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ARTICLE INFO ABSTRACT

Ke}stwords: This paper reports on an experimental scale-linking study aimed at the design and mechanical characterization of
LC low-clinker and cost-efficient strain-hardening cementitious composites (SHCC). Three distinct matrices were

SHCC examined, each comprising a limestone calcined clay cement (LC%) binder with reduced Portland cement (PC)
I(;l;gker factor contents of 50 %, 35 %, and 25 %. These fine-grained matrices were reinforced with cost-effective and low-
Polypropylene tenacity polypropylene (PP) fibers, while high-performance and expensive polyethylene (PE) fibers were used
Polyethylene as a benchmark. Various micro-, meso-, and macro-scale mechanical and analytical tests were performed after 28

days of curing age, including single fiber pull-out, uniaxial tensile testing on notched and unnotched specimens,
flexure, compression testing, digital image correlation analysis, and environmental scanning electron micro-
scopy. The results clearly showed that the low tensile strength and high compliance of PP, when combined with a
low-strength matrix containing only 25 wt% PC, contributed to better strain-hardening behavior, attributed to
the fine-tuning of the micromechanical design of the interacting phases. Naturally, such a design significantly
enhances the sustainability credentials of SHCC while at the same time increasing its cost-saving potential,
evening out the response of high-performance and costly PE fibers incorporated into a high-strength matrix (e.g.,
with 50 wt% PC).

Strain-hardening
Scale-linking

1. Introduction

Strain-hardening cementitious composites (SHCC), or engineered
cementitious composites (ECC), are a special class of short fiber rein-
forced composites (FRC). Emerging in the early 1990s [1], SHCC are
recognized for improving structural performance and overcoming the
critical shortcomings of traditional concrete: brittleness, limited tensile
strength, poor crack width control, the need for thick structural ele-
ments, and the abrupt failure mode under dynamic loading events. The
formulation of SHCC consists of 2-3 % by volume of short polymer fi-
bers, randomly dispersed in a fine-grained mineral-bonded (i.e., gener-
ally cementitious) matrix. When subjected to tensile loading, SHCC
exhibit significant inelastic deformations while experiencing an increase
in load-bearing capacity after initial crack formation. This so-called
strain-hardening phenomenon is due to the formation of multiple
microcracks orthogonal to the loading direction, with each crack
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effectively bridged by the embedded fibers. Crack bridging ensures that
the applied load is distributed to the undamaged matrix regions by the
fibers in the crack flanks. As a result, SHCC exhibit exceptional tensile
quasi-ductility, exceeding that of conventional concrete by several
hundred times [2,3].

The design philosophy of SHCC is deeply rooted in micromechanical
principles that depend on the interactions between its constituents, i.e.,
fibers, matrix, and their interfaces [4]. The framework underlying the
mechanical response of SHCC is based on a multiscale conceptual
approach, which establishes a hierarchical connections between
different scales describing different facets of material behavior. At the
micro-scale (nm-um), the single fiber/matrix interface governs funda-
mental load transfer mechanisms. At the meso-scale (um-mm), these
interactions influence matrix cracking properties and fiber bridging
behavior within individual cracks. At the macro-scale (mm-cm), the
sequential formation of multiple steady-state cracks determines the
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overall tensile strain-hardening behavior and fracture processes of the
composite [5]. Linking scales in the analysis of SHCC is pivotal to
intertwining its/their holistic mechanical behavior to micromechanical
features and mechanisms.

By tailoring these phases, a wide variety of SHCC can be developed
that are suitable for many applications [6-8]. Numerous research works
have demonstrated the superior efficiency of SHCC formulations based
on different matrix and fiber combinations for general repair and retrofit
of existing structures [9-12] and for strengthening against seismic loads
[13,14], impact, or blast loads [15-19].

Despite the numerous advantages of SHCC, its environmental and
economic viability is frequently called into question. Li [20] linked the
high carbon footprint and cost of SHCC to the higher cement content
compared to ordinary concrete and the use of high-performance poly-
mer fibers. The high cement content stems from the absence of coarse
aggregates and inflates the cost of SHCC and, above all, its environ-
mental footprint. To mitigate this criticality, high-volume substitutions
of supplementary cementitious materials (SCMs) are often endorsed in
the mix design of SHCC, replacing a portion of Portland cement (PC).
SCMs are generally more affordable and entail a significantly lower CO5
footprint than PC. However, conventional SCMs, such as fly ash, ground-
granulated blast furnace slag, silica fume, etc., are gradually becoming
scarce due to the transition in the energy and industrial sectors towards
more sustainable processes. In recent years, an innovative replacement
for PC, limestone calcined clay cement (LC3), has emerged as a sus-
tainable and long-lasting solution in the field of construction [21-23].
LC? capitalizes on the pozzolanic characteristics of readily accessible
kaolinitic clays, activated through calcination (calcined clays, or CC) in
conjunction with limestone (LS) and a modest quantity of gypsum.

