technique. Finally, the strain hardening behavior of
the developed composites was analyzed under uniaxial tensile load, and

Fig. 2. Scheme of the notched prismatic beam for fracture toughness test (mode I).
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Fig. 3. (a) Flexural and (b) compressive strength of materials after 7 and 28 days of curing.

was captured by SEM images on the fracture surface (Fig. 6). The
fracture surface of reference material exhibited typical brittle failure
with crack propagation along interfacial transition zone between LSG
and FS (see Fig. 6a). The SEM images also show that the main phase in
LSG is ettringite generated from the chemical reaction with C12A7 (see
Equation (2)). The SEM images of the 2PP-LSG (Fig. 6b) clearly show
that HTPP ﬁbers dominantly failed by de-bonding. Furthermore, the
dispersed ﬁbers had some residual mortar still in adhesion, showing a
good bonding between ﬁbers and LSG matrix. The good bonding
strength consequently led to an eﬃcient load carrying capacity at the
macro scale, as highlighted in Figs. 4 and 5. Hence, higher energy was
spent on de-bonding and pulling out ﬁbers. The 2PP-LSG absorbed a
much larger amount of energy for propagating cracks, resulting in a
high ductility. The latter could be measured by the ductility index μ
(ratio of the ultimate hardening deﬂection to the deﬂection corresponding to the crack initiation) that is for the present reinforced materials μ ≈ 5, while a PAN ﬁber (4% v/v) reinforced OPC composite
attained μ ≈ 8, as reported in Ref. [44].
3.2.2. Unconﬁned compression
The reinforced material exhibited a higher compressive strength
than the plain material at both early and ﬁnal ages. Fig. 3b shows an
increase by approximately 75% and 40% in the 2PP-LSG after 7 and 28
days of curing, respectively, compared to the plain mixture. Using the
HTPP ﬁbers increased the compressive strength, contradicting ﬁndings
reported in literature [40,45]. In general, high performance ﬁber reinforced cementitious composites show higher compressive strength
than the unreinforced materials [46]. However, if the bonding strength
between ﬁbers and concrete is weak, adding more ﬁbers into the matrix
decreases the compressive strength [45]. Additionally, ﬁbers with different mechanical and physical properties can aﬀect the debonding and
frictional pull-out behavior [47]. The HTPP ﬁbers delayed the localization of the macro cracks and the propagation of micro-cracks [43].
Therefore, the driving force for the cracks is curtailed [48]. Therefore, it

Fig. 4. Flexural tests: representative load vs. mid-span deﬂection curves measured by DIC.

the stress vs. mid-span deﬂection of 2PP-LSG (see Fig. 4). In contrast,
there was only one localized crack recorded on the plain material by
DIC image. The crack indicated the brittle failure of LSG, in which the
load level dropped suddenly after reaching peak load (see Fig. 4).
The eﬀect of ﬁbers led to a larger deformation of the specimens with
relevant increase in the failure mid-span deﬂection under three-point
bending load. The local inﬂuence of the ﬁbrous reinforcement on LSG

Fig. 5. Contour of the maximum principal strain by DIC at the maximum bending load of (a) LSG, (b) 2PP-LSG after 7 days of curing.
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Fig. 6. Flexural tests: SEM images on fracture surfaces of (a) LSG and (b) 2PP-LSG specimen.

