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A B S T R A C T

The paper presents indentation studies on wollastonite fiber incorporated cementitious systems. The acicular 
nature of the fibers is poised to delay the coalescence of micro-cracks in such systems thus leading to tougher 
building materials. Towards that end, load-penetration depth results from the indentation studies are employed 
to ascertain elastic and fracture properties of wollastonite-incorporated cementitious composites. While up to 
10% mass-based cement-replacement by wollastonite results in comparable elastic moduli as compared to 
conventional binders, the fracture toughness increases by as much as 33%. In order to gain insights into the 
toughening mechanisms brought about by the fine fibers, a microstructure-guided numerical simulation strategy 
is adopted towards effective fracture performance prediction. The performance enhancement of the wollastonite 
systems is corroborated by the finite element-based simulations carried out on the virtual microstructures that 
accurately capture the heterogeneity of such systems. Besides fracture performance enhancement, the 
wollastonite-incorporated cementitious systems also contribute towards development of sustainable cement 
replacing compositions. Moreover, the micromechanical predictive tool developed in this study facilitate effi
cient means to tune the materials structure for desired performance.   

1. Introduction

Cementitious systems, the de-facto construction material, owing to
its limited strain capacity and inherent heterogeneity suffer from limi
tations in its fracture performance [1,2]. Discontinuous micro-cracks 
around the strong phases in such systems lead to its brittle nature that 
can cause catastrophic failure thus significantly lowering the service life 
of structures. While reactive additives facilitating pozzolanic reactions 
[3,4] have been widely reported, non-reactive inclusions in natural or 
synthetic fibers [4–22] can also serve to address the limitations associ
ated with conventional cementitious systems. Micro-fiber reinforcement 
as toughening mechanisms have been explored with steel fibers [23,24], 
glass fibers [25,26], carbon fibers [27,28], wollastonite [29,30] and 
textile reinforcement [31,32] over the past few decades. The current 
study incorporates naturally occurring wollastonite fibers that can be 
sourced without any hazardous byproducts. Such fibers, composed of 
calcium meta-silicate (β-CaSiO3) have up to 90% calcium oxide (CaO) 
and silicon dioxide (SiO2) [33], are thermally and chemically resistant 
with high stiffness in the 300–500 GPa range [34]. Wollastonite fibers 

can be obtained in aspect ratios ranging from 3:1 to 20:1, thus facili
tating the incorporation of the acicular-shaped particles in cementitious 
and ceramic systems as fillers [35]. The effectiveness of fine wollastonite 
fibers in fracture performance enhancement has been enunciated in 
[36–38]. However, ascertaining the fracture performance of such sys
tems with three-point fracture studies is challenging owing to the notch 
sensitivity of cementitious systems. Thus, indentation studies are carried 
out in the current scope of work to bring about a comparative evaluation 
of the fracture performance of wollastonite incorporated cementitious 
systems. The computation of fracture toughness from indentation 
studies has been demonstrated in epoxy coatings [39], quasi-brittle 
materials [40–43], thin oxide coatings [44,45], shale rocks [46–48], 
and recently in geopolymers [49]. The fracture performance evaluation 
for heterogeneous systems by indentation techniques however is chal
lenging due to the requirement of quantitative visualization of the 
fracture area [49]. Therefore, the current paper entails a detailed nu
merical study that captures the material heterogeneity and implements a 
finite element-based model to predict a lower bound fracture perfor
mance guided comparative evaluation. The numerical simulation 
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experiment was performed (see section A.2 of the Supplementary 
document) and the length of the radial cracks was indeed found to be 
very small. Thus, the XFEM study fortifies the above discussions. Be
sides, for additional insights, the experimentally obtained fracture 
toughness values are compared with the ones obtained from 
micromechanics-based numerical simulations as detailed later in this 
paper. 

2.2. Experimental results and discussion 

2.2.1. Load-penetration depth responses 
This section shows the load-penetration depth characteristics of the 

cementitious composites under different experimental conditions. Dur
ing the loading phase of the indentation, the penetration depth increases 
until the predetermined peak load is reached. As the peak load is 
attained, the indenter is held for 30 s. The unloading phase commences 
thereafter. The predetermined loading/unloading rate is kept constant 
throughout the loading and unloading phases. Fig. 3 shows the typical 
load penetration depth curves obtained by a parametric variation of the 
rate of loading/unloading and peak load with wollastonite content. 
Fig. 3(a) shows the variation of load penetration depth curves with a 
parametric variation of the rate of loading/unloading. The observed 
curves show little variation for 5% wollastonite samples at a peak load of 
500 mN. The other samples show similar trends. The indifference of the 
load-penetration depth curves towards rate dependence can be 