To date, a limited number of research studies have attempted to
partially replace PC with the combination of LS and CC to obtain ternary
1.C3-based SHCC [24-31]. In some studies, other SCMs, such as fly ash
[24,28] and silica fume [25,30], were retained in the mixture, resulting
in a quaternary binder-based SHCC. Results show that LC3-based SHCC
can generally achieve similar and, oftentimes, even better tensile
strength and strain capacity than comparable SHCC counterparts devoid
of LC® while remarkably reducing CO, emissions compared to tradi-
tional concrete and FA-SHCC [24,28,31]. Notwithstanding these envi-
ronmental benefits, the design of blended binders offers only marginal
cost advantages over conventional SHCC, as the cost of high-
performance fibers plays the most prominent role. Recent research by
Liao et al. [32] has demonstrated that over 36 % of the cost of SHCC is
attributable to the utilization of PE fibers. Although PVA fibers, which
are eight times less cost-intensive than PE fibers, are also commonly
utilized, their strong hydrophilic nature hinders the strain capacities of
SHCC. Additional surface treatments, such as oil coating, are often
required to make them suitable for pseudo-ductile SHCC [33]. This re-
duces their appeal and cost-effectiveness in practical applications.

In the search for more economical alternatives, polyethylene tere-
phthalate (PET) and polypropylene (PP) fibers have received much
attention. These are some of the most synthesized fibers globally
[34,35], widely available, cost-effective, and highly recyclable [36]. In
the European market, PET and PP fibers offer up to 95 % cost savings
over the ultra-high molecular weight polyethylene (UHMWPE, here
used as PE) fibers considered in this study. Most of the cost savings for
PP and PET are due to their melt-spinning production method, which is
less energy-intensive and does not require additional chemicals such as
solvents during production. This leads to easier and more environmen-
tally friendly manufacturing processes for PP and PET compared to PE
fibers [37].

A previous investigation by the authors demonstrated the efficacy of
PET-reinforced LC3-based SHCC [38], indicating that the composite
based on an LC3 matrix including 25 % PC content by weight exhibited a
tensile strength (3.3 MPa) and strain capacities exceeding 4 %. The
present study shifts its focus towards low-tenacity (standard) PP fibers.
A handful of studies have demonstrated the strain-hardening capability
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using high-tenacity PP (HTPP), with strain capacities exceeding 2 %
[39-42]. However, it should be noted that the enhanced mechanical
performance of HTPP compared to standard PP fibers is achieved
through a more sophisticated manufacturing process, involving high-
temperature spinning and drawing, delayed quenching, and moderate
draw ratios [43,44]. This also affects the availability and cost of HTPP.

Notably, the compliant nature of fibers such as PP and PET provides
significant advantages in dynamic loading conditions, including seismic
events, impact forces, and blast loading. These fibers exhibit high plastic
deformation within crack flanks, promoting substantial energy dissipa-
tion through fiber yielding. This dissipation can be further enhanced by
promoting fiber yielding not only within a single crack but across mul-
tiple cracks in the composite. As a result, the development of SHCC
incorporating compliant fibers represents a promising strategy for
improving structural resilience under dynamic loads. Furthermore, the
hydrophobic nature of these fibers leads to additional energy dissipation
during the fiber pull-out process from cracked flanks. Due to these
reasons, composites made of such fibers when applied as thin
strengthening layers on existing critical infrastructure can significantly
enhance impact resistance and overall structural safety [45].

When standard PP fibers are employed in fiber-reinforced concrete,
strain-softening tensile and flexural post-peak behavior is often observed
due to their low tensile strengths. Furthermore, PP or HTPP is hydro-
phobic and characterized by smooth fiber surfaces, resulting in a weak
fiber/matrix interaction [46,47]. Accordingly, one of the principal
criteria for achieving strain hardening when utilizing standard PP fibers
is that the matrix strength must be less than the minimum crack-bridging
strength of the PP fibers [1,4,39,48]. It is thus challenging to design
SHCC with standard PP fibers and requires veering to less dense matrices
for reduced matrix cracking strength, a decision that, in turn, further
constrains the fiber/matrix interfacial properties and, consequently,
their crack-bridging capacity. As mentioned above, fly ash has histori-
cally driven the mix design of SHCC matrices. Its spherical particle
morphology introduces the “ball-bearing effect” [49,50], which, while
improving fiber dispersion, limits the mechanical interlocking of the
fibers with the matrix. In this regard, LC® can be a convenient and
beneficial addition, as CC and LS, due to their irregular particle shapes
[51], can enhance the mechanical interactions between smooth PP fibers
and the matrix. This is particularly advantageous when high volumes of
these SCMs are utilized to replace PC, ensuring their presence at the
fiber/matrix interface while maintaining low matrix strength due to
high PC replacement levels.

In view of these delicate phase interactions in SHCC systems, the
present study focuses on three diluted (high PC replacement levels) LC>
matrix formulations that have been identified as suitable for achieving
tensile strain hardening with low-strength and compliant PP fibers. The
objective is to enhance the sustainability and financial credentials of
SHCC materials. A comprehensive multiscale experimental investigation
is presented from single fiber/matrix bonds (microscale) to uniaxial
tensile tests on miniature notched specimens (mesoscale) and unnotched
specimens (macroscale). This investigation aims to elucidate the
mechanisms by which the micromechanical criteria established by the
SHCC constitutive law are met and strain-hardening is achieved with
highly compliant PP fibers, and the profound difference that exists with
SHCC incorporating PE fibers.