can be seen that the HTPP ﬁbers bonded properly with LSG matrix,
hence increasing the compressive strength of the composite.
Similarly to other ettringite systems (e.g., CSAB and SSC [5,6]), LSG
can reach high strength at an early age. As reported in Ref. [27],
gypsum was usually spent rapidly on the initial 16 h of hydration
processes to form ettringite. Consequently, the material can gain high
early strength within 7 days after the hydration; in Ref. [9], hydrated LS
gained roughly 85% of its ultimate strength within 7 days. Fig. 3b
shows that the compressive strength of LSG after 7 days of curing
reached roughly 23 MPa, which is equivalent to 60% of the compressive
strength (i.e., 33 MPa) at the ﬁnal age. Therefore, in the present LS
based ettringite system, the binder developed compressive strength for
a longer time than other similar ettringite systems thanks to the form of
gypsum used (CaSO4.2H2O). In comparison to Portland cement, where
the main bonding phase is C-S-H, ettringite is the main strength-giving
phase in LSG. Interestingly, as reported in the literature, using ettringite
leads to the capability to capture heavy metals [7,8] and lower drying
shrinkage [49] compared to the conventional cement.
The LSG binder tends to become more brittle in time. The behavior
was highlighted in ﬂexural and compressive strength of LSG (reference
material) in Fig. 3. After 28 days of curing in water, the compressive
strength increased by 40% compared to the 7-day-curing sample and
reached 33 MPa. However, at the same time, the ﬂexural strength of the
composite decreased by approximately 25%. As discussed in Ref. [50],
the compressive strength of ettringite-based binders may vary depending on the sulfate source (e.g., anhydrite, gypsum, or basanite). In
LSG, ettringite was formed continuously during the curing period of 28
days; as a result, the compressive strength increased over time. However, the ﬂexural strength decreased because, as reported in Ref. [51],
the needle-shaped crystal might inﬂuence the formation of cracks,
which can lead to a reduction in modulus and hardness. Therefore,
further investigation on the micro-mechanical properties of LSG is
warranted. Interestingly, no such diﬀerence was recorded on the ﬁber
reinforced composite presumably due to good ﬁber bridging action,
which curtailed crack propagation.

3.2.3. Fracture toughness
The plain composition showed typical brittle mode I fracture process under ﬂexural loading, while the reinforced LSG had much better
load-carrying capacity due to the ﬁber bridging action. The representative load-crack mouth opening displacement (CMOD) curves of
materials obtained from DIC are compared in Fig. 7. The addition of
HTPP ﬁbers dramatically improved the peak and post-peak load levels
with large CMOD. In agreement with a previous study on ﬁber reinforced cement mortars [52], the three main stages of material response under fracture toughness mode I are visible: initial crack appearance, minimum post-cracking load, and maximum post-cracking
load. The crack propagated on 2PP-LSG early, but the HTPP ﬁbers
started bridging and absorbing energy immediately after the onset of
initial crack. The material behavior is comparable to the split-ﬁlm PP
ﬁber reinforced alkali-activated LS [14]. Strain maps calculated by DIC
at the peak load of two materials (points A and B) exhibited the large
CMOD of 2PP-LSG compared to the plain material. At the peak load of
the plain composition (point A), the crack propagated quickly with a
low load level (approximately 336 N). Consequently, the composition
exhibited a typical brittle failure in which the load level suddenly
dropped with a low CMOD. The strain map of 2PP-LSG at peak load
(point B) shows higher load-carrying capacity thanks to the eﬀect of the
ﬁber bridging action; the maximum load level was 961 N. Additionally,
the crack mouth opened widely with roughly 0.6 mm in comparison to
a CMOD of 0.008 mm of the reference material.
Flexural loading of notched beams revealed important improvements in the fracture energy and fracture toughness of the composite
oﬀered by the HTPP ﬁbers. The quantitative improvements are represented in Fig. 8 with fracture energy and fracture toughness calculated based on the RILEM recommendation [35] and the eﬀective crack
model [36], respectively. The comparison in Fig. 8 indicates that the
average fracture energy and fracture toughness of 2PP-LSG is 124.8 and
5.30 times larger than the reference material, respectively. In the literature, there are few investigations on the ﬁber reinforced ettringite
systems (e.g., CSAB and SSC cements). Therefore, further studies on the
interaction between ﬁbrous reinforcement and ettringite systems and
the eﬀect of diﬀerent ﬁbers on fracture mechanism are necessary.
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Fig. 7. Fracture toughness tests: representative load vs. CMOD measured by DIC; map of the maximum principal strain (εI) captured by DIC at peak load of LSG (A)
and 2PP-LSG (B).