attributed to the low strain rates adopted in the study. For cement-paste 
based systems, the dynamic impact factors for strain rates less than 30 
are reported around 1 [77] signifying negligible rate dependence for low 
rates. A change in the load penetration depth curve is observed for a rate 
around 30, consistent with [77]. However, in the range of strain rates 
adopted in the study, the material is considered rate-independent, as 
adopted in the simulations (See Section 3). Fig. 3(b) shows the 
load-penetration depth curves for varying peak loads with 5% wollas
tonite content samples and a loading/unloading rate of 20 mN/s. A 
trivial observation is the peak load in the curves which is set to 500, 
1000 and 1500 mN respectively. Since there’s negligible variation in the 
slope of the unloading curves, the obtained elastic properties are similar 
(as shown later in Fig. 3). The total area under the loading curve in
creases due to the peak load which leads to significantly higher energy 
release. However, the fracture toughness, being a material property is 
governed by the wollastonite content (see Fig. 6). It is to be noted that 
the fracture toughness computation (see Section 2.1.4) normalizes the 
area under the curve with depth of penetration. Thus, the higher peak 
loads correspond to higher depths of penetrations and result in consis
tent fracture toughness values for similar material compositions. Fig. 3 
(c) shows the load-penetration depth curves for increasing wollastonite 
contents of 5 and 10% contrasted with the control sample with a loa
ding/unloading rate of 20 mN/s and a peak load of 500 mN. As seen in 
Fig. 3(c), with increasing wollastonite content, the slope of the 
unloading curve is relatively similar which translates to similar elastic 

Fig. 4. Young’s modulus of wollastonite incorporated cementitious systems with varying wollastonite content replacing cement; (a) comparison with loading/ 
unloading rates (b) comparison with peak loads. 

Fig. 5. Hardness of wollastonite incorporated cementitious systems with varying wollastonite content replacing cement (a) comparison with loading/unloading rates 
(b) comparison with peak loads. 
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moduli as shown in Fig. 4. Since the peak load is kept constant for every 
wollastonite content shown in Fig. 3(c), the peak depth governs the 
hardness depicted later in Fig. 5. The trends for samples with varying 
wollastonite content are consistent with the parameters of loa
ding/unloading rate and peak load. With increasing wollastonite con
tent, the resistance offered by the material during indentation increases 
which translates to an enhanced fracture performance, as explained later 
in Section 2.2.3. 

2.2.2. Evaluation of Young’s modulus and hardness 
In order to calculate the Young’s modulus, Equation (4) is used 

where the reduced modulus is calculated from Equation (1). The value of 
contact stiffness S is computed from the linear portion of the unloading 
curve in the range of 40–100% of Pmax. For each set of peak load and 
load/unload rate combination, the hardness and Young’s modulus are 
calculated using Equations (2) and (4) respectively. It is to be noted that 
a constant Poisson’s ratio of 0.20 is used here since the effect of variation 
of Poisson’s ratio in the range 0.18–0.22 has been reported to be 
insignificant on the value of calculated Young’s modulus [78,79]. Fig. 4 
shows the statistical results of Young’s modulus with increasing 
wollastonite content. The parametric variations in the obtained Young’s 
modulus values are shown in Fig. 4(a) for loading/unloading rate and 
for peak load in Fig. 4(b). With varying wollastonite dosage, the Young’s 
modulus stays relatively similar. Overall, considering the overlapping 
error bars, it can be inferred that the difference in Young’s modulus with 
varying wollastonite content is not statistically significant. As described 
earlier, the variation in the slope of the unloading curves for parametric 
variation of loading/unloading rate and peak load are negligible. Thus, 
the variation in modulus for the parameters (rate and peak load) are 
negligible. Similar trends were also observed from previous studies for 
cement-based systems [67,80]. It is to be noted that the elastic modulus 
is an inherent material property and it doesn’t depend on the indenta
tion parameters. The independence of the elastic properties on the pa
rameters has also been reported in [81] for the parametric ranges 
adopted in the study. 

Fig. 5 shows the hardness with varying wollastonite dosage. Since 
hardness is a measure of the resistance of the material to an indentation 
load, the observed trends are similar to that for elastic moduli. Fig. 5(a) 
shows a parametric variation of loading/unloading rate while Fig. 5(b) 
shows a parametric variation of peak load. Hardness being an intrinsic 
material property is independent of the rate and the peak load in the 
range of values considered in the study. Overall, a general trend suggests 
that the samples with 10% wollastonite content exhibit a slightly higher 
hardness value, although it is within the limit of experimental 
variations. 