2. Materials
2.1. Raw constituents for SHLC* mixtures

In this study, three matrices were examined: LC3-50, LC3-35, and
LC3-25, featuring a PC content of 50 %, 35 %, and 25 % by weight of the
binder, respectively. The subsequent details are in the context of strain-
hardening limestone calcined clay cementitious composites, abbrevi-
ated as “SHLC*’. Portland cement, CEM I 52.5 R-SR3/NA, was sourced
from Holcim GmbH, Lagerdorf, Germany. It is a high-strength, rapidly
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hardening, sulfate-resistant cement with C3A content of the clinker <3
% as per EN 197-1 standard [52]. A special thermally treated clay,
characterized by its low kaolinite content (limited to 25 % by weight),
was obtained from Liapor GmbH & Co. KG., in Hallerndorf, Germany.
Under the tradename “Saxodol 90 LE”, a limestone powder and high-
purity gypsum were procured from sh Minerals GmbH in Heidenheim/
Brenz and Griissing GmbH, respectively, both located in Germany. The
chemical and mineralogical composition of binder materials is listed in
Tables 1 and 2, respectively.

To produce fine-grained mortars, fine quartz sand was added to the
binders as inert aggregate, characterized by particle sizes ranging from
60 to 200 pm, supplied by Strobel Quarzsand, Germany. For achieving
good fiber dispersion and maintaining the fresh mixture’s workability, a
viscosity modifying agent (VMA), Unterwasser-Compound 100 from
Sika®, Germany, and a polycarboxylate (PCE)-based superplasticizer,
MasterGlenium ACE 460, provided by Master Builders Solutions, Ger-
many, were incorporated into the mix designs. Fig. 1 showcases the
particle size distributions of the binder and filler fines used in formu-
lating different SHLC* mixtures, measured using a laser diffraction
particle size analyzer (LS I3 320, Beckman Coulter). Table 3 lists the
median grain sizes, densities (p), and specific surface areas (SSA).

This study examines two types of dispersed fiber reinforcement:
ultra-high molecular weight polyethylene (UHMWPE, referred to as
“PE™), which serves as the reference, and standard polypropylene (PP) as
an economical and more viable substitute for PE. Both PE and PP are
polyolefins and are characterized by a non-polar nature [53]. As a result,
PE and PP fibers inherently possess hydrophobic surfaces, implying that
they can only form mechanical bonds and do not interfere with the
hydration mechanism in cementitious systems [54]. Furthermore, these
fibers are known for their exceptional chemical stability in both acidic
and alkaline environments — the latter is crucial as it is typical in
cementitious systems. Table 4 reports a summary of their physical and
mechanical properties as per the manufacturers’ datasheets [55,56].

2.2. Mixture design of SHLC*

The following measures were taken in the design of matrices suitable
for compliant PP fibers to achieve strain-hardening behavior: (i) high
volume substitutions of limestone and calcined clay, i.e., to reduce the
cement clinker content, and a high water/binder ratio of 0.4 to further
increase the dilutive effects — both these measures contributed to a less
dense microstructure of the matrix, thereby leading to a high number of
internal flaws (high porosity), which facilitates crack initiation and
propagation; (ii) a higher volume fraction of PP fibers in the SHLC*
compositions, i.e., 2.5 %, as opposed to 2 % for the reference PE fibers, to
compensate for loss in bridging capacity due to the low intrinsic tensile
strength of PP; (iii) a low sand/binder ratio of 0.23, to reduce the
fracture toughness of the matrices to allow for easier crack propagation
[57]; and (iv) a sufficiently high aspect ratio (L/D) of the fibers — cf.
Table 4 — to allow sufficient bonded lengths in the crack flanks for

Table 1
Chemical composition (wt.%) of the raw binder ingredients as determined by
energy dispersive X-ray (EDX) analysis.

Chemical Portland Calcined clay  Limestone  Gypsum
oxides cement

SiO, 16.1 47.4 7.3 0.9
AlyO3 3.5 24.8 1.9 3.3
Fe,03 4.3 8.9 0.8 0.1
CaO 71.6 8.6 75.4 43.2
MgO 1.1 2.8 14.1 1.1
SO3 3.4 2.2 - 51.1
P,0s 0.2 - 0.2 0.1
K>0 0.5 3.6 0.4 0.1
NaO - 0.4 0.5 —
TiO, 0.3 1.3 - -
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improved crack-bridging capabilities.

Table 5 presents the mixture compositions (kg/m3) of the three
matrices under investigation. In these matrices, the weight ratio of LS to
CC was kept at 1:2, while gypsum was added in 3 wt% of the binder for
proper sulfation [58]. The superplasticizer was added at a concentration
of 0.68, 1.23, and 2.10 wt% of PC in SHLC*-50, SHLC*-35, and SHLC"-
25, respectively, to enhance the fresh mix workability and improve fiber
dispersion. As illustrated in Fig. 2, a representative example demon-
strates the workability of SHLG*-25-PP. Additionally, the figure presents
the mean spread diameter measurements obtained after 15 strokes using
the Higermann flow table test method. Across the various SHLC* sam-
ples, no instances of fiber agglomeration or water bleeding were
observed, indicating a homogeneous fiber dispersion and stable mixture
consistency.

3. Experimental program
3.1. Single fiber tension test

The fiber tensile tests were performed to verify the tensile strength,
tensile modulus, and elongation at break for PP and PE fibers. The
experimental design encompassed a total of eight replicates for each
fiber type. Prior to the execution of the tests, the diameter of at least 20
fibers of each type was measured using electron scanning electron mi-
croscopy (ESEM). These nominal diameter values were averaged and
used to evaluate the tensile strength of the fibers tested.