2.3 MPa) with a very small strain. In contrast, the 2PP-LSG exhibited a
PSH behavior after the onset of initial crack (at roughly 2 MPa) for a
load level higher than 3.1 MPa. The average stress-performance index
(i.e., the ratio of the peak of crack bridging stress to the ﬁrst cracking
strength, as detailed in Ref. [10]) of 2PP-LSG, which estimates the
ability to perform PSH behavior, was 1.5. In ECC, this index is usually
higher than 1.3, as suggested in Ref. [10]. After the initial crack onset,
2PP-LSG indicated a PSH behavior due to a proper load transferring
mechanism with an increase in the peak load of 32% in comparison to
the initial crack load. The strain capacity was 500 times larger than that
of unreinforced material with approximately 1.0% strain. Similar results in literature were reported on OPC cement based ECC using PP
ﬁbers [25] or hybrid PP-PVA ﬁbers [55].
The good bridging action allowed the ﬁbers to carry tensile load at
the early stage and to reach a higher loading level than that of the plain
material. The comparison of average ﬁrst crack and maximum tensile
stress levels is shown in Fig. 9b. The plain material had the same value
for the two stress levels, meaning that the crack appeared at the peak
tensile load. The 2PP-LSG also exhibited considerable PSH behavior, as
demonstrated by the stress-performance index. Furthermore, the tensile
strength of the reinforced materials was higher than that of the plain
material, with an increase of approximately 18%. However, the initial
crack load was lower than that of the reference material. This is consistent with the performance under mode I fracture (Fig. 7) in which the
crack appeared early; hence, the HTPP ﬁber started bridging cracks
immediately afterward.
The observation by DIC conﬁrms the PSH behavior of the reinforced
composition compared to the reference material. Further inspection of
the crack patterns and maximum principal strain maps conﬁrmed the
HTPP ﬁbers bridging action in the LSG matrix (Fig. 10). At 0.1% strain
in the load direction (Fig. 10a), several cracks appeared on the area of
interest, while the initial crack was located on the left side of the
sample. In this stage, the HTPP ﬁbers started transferring the applied
load back to the LSG matrix, which led to the generation of some new
cracks. The micro cracks then propagated and eventually increased
strain (see Figs. 9a and 10b) through the load transferring mechanism.
Additionally, some new micro cracks were also formed on the sample at
the strain of 0.5%. These observations are consistent with DIC observations on ﬂy ash based geopolymer ECC [38]. At the peak load of

Fig. 8. Fracture toughness tests: fracture energy and fracture toughness at
failure.

Compared to the OPC based composite, the basalt ﬁber reinforced OPC
mortar increased the fracture energy by 7.2 times with 5% ﬁber reinforcement [53]. Moreover, regarding fracture toughness, a maximum
increase of 3 times was achieved by using 8.3 wt% of cotton ﬁbers in ﬂy
ash based geopolymer [54].

3.2.4. Uniaxial tension
PSH behavior was recorded on HTPP ﬁber reinforced LSG under
uniaxial tension tests. Fig. 9a shows the comparison between the
average stress vs. strain curves (continuous lines) of the reinforced and
reference materials. The strain was measured by the DIC technique with
a virtual strain gage (gage length 80 mm). The reference material indicated a typical stress-strain curve for brittle materials, and the stress
dropped immediately after reaching the peak load (approximately
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Fig. 9. Tensile test: a) stress-strain measured by DIC (continuous blue line is the average curve, dash line is for individual test) b) ﬁrst crack and maximum stress
levels. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

fracture. The CDP model, generally adopted for ordinary concrete, was
exploited. Some parameters of the CDP model (see Section 4.1) were
estimated by a preliminary inverse analysis (as in Ref. [56]), calibrating
the numerical results in terms of the response registered in the experimental mode I fracture test [57]. The results revealed good agreements between numerical simulation and experimental results. Furthermore, the results highlight the capability of the CDP model to
predict the PSH behavior, as recorded via experiments.
4.1. Features of the numerical model
The CDP constitutive model, as available in Ref. [15], was adopted
in this investigation to model the nonlinear behavior of the HTPP ﬁber
reinforced LSG. The CDP model combines isotropic linear elasticity and
isotropic tensile and compressive plasticity to simulate the inelastic
behavior of the considered material. The CDP model considers nonassociated potential plastic ﬂow, resulting in a non-symmetric stiﬀness
matrix [15]. The Drucker-Prager hyperbolic function is used to assess
the potential ﬂow. The fundamental constitutive parameters of CDP
include dilation angle β, plastic potential eccentricity m, stress ratio fb0/
fc0, (ratio between the compressive strength in biaxial and uniaxial
compression, fb0 and fc0, respectively), shape of the loading surface K,
and viscosity parameter V. The parameters β and m represent the shape
of the ﬂow potential function and set according to [58] (Table 4). Besides, fb0/fc0, and K describe the shape of the yield function, and the
adopted values are the recommended default values by Ref. [15]
(Table 4). The value of V parameter was assumed to be zero in this
analysis.
The uniaxial behavior for the un-cracked material was assumed to
be linear. For the cracked state, the compression stress-strain relationship, which was obtained from the experimental testing, was adopted
for the CDP model from the average experimental results. For the tensile behavior, inverse analysis was conducted to determine the ﬁrst