To summarize the elastic properties, the average rise in elastic 

modulus with 5% wollastonite replacement is 1.88% while that for 10% 
wollastonite replacement is 4.37% as compared to the control specimen. 
The rise in hardness for 5% and 10% wollastonite replacement is 1.78% 
and 7.67% respectively compared to the control specimen. Needless to 
mention, the percentage changes can be attributed to the experimental 
variations. However, it is noteworthy that the replacement of cement by 
a sustainable alternative in the form wollastonite fibers leads to similar 
elastic constitutive responses as conventional systems. The forthcoming 
section of the study evaluates the fracture performance of systems with 
wollastonite replacement. 

2.2.3. Fracture response of wollastonite incorporated hardened cement 
paste 

The poor fracture performance of cement-based system lies in the 
presence of inherent micro-voids. Wollastonite fibers, owing to their fine 
nature, can act as fillers [35]. Besides, the acicular nature of the fine 
fibers can lead to improved crack bridging which can be ascertained by a 
fracture response study. Towards this end, the fracture toughness of the 
wollastonite replaced cementitious systems are obtained from the 
micro-indentation load-penetration depth curves using the methodology 
detailed in Section 2.1.4. Fig. 6 shows the fracture toughness of the 
cementitious composites with increasing wollastonite content by cement 
replacement. A parametric variation of the results is presented for rate of 
the micro-indentation loading/unloading and peak load in Fig. 6(a) and 
(b) respectively. The computed fracture toughness of the cementitious 
composites containing 5% and 10% wollastonite by replacement of 
cement are 0.73 ± 0.03 MPa-m0.5 and 0.83 ± 0.028 MPa-m0.5 respec
tively as compared to that of the control hardened cement paste being 
0.61 ± 0.053 MPa-m0.5. The respective gains in fracture toughness are 
17.88% and 33.71% cementitious composites containing 5% and 10% 
wollastonite as cement replacement respectively. The toughening effects 
of the fiber incorporation result from the acicular nature of such 
wollastonite fibers that significantly bridge cracks at the micro-level 
thus delaying micro-crack coalescence. This directly enhances the crit
ical threshold of crack propagation, as captured in the fracture tough
ness values of wollastonite incorporated compositions. It is noteworthy 
that, in the current scope of study, the choice of quantity of wollastonite 
replacement, as governed by the workability of the resulting mixtures, 
plays a role in the gains of fracture toughness compared to the control 
specimens. A significantly higher wollastonite content may well create 
voids due to agglomeration of the fibers thus creating material flaws for 
fracture initiation. Thereafter, the optimum choice of wollastonite 
replacement can lead to significant gains in fracture toughness thus 
addressing an inherent limitation of cementitious systems while being a 
sustainable option. 

From the experimental observations, the load-penetration depth 

Fig. 6. Fracture toughness of wollastonite incorporated cementitious systems with varying wollastonite content replacing cement; (a) comparison with loading/ 
unloading rates (b) comparison with peak loads. 
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curves provide insights into the effects of micro-indentation parameters 
and material performance. The computed elastic and fracture properties 
show little to no variation with the micro-indentation parameters which 
can be attributed to the material intrinsic behavior. For the elastic ma
terial parameters, the replacement of cement by wollastonite fibers up to 
10% results in comparable performance with control composition. This 
paves the way for sustainable alternatives in the form of wollastonite 
replacement without compromising the design loads for conventional 
cement-based systems. However, the inherent limitations associated 
with cementitious systems in its fracture performance can be signifi
cantly addressed by the wollastonite incorporation. The acicular nature 
of the fibers leading to crack bridging and delayed micro-crack coales
cence directly leads to a tougher material with significant improvements 
in observed fracture toughness. Such observations from micro- 
indentation experiments corroborate with the observations from 
notched specimens in fracture. The following section provides an 
exhaustive numerical simulation strategy that aims to capture the 
inherent heterogeneity of wollastonite incorporated cementitious sys
tems and applies continuum damage towards effective property 
prediction. 