To perform the tests, the fibers were attached to paper frames with a
6 mm opening in the center that served as the free length of the fiber.
Cyanoacrylate adhesive anchored the fibers to the paper frame at the
upper and lower ends. The test was conducted on a Zwick 1445 testing
machine with a 10 N load cell under a controlled displacement rate
(0.05 mm/s). The paper frames were inserted into the two mechanical
clamps and tightened with screws. Afterward, the lateral sides of the
paper clamps were cut in correspondence with the free fiber length
portion, and the test was initiated. Fiber elongation was equated to the
displacement of the machine’s crosshead. Readers are referred else-
where for a detailed schematic view of the test setup and single fiber
tensile test specimens [59].

3.2. Flexure and compression test on SHLC* samples

Prismatic beam-like specimens of 40 x 40 mm? cross-section and
160 mm length were selected to evaluate the flexural performance of the
composites investigated under three-point bending test. Following the
flexural test, 40 mm cubes were extracted from undamaged prismatic
beams for compression tests.

According to the recipes listed in Table 5, the mixtures were pre-
pared according to the protocol explained by Wang et al. [30]. The
molds were filled layer-by-layer to align the fibers in the longitudinal
direction of the specimen, which is particularly important for the
bending and uniaxial tension tests. Immediately after casting, the
specimens were covered with a metal plate and cured in the molds for
24 h. Afterward, they were de-molded and further cured in a sealed
condition in a climatic chamber at a constant temperature (20 °C) for
another 27 days. An EU 20 hydraulic testing machine, manufactured in
Germany, was employed to execute the bending tests, which were
conducted with a net span of 100 mm under controlled displacement
rate of 0.05 mm/s. Three beams were tested for assessing flexural per-
formance. The compression test was conducted with the same machine
in a load-controlled configuration (2.4 kN/s) on six cubes in accordance
with DIN EN 196-1 [60].

3.3. Fiber/matrix interfacial characteristics

Single fiber pull-out (SFPO) test was performed to quantify the
fiber—matrix interaction. Single fibers were embedded in different LC3-
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Table 2
The mineral composition of raw binder materials determined by XRD-Rietveld analysis.
Portland cement Calcined clay Limestone Gypsum
Minerals Wt. [%] Minerals Wt. [%] Minerals Wt. [%] Minerals Wt. [%]
CsS 57.4 Quartz 18.8 Calcite 54 Gypsum 91
C,S 19.3 Mica 6.6 Dolomite 44 Anhydrite 6
CsA 2.7 Feldspar 4.9 Others 2 Calcite 3
C4AF 13.6 Anhydrite 1.8 — - -
Calcite 1.8 Calcite 1.8 - - - -
Gypsum 1.7 CsA 0.4 - - - -
Bassanite 3.5 Amorphous 65.7 — - - -
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Fig. 1. Particle size distribution of raw ingredients.
Table 3 Table 5
Physical properties of the binder and filler fines. SHLC* mixture compositions, in kg/m?>.
Properties Portland Calcined Limestone  Gypsum  Sand Raw ingredients SHLC*-50 SHLC*-35 SHLC*-25
1
cement cay Cement 586 405 287
Median grain 7.1 9.9 26.1 11.3 155.8 Limestone 188 246 283
size [pm] Calcined clay 376 491 565
Density (p) [kg/ 3150 2600 2770 2380 2750 Gypsum 18 12 9
m> Quartz sand 263 260 257
Specific surface 1.3 7.6 1.7 1.8 0.02 Fibers 20" / 23" 20" / 23" 20" / 23"
area (SSA) Water 468 463 459
[m?%/g] Superplasticizer 4 5 6
VMA 4 4 4
# 2% volume fraction of PE fibers.
Table 4 b 2.5% volume fraction of PP fibers.

Physical, mechanical, and geometrical properties of PE and PP fibers, according

to the manufacturers [55,56].

Fiber type

PE

PP

Manufacturer, country
Brand name

Length (L in mm)
Diameter (D in um)
Aspect ratio (L/D)
Tensile strength (MPa)
Young’s modulus (GPa)
Elongation at break (%)
Density (g/cm?)

DSM, the Netherlands
Dyneema SK78

12

18

666.7

3400

~ 120

3.5

0.97

IFG Asota, Austria
Asota AFC/MCP
12

18

666.7

> 400

<80
0.91

based matrices. Two specially designed devices at the Leibniz-Institut
fiir Polymerforschung Dresden e.V. [61,62] were used to accurately
embed the fiber and perform the SFPO tests. The test setup is illustrated

in Fig. 3.

First, the fibers were separated into individual filaments and cut to a
length of about 20 mm. The premixed dry components of the matrices
were mixed with a previously prepared water/superplasticizer solution
in a high-speed mixer for 120 s at 2500 rpm. Approximately 3 ml of
cementitious matrices were prepared per batch and used for embedding
purposes for 10-15 min to avoid effects caused by the onset of the
hardening process. The mixture was then transferred to a cylindrical
brass specimen holder with an internal diameter of 2.6 mm. The single
fiber was then embedded under computer control at a constant rate of
200 um/s ! to a total embedment length of approximately 2000 pm (2
mm). After 5-10 min, the specimen holder with the embedded fiber was
transferred to a water-filled desiccator to maintain a humid atmosphere
for a total curing time of 28 days.