Fig. 10. Tensile test of 2PP-LSG: crack patterns and map of the maximum
principal strain (εI) recorded by DIC at the strain in the load direction of (a)
ε = 0.1%, b) ε = 0.5%, and c) ε = 1%.

2PP-LSG, the strain capacity was approximately 1% (Fig. 10c). Cracks
were propagating (started at approximately 2 MPa), while PSH behavior is still observed on the stress vs. strain curve in Fig. 9a. The residual
strength at strain 2% is about 70% of peak load, which this indicates
residual bonding and friction provided between the HTPP ﬁber and the
LSG matrix.

Table 4
Numerical simulation: parameters for CDP model in FEM analysis.

4. Numerical modeling and comparisons
The numerical simulation by FEM provides some preliminary understandings on the accuracy of an available constitutive model on
predicting the mechanical performance of the LSG reinforced with
HTPP ﬁber by comparing to the experimental results under the mode I

Material

E (MPa)

ν

β

m (a)

fb0/fc0
(a)

K(a)

σu

2PP-LSG

2900

0.2

30

1

1.12

0.666

1.51

a

335

Adopted from Ref. [58].

σ0

εu

ε0

85.7

Gf (N/
mm)
0.41
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crack tensile stress σ0, the maximum stress σu, and their corresponding
strains ε0 and εu, respectively. Inverse analysis was used to deﬁne the
unknown parameters simulating the mode I fracture of 2PP-LSG and
comparing with the experimental results, as suggested in Refs. [59,60].
σ
ε
Strain hardening behavior, resulting for σu > 1 and εu > 1, was sup0
0
posed to be for the post cracking state, and the fracture energy Gf was
obtained by calculating the underneath stress-strain curve from ε0 to εu.
The elastic parameters, Young's modulus and Poisson's ratio, were estimated as 2900 MPa and 0.2, respectively. All parameter inputs of the
CDP model are detailed in Table 4.
The 3D numerical simulation reproduced the ﬂexural setup for the
notched beam, and the shape and size of the specimen are shown in
Fig. 2. Boundary conditions were set to reproduce the two bottom
supports and the top applied load on the mid-span. Twenty-node 3D
solid hexahedral elements with reduced integration (C3D20R) were
used to simulate the model. To assess the mesh dependence of the ﬁnite
element model, two diﬀerent mesh sizes with the number of elements of
5160 (coarse mesh) and 17280 (ﬁne mesh) were used. The latter had a
reﬁned mesh in the location where relatively high-strain gradients (i.e.,
cracks) are expected to develop (center of the specimen). All meshes
produced almost similar load vs. mid-span deﬂection relations, while
the ﬁne mesh predicts, as expected, a damage evolution and distribution more similar to the experimental one. Accordingly, the ﬁne mesh
was supposed for the FEM results presented in the following sections.

Fig. 11. Comparison of the experimental and numerical results of fracture
toughness test: load vs. mid-span deﬂection.

(Fig. 12b A, bottom), as observed experimentally by DIC (Fig. 12b A,
top). Increasing the load level, DIC map shows the crack propagation at
the peak load through almost two-thirds of the ligament height. This is
also visible on the predicted FEM strain distribution, with highest strain
gradient covering the same zone of the crack development. The strain/
stress concentrations macroscopically indicate the locations with higher
probability of damage occurrence. The prediction of the local eﬀect of
ﬁbers reinforcement (e.g., bridging) requires dedicated material models
(see e.g., [61]).