3. Numerical simulation 

This section elucidates the inherent material characteristics of the 
wollastonite incorporated cementitious systems with a view to under
standing the experimentally obtained material performance. The het
erogeneity in wollastonite fiber incorporated cementitious systems are 
studied as a two-phase microstructure with embedded wollastonite fiber 
inclusions in a hardened cement paste matrix. A numerical homogeni
zation technique involving continuum micromechanics [82,83] is pre
sented herein. The simulation strategy relies on strong inclusions 
embedded in a matrix with weak interfaces. Thus, a cohesive zone model 
for the interfaces and continuum damage model for the matrix is 
adopted with elastic inclusions. The simulation approach involves ac
curate representation of the material microstructure captured in repre
sentative unit cells. These unit cells are subjected to a finite-element 
analysis with periodic boundary conditions to result in the constitutive 
response under unidirectional tensile loads. The responses thus obtained 
are used to compute the elastic and fracture properties of the system, 
which are further correlated with experimental observations. Such ho
mogenized properties can also serve as inputs for ascertaining the 
indentation behavior (as explained in the Supplementary Section A). 
The forthcoming sub-sections describe the numerical simulation 
approach and the framework towards prediction of fracture response of 
wollastonite-reinforced cementitious composites. 

3.1. Numerical simulation approach for prediction of effective constitutive 
response and fracture behavior 

The framework adopted herein aims to elucidate the effect of addi
tion of wollastonite inclusions on the microscale fracture response of 
inclusion modified heterogenous system. This framework implements 
cohesive zone model (CZM)-based interfacial behavior using continuum 
damage model [84,85] at the matrix-inclusion interfaces and an 
isotropic damage model in the matrix [84,86,87] of the representative 
unit cell to obtain the effective constitutive response in the post-peak 
regime. 

3.1.1. Generation of representative unit cells 
Using Lubachhevsky-Stillinger algorithm [88–90], the unit cells for 

representative unit cell microstructure are generated. In this algorithm a 
hard contact model is employed where no contact is allowed. The 
generated microstructure with periodic geometry is then imported to a 
commercial finite element software via a python script. Further details 
of the unit cell generation algorithm can be found in [85] and has been 
successfully implemented in various previous studies [22,85,90,91]. 

3.1.2. Boundary conditions 
To ensure a continuity of displacement and traction across bound

aries of unit cells, periodic boundary condition (PBC) [85,92] is imple
mented. PBCs are computationally efficient even for smaller size of unit 
cells which facilitate faster convergence [90]. Further details on PBCs 
can be found in [93,94]. After PBC implementation, the representative 
unit cell is then meshed before subjected to uniaxial tensile strain using a 
displacement-controlled test scenario. The subsequent sections describe 
the numerical homogenization approach that implements CZM-based 
damage at the interface and isotropic damage in the matrix. 

3.1.3. Prediction of effective constitutive response 
The prediction of effective constitutive response relies on the 

representative unit cell structure generated based on the known 
microstructural features of the material, application of the periodic 
boundary conditions on the representative unit cell, mesh convergence 
and loading application to obtain the stress-strain response. The current 
study also implements debonding at the matrix-inclusion interfaces by 
incorporating zero thickness cohesive interface elements and interfacial 
debonding is implemented using a continuum approach coupled with 
CZM [84]. Isotropic damage is incorporated in the matrix so as to obtain 
the post-peak effective constitutive response of the composite. Such an 
approach has been successfully implemented in previous studies for 
particulate-reinforced cementitious systems [95,96], mortars [78] and 
geopolymers [97]. 

3.1.3.1. CZM damage for interfacial bonding. In this work, CZM coupled 
with continuum damage is implemented for interfacial debonding. Zero- 
thickness interface elements are implemented to ensure the continuity in 
displacement. Such implementation has been successfully implemented 
for relative slip or separation studies in [84,85]. The mode-I fracture is 
initiated in the CZM when the stress state exceeds the tensile strength of 
the matrix. The traction separation law that governs the damage prop
agation is obtained by calculating an equivalent interface opening, λ and 
equivalent traction, σc as shown in Equation (9) and Equation (10), 
respectively [84,85,98]. 
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where un and ut are normal and tangential displacement jumps, λo is the 
threshold limit [84,85] defined by 2Gf

/
ft (where Gf is the initial fracture 

energy) up to which the σc increases with λ with a penalty stiffness (KP), 
ft is the tensile strength and GF is the total fracture energy. The volume 
integral of σc is partially differentiated with respect to un and ut to obtain 
equivalent normal traction (tcn) and tangential traction (tct). The partial 
derivatives of the traction with respect to displacement jump defines the 
mechanical tangent material matrix Cu

c as shown in Equation (11) [84, 
85]. 
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The mechanical stiffness of each cohesive element is obtained by 
transforming the tangent material matrix Cu

c to its local coordinate sys
tem. When λ ≤ λo the traction separation law is governed by KP whereas 
when λ > λo, then mechanical stiffness matrix is modified at every 
iteration with increasing λ based on the phenological damage model 
using a scalar interface damage parameter Dc which is defined as 
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