To perform the SFPO, 14-21 specimens were tested for each fiber/
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Fig. 2. An example of SHLC*25-PP spread diameter (left) and the average
spread diameter of all SHLC* compositions under investigation after 15 strokes
(right), as determined by the Hagermann flow table test method.
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Fig. 3. (a) SFPO specimen with fixed single fiber to the sample holder, and (b)
schematic SFPO model, adapted from [62].

matrix combination. A cyanoacrylate adhesive was used to fix the free
single-fiber end to the specimen holder. Quasi-static SFPO was per-
formed at a rate of 0.001 mm/s. The interfacial bond properties, i.e.,
frictional bond (t) and pull-out work (W), were then determined from
the force-displacement curves obtained using Egs. (1) and (2).

= ﬂdee (1)
(%)
Wy = f Pds 2
0

where Pp corresponds to the force at the onset of the pull-out phase; dyis
the fiber diameter (18 pm); L, is the embedded length of the fiber (2
mm); and 5(Py) is the slip at the point of interest, e.g., the subscript “f” is
1.0 for 1 mm slip value.

3.4. SHCC constitutive law — Bridging stress vs. single crack opening
displacement

Miniature specimens were cast and subjected to tensile loads to
assess the bridging stress of the fibers as a function of the notch opening.
This relationship plays a key role in the determination of the micro-
mechanical criteria for strain hardening in fiber reinforced composites.
These specimens were cut from thin dumbbell-shaped plates fabricated
using a special mold designed for such dimensions: 100 mm gauge
length, 40 mm width, and 3 mm thickness in the gauge region. The
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detailed production process for such specimens is highlighted elsewhere
[63-65]. The SHLC* compositions were cast into the molds, and the
desired small thickness was achieved by pressing an upper mold element
into the freshly poured mixture, pushing it in a longitudinal direction
toward the mold ends while simultaneously aligning the fibers in the
same direction. After 24 h, the specimens were de-molded, followed by a
curing protocol matching flexure and compression specimens.

One day before testing, the excess material at the specimen edges
was cut away, leaving only the gauge region, from which thin longitu-
dinal strips were cut to produce miniature specimens measuring 50 mm
long with cross-sectional dimensions of 10 mm x 2.5 mm. Then, using a
1.5 mm thick circular saw, 2 mm deep notches were made in the center
of the specimen’s length, resulting in a 40 % reduction in cross-section to
ensure the initiation and localization of a single crack in the notched
region during the tensile test.

The uniaxial tension test was performed in a Zwickline Z2.5 testing
machine with a 2.5 kN load cell under a controlled displacement rate
(0.05 mm/s). A minimum of four specimens were tested for each fiber/
matrix pairing. The specimens were mechanically clamped in special
steel clamps, with clamping areas of 15 x 10 mm?2. A torque-controlled
screwdriver was used to ensure uniform clamping pressure and prevent
specimen slippage. The force and displacement signals were recorded
directly from the machine’s load sensor and crosshead movement to
assess fiber bridging stress and crack opening displacements, respec-
tively. Due to very small size of the specimens, it was not possible to
attach more accurate external displacement measurement devices, such
as LVDTs, and this may slightly overestimate the measured displace-
ments. Fig. 4 illustrates the geometrical details of miniature specimens
and testing setup details.

3.5. Uniaxial tensile test

For uniaxial tensile tests performed on SHLC* dumbbell-shaped
specimens were employed. The specimens have a total length of 250
mm and a gauge length of 100 mm. The cross-section varies smoothly
from 24 mm x 40 mm along the gauge length to 40 mm x 40 mm at the
clamping area. Further graphical details of the specimens are presented
in Fig. 5. These specimens were cast and cured like those of the prismatic
samples used in the compression and flexure testing. Additionally, the
samples were marked with a fine speckle pattern of black dots against a
white background to aid digital image correlation (DIC) for in-situ crack
analysis.

The tests were performed on an Instron 8802 testing machine using a
set of in-house designed mechanical clamps to hold the specimens in
place, offering rigid boundary conditions. A minimum of four replicates
were executed for each combination of fiber and matrix under investi-
gation. DIC analysis was performed using a high-intensity light source
and stereo camera setup provided by Carl Zeiss GOM Metrology GmbH.
The cameras were synchronized with the Instron load sensor, so data
recording automatically commenced when the 500 N preload threshold
was breached. Operating at a frequency of 2 Hz, the images were
recorded with real-time force and machine displacement readings, set at
identical sampling rates, in the Aramis professional software (Carl Zeiss
GOM Metrology GmbH) for analysis.

The software employed two virtual strain gauges affixed to both ends
of the specimen within the gauge length. It enabled precise computation
of axial strains by measuring their relative deformations across all
frames captured during the tests and referenced to the initial image.
Furthermore, crack widths were calculated by applying similar virtual
calipers to each crack that surfaced within the gauge area during the
experiment and evaluating their relative openings. Finally, the number
of cracks was manually counted at the stage corresponding to the tensile
strength.
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Fig. 5. Dumbbell specimen’s geometrical details and uniaxial tensile testing scheme.