4.2. Numerical results and comparison
The preliminary inverse numerical analysis allowed the estimation
of the following parameters in the CDP model: σu/σ0, εu/ε0, and Gf (see
Table 4). The inverse analysis was performed to best ﬁt the average
experimental results in terms of load vs. mid-span deﬂection curve of
the mode I fracture tests for the reinforced LSG. The parameters were
obtained by getting an error lower than 5% (the error less than 10% is
acceptable, as reported in Ref. [56]), which was computed by the following:

Error =

Aexp − Anum

× 100

Aexp

5. Conclusions
The investigation demonstrates that ladle slag (LS) can be eﬀectively used as a precursor in cementitious materials. The slag can produce an ettringite-based binder via hydrations with gypsum. Ettringite
is the main strength-giving phase of the binder. To deal with the brittleness of the binder, high tenacity polypropylene (HTPP) ﬁber is employed to produce a high performance ﬁber reinforced cementitious
composite from the waste-based material.
The mechanical properties of the hydrated ladle slag and gypsum
(LSG) is signiﬁcantly improved by using HTPP ﬁber as reinforcement.
The LSG exhibits pseudo strain hardening (PSH) behavior and high
ductility with a proper amount and properties of HTPP ﬁbrous reinforcement. In addition, multiple ﬁne cracks along with PSH behavior
were observed by the DIC technique under the uniaxial loading condition. The mechanical properties of 2PP-LSG mortars greatly increase
by 130%, 40%, 5.30 times, and 124.8 times in ﬂexural, compressive
strength, fracture toughness, and fracture energy, respectively after 28
days of curing in water bath.
The use of such ﬁber reinforced LSG in real applications requires a
suitable constitutive model in a predictive design tool. In the present
investigation, the concrete damaged plasticity (CDP) model, implemented in a ﬁnite element code, was demonstrated to have a good
accuracy, setting the proper material parameters. The predicted mode I
fracture behavior was in good agreement with the experimental results.
However, other in-depth numerical investigations are required to better
assess the accuracy of the CDP model with diﬀerent loading conditions.
Finally, this investigation increases the conﬁdence in the production
of high performance ﬁber reinforced cementitious composites from
waste-based matrices reinforced with low-price ﬁbers However, further
investigations need addressing, including understanding of the damage

(3)

where Aexp and Anum are the areas underneath the experimental and
numerical load vs. mid-span deﬂection curves, respectively.
The experimental and numerical results of ﬂexural loading notched
beam are compared in this section in terms of load vs. mid-span deﬂection and load vs. CMOD. Moreover, the distribution of the maximum
principal strain as estimated by FEM and measured by DIC are detailed
to show the damage evolution. The evolutions of the mid-span deﬂection and of the CMOD were compared to the average experimental
response (Fig. 11 and Fig. 12a, respectively). Accurate prediction is for
the load vs. mid-span deﬂection both for the initial elastic deformation
for the peak load, as well as the post peak branch. The error between
experimental and numerical results, according to Equation (3), was
roughly 2%.
The numerical analysis proved the PSH behavior observed on the
2PP-LSG through experiments (see Sections 3.2.1 and 3.2.4). The stress
performance index ( σu ⎞⎟ was estimated as 1.51 (Table 4), which is si0
⎠
milar to the experimental value (i.e., 1.5).
The numerical prediction of the CMOD had a good agreement with
the measured by DIC (see Fig. 12a). The comparison of numerical and
experimental load vs. CMOD shows the accuracy of the FEM model both
for the initial loading hardening and the softening branches, while an
underestimation was for the peak load. In addition, maps of the maximum principal strain by DIC and FEM were captured at the crack initiation load (Fig. 12b, point A) and the peak load (Fig. 12b, point B).
The strain distribution recorded numerically precisely detects the crack
initiation with the correct maximum principal strain gradient location
σ
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Fig. 12. Comparison between the experimental and numerical results of fracture toughness test: (a) load vs. CMOD, (b) contour of maximum principal strain (εI) by
DIC (top) and FEM (bottom) at crack initiation load (A - left) and peak load (B - right).

mechanisms with observations at the micro-scale and the durability in
aggressive environments.
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