4. Results and discussion
4.1. Single fiber tension tests

Fig. 6(a) shows the morphology of the two fibers as observed by
ESEM. The analysis revealed that the reference PE fibers are charac-
terized by longitudinal grooves distributed along the entire surface. In
contrast, the surface of the PP fiber appeared to be smoother, suggesting
different degrees of mechanical bond when embedded in cementitious
matrices. The ESEM analysis was further extended to measure the
diameter of the adopted fibers, which was found to be 18 pm, in
agreement with the manufacturer’s specifications. The measured di-
ameters were employed to assess the cross-sectional areas of the fibers
and subsequently determine their tensile strength. Fig. 6(b) plots the
envelopes of single fiber tensile stress vs. strain curves of PE and PP fi-
bers, while the key properties from this test, i.e., tensile strength, fiber
elongation at break, and tensile modulus, are listed in Table 6.

Mechanical characterization revealed that PP fibers exhibited 86.4 %
and 93.2 % reduced tensile strength and modulus, respectively, and
437.5 % greater elongation at break than PE fibers, substantiating the
low tensile strength and remarkable compliance of the PP fibers relative
to those of PE fibers. The manufacturing process of these fibers has a
significant impact on their mechanical performance. Indeed, PP fibers
are typically manufactured using a faster and less expensive melt-

spinning process, as opposed to the complex gel-spinning process
employed to produce UHMWPE (PE) fibers [62,66,67]. The gel-spinning
process is adapted explicitly for UHMWPE due to the long polyethylene
chains (high molecular weight) to achieve a high degree of molecular
orientation. This results in the generation of fibrils that are visible at the
fiber surface and a very high degree of crystallinity. As a result of this
process, the surface of these UHMWPE fibers is usually rougher
compared to PP fibers, and the strength and stiffness of UHMWPE fibers
are high, rendering them one of the strongest polymer fibers currently
available on the market [37,66,68].

4.2. Flexure and compression tests

Before undertaking the scale-linking investigations on SHLC* in the
forthcoming sections, a series of 3-point bending and uniaxial
compression tests were conducted to establish a general performance
benchmark. The results of these tests are presented in Fig. 7.

All SHLC* exhibited deflection-hardening (not shown here), analo-
gous to strain-hardening in uniaxial tensile tests, associated with mul-
tiple cracking due to fulfillment of the strength and energy criteria
(discussed in Section 4.5). SHLC*-50-PE exhibited the highest flexural
strength, which gradually declined with increasing binder dilution with
SCMs. On the contrary, all PP-reinforced SHLC* maintained flexural
strength around 12-14 MPa, indicating that the matrix strength had no
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Fig. 6. (a) Morphology of PE and PP fibers, and (b) their tensile stress vs. strain curves.

Table 6
Average tensile properties of PE and PP fibers; standard deviations are given in
parentheses.

Fiber Tensile Fiber elongation at break Tensile

type strength [%] Modulus
[MPa] [GPa]

PE 3192.1 (164.7) 6.4 (0.7) 88.0 (29.0)

PP 434.6 (38.0) 34.4 (3.2) 6.0 (1.2)

significant impact on this property. In contrast, when the same matrix
formulation was employed, the compressive strength of PP-based SHLC*
were marginally superior to that of PE-based SHLC*. Nevertheless, all
the composites exhibited 28-day compressive strength between 25-40
MPa. From a practical point of view, this strength range is well within, or
even slightly exceeding, the currently employed concrete strength range
of 25-35 MPa for structural applications [69].

These strength metrics, particularly compressive strengths, can be
employed to gain insights into the strain-hardening potential of a spe-
cific fiber and matrix pairing. For example, given that the tensile
strength of PP fibers is relatively low, the high-strength matrices —

SHLC4-25-PP =
SHLC4-25-PE —

SHLC4-35-PP -
SHLC4-35-PE { g

SHLC4-50-PP

SHLC4-50-PE

0 5 10 15 20
(a) Flexural strength (MPa)

specifically, HS-SHCC (M2), which encompasses a compressive strength
of 130-140 MPa - that have been previously investigated in references
[70,71], would fail to meet the strength criterion that is decisive for
strain-hardening behavior. A similar hypothesis is proposed regarding
the previously investigated LC> matrix (cf. Ahmed et al. [29]) featuring a
compressive strength of 80 MPa. Pairing matrices with high compressive
strength with high-performance fibers is much more effective regarding
the price-to-performance ratio. However, this approach limits the sus-
tainability profile of SHCC. Therefore, this strategy should only be
employed where specific high performance is crucial. The forthcoming
sections experimentally verify this notion by pairing various matrices
encompassing different strengths with different fibers.

4.3. Fiber/matrix interfacial characteristics

Fig. 8 shows the force vs. slip curves from which the fiber/matrix
interface properties of LC3-50, LC3-35, and LC3-25 matrices embedding
PE and PP fibers were ascertained. In particular, pull-out test curves for
PE fibers are shown in blue in inlets a-c, and pull-out test curves for PP
fibers are shown in magenta in inlets d-f, in both cases, with matrices
moving from the lowest to the highest PC replacement level.

T T T T

0 10 20 30 40
(b) Compressive strength (MPa)

Fig. 7. (a) Flexural strength and (b) compressive strengths of various SHLC* under investigation.
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Fig. 8. Force vs. slip curves from single fiber pull-out tests for each matrix and fiber type variation.

4.3.1. Debonding phase

Although PP and PE fibers were embedded in the same matrix, the
pre-peak pull-out behavior (debonding phase) exhibited distinct char-
acteristics, indicating that the fiber type substantially influences the
debonding phase. In moderately diluted matrices, such as LC3-50 and
LC3-35 mortars, the embedded PP fibers exhibited a 28.6 % and 54.5 %
reduction in peak force (debonding force), respectively, see Table 7, and
a shallower rise to peak force than their PE counterparts. However, in

Table 7
Summary of bond properties results attained from single fiber pull-out test re-
sults; the standard deviation is given in parentheses.

Bond LC3-50 LC%-35 LC3-25
properties
PE PP PE PP PE PP

Maximum 0.07 0.05 0.11 0.05 0.02 0.02
debonding (0.03) (0.01) (0.04) (0.01) (0.01) (0.01)
force [N]

Frictional 0.50 0.34* 0.96 0.42* 0.16 0.13*
bond (0.24) (0.15) (0.35) (0.11) (0.07) (0.04)
strength — ©
[MPa]

Pull-out work 32.96 34.19 77.85 40.99 8.63 9.59
@ 1 mm slip (21.49) (13.69) (33.47) (8.95) (5.54) (3.95)
— Wi [Nm
x 10°]

Total pull-out 47.28 68.17 111.57 79.89 11.69 13.62
work- Wy (34.17) (28.37) (53.62) (23.73) (6.80) (6.58)
[Nm x 10°]

" Eq. (1) doesn’t provide accurate bond strength for soft polymeric fibers
embedded in hard concrete-like matrices. It mainly serves here as a qualitative
parameter.

highly diluted LC3-25 matrices, the two fiber types exhibited equal
debonding forces. This phenomenon can be elucidated through applying
principles based on solid mechanics. The fiber pull-out from the matrix
can be conceptualized as a system in which the stiffness of the two
components, namely the fiber and the matrix, act in series. (c¢f. Fig. 9).
The ascending slope in the debonding phase represents the system’s
equivalent stiffness (Kgq). Thus, when the pullout force is applied, both
the fiber stiffness (Kp) and bond stiffness (Kp) (related to the matrix
stiffness), work in conjunction to distribute the load in the system and
define the force-slip response achieved. The relationship that computes
the K, for a system in series configuration is also mentioned in Fig. 9. As
the matrix becomes more dilute, for example, from LC3-50 to LC3-25, the
bond stiffness decreases, resulting in a decrease in Kg,. Likewise, if the
fiber is compliant, as in the case of PP, the Kg, also decreases. Conse-
quently, the debonding phase also exhibits either compliant or stiff
behavior when compliant or stiff fibers are pulled out of the same
matrix.

To illustrate this phenomenon, consider the pre-peak trend in pull-
out curves, emphasizing different fiber and matrix pairings (Fig. 10).
For instance, the incorporation of compliant PP fibers within the rela-
tively stiff LC3-50 matrix inherently induces a pronounced stiffness
mismatch at the fiber/matrix interface, reducing overall Kg4. Conse-
quently, when subjected to fiber pull-out, the load transfer from the PP
fiber to the fiber-matrix interface is gradual, accompanied by significant
fiber elongation and diameter shrinkage due to Poisson’s effect. In
contrast, the load transfer is very abrupt when relatively stiffer PE fibers
are incorporated into relatively stiff LC3-50, naturally increases the
equivalent stiffness of the system, Kgq.

To further elucidate the concept, it is imperative to consider an
alternative scenario, namely, relatively stiff PE in a relatively compliant
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Fig. 9. Schematic of a simple engineering model for a single fiber pull-out test.
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Fig. 10. (a) Representative force vs. displacement curves from single fiber pull-out tests, and (b) zoomed view for visualizing the debonding phase.

LC3-25 matrix. In this configuration, the discrepancy between the stiff-
ness of the fibers and that of the matrix is once again more pronounced,
culminating in a substantial reduction in the Kg; due to the reduced
matrix stiffness. This reduction in matrix stiffness enables the extraction
of PE fibers with minimal deformation. As a consequence, the pre-peak
pull-out curves show that LG3-50-PE and LC3-35-PE exhibited high Kgg
(steeper slope in debonding region) whereas LC3-25-PE and all LC®
matrix variants incorporating PP exhibited lower Kg, (shallower slope in
debonding region).

It is noteworthy that when PE and PP fibers were integrated into the
LC3-35 matrix, no reduction in the debonding force in relation to the
denser LC3-50 matrix was observed (cf. Table 7), despite the lower
clinker factor and higher dilutive effect in the former matrix. One
plausible explanation for this unexpected response lies in the physical
and chemical nature of the LC3-35 matrix, particularly in the vicinity of
the fiber/matrix interface. Physically, LC3-35 exhibits slightly reduced
compaction and elevated porosity [58], with a greater concentration of
unreacted calcined clay and limestone. These elements contribute to
enhanced resistance to fiber pull-out due to their irregular morphology.
The authors previously demonstrated this phenomenon when two
distinct high-volume substitution levels of CC and LS with PC in SHCC
were investigated [51]. Despite a notable decline in compressive

strength as the proportion of clinker replacement increased, the peak
fiber bridging capacity remained unaltered in both SHCC.

Chemically, the presence of a greater quantity of calcined clay and
limestone in LG3-35 than in LC3-50 was observed to result in the for-
mation of a greater number of carboaluminate phases (AFm-Mc), and a
relatively higher degree of pozzolanic reaction in the former over the
course of 7 to 28 days of curing [58]. This was primarily due to the filler
effect of added SCMs [72,73]. However, it can also be reasonably
inferred that as the proportion of PC replaced increases, the excess SCMs
near the fiber and matrix will no longer impart these positive physico-
chemical aspects responsible for the matrix’s microstructure build-up.
Indeed, there is a threshold level of SCM substitution beyond which
the microstructure becomes so diluted that there are insufficient hy-
drates to yield sufficient matrix strength and maintain the bonding of
unreacted SCM particles to the matrix. Consequently, the LC3-25
formulation has been found to diminish the bonding characteristics of
the fiber/matrix markedly.

This further highlights the importance of a more careful SHCC
design, one that considers performance together with sustainability and
financial implications. For instance, these results above clearly demon-
strated a mismatch in terms of interfacial properties, particularly
debonding forces, for PP fibers compared to PE counterparts, underlying
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a lack of crack-bridging capacity. Accordingly, for this study, it was
deemed necessary to compensate for this gap by increasing the volume
fraction of the PP fibers to 2.5 % (compared to the reference dosage of 2
%). This additional volume fraction of PP fibers has minimal impact on
the processability of the fresh LC3 blends (see Fig. 2) but was essential to
meet the two critical micromechanical criteria for strain hardening
behavior - strength and energy criteria — presented in Section 4.4.

4.3.2. Pull-out phase

As for the post-peak profile of the pull-out curves for PE fibers in
different LC® matrices, a slip-independent trend was observed. That is to
say, there was an almost linear decay of the pull-out force with
increasing slip (see Fig. 8). This response is characteristic of highly stiff
and hydrophobic fibers, such as PE [63,74,75]. Conversely, in the case of
highly compliant PP fibers, the shape of the pull-out curves indicated
either slip-hardening or slip-independent behavior with a relatively
shallower decay. This phenomenon can be attributed to the significant
plastic deformation of the PP fibers that initiates even at low applied
stress levels (cf. Fig. 6(b)), which effectively counteracts the decrease in
pull-out force as the fibers slip from the matrix.

The interfacial frictional bond strength was estimated using Eq. (1)
for PP and PE fibers. It should be noted, however, that this equation has
inherent limitations when considering soft polymer fibers, as this
equation doesn’t account for fiber elongation (e.g., plastic deformation)
and, Poisson’s effect during pullout from hard concrete-like matrices
[76]. In such cases, the pull-out work (W), as defined by Eq. (2), can be
better alternative metric. W represents the energy dissipation during
debonding and fiber pull-out from the matrix. The calculations were
performed at two distinct slip values, i.e., 1 mm (W7) and complete
pull-out work (Wp). The large scatter in the Wr values is due to the
experimental uncertainty in the total embedment length between
different specimens. Nevertheless, it remains a robust metric for pin-
pointing the increasing or decreasing trend because the crack-bridging
fibers in SHCC also have varying embedment lengths.

For a direct comparison, Wj g was evaluated at a fixed slip value of 1
mm to assess the energy dissipation during fiber pull-out. Although LC3-
50-PP demonstrate lower debonding force and frictional bond strength
compared to LC3-50-PE, its Wy o remained comparable. This suggests
that, despite the contrasting inherent mechanical properties of PP and
PE fibers, both fiber types can provide sufficient fiber-bridging capacity
when embedded in a similar matrix. The ability of PP fibers to undergo
large plastic deformations compensates for their lower interfacial bond
strength, resulting in comparable energy dissipation during pull-out.

In the LC3-35 matrix, PP-based samples exhibited a 47 % lower W1 ¢
than their PE counterparts. This was primarily due to the higher
debonding force of PE fibers, which required greater energy to initiate
pull-out. Likewise, LC3-35-PP outperformed LC3-50-PP by 20 % in W; o,
suggesting that the LC3-35 matrix offers better interfacial bond strength
and increased energy dissipation before complete fiber extraction.
However, in a highly diluted matrix, such as LC3—25, the values of W; ¢
were comparable across fiber types. In this case, the weak matrix led to
insufficient fiber anchorage, allowing easier pull-out with limited fiber
elongation.

4.4. SHCC constitutive law — Bridging stress vs. Single crack opening
displacement

This section presents the results of the experimental assessment of
the SHCC constitutive law (¢ —6), i.e., fiber bridging stress vs. crack
opening displacement (COD), based on uniaxial tensile tests on minia-
ture notched specimens. In order to achieve strain-hardening behavior
with specific fiber and matrix types, two well-known criteria, driven by
micromechanical laws, i.e., the “strength criterion” and the “energy crite-
rion”, must be met [1,4,77]. The strength criterion stipulates that the fiber
bridging stress (o) must consistently exceed the matrix cracking stress
(om) in each crack plane, that is to say, o, > 6, This guarantees that the
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bridging fibers can take over and transfer the applied load deeper into
the intact matrix portions in the event of a matrix integrity loss in cor-
respondence with a crack plane. As long as the condition above holds
true, multiple cracks will continue to form. The larger the mismatch
between 6, and o, the more pronounced the strain-hardening behavior
is expected to be. A pseudo-strain hardening (PSH) performance index
(Eq. (3)) is usually employed to assess these margins on a quantitative
basis [78].

O]
PSHyengn = G—” 3

m

The stress (c) values are obtained by dividing the tensile load by the
cross-sectional area of the notch. o, is the stress level at the first in-
flection point and oy, is the peak stress in the fiber bridging stress vs. COD
curves in Fig. 11.

The energy criterion serves to regulate the steady-state crack propa-
gation (flat crack, i.e., constant crack tip opening displacement) and to
control whether the bridging fibers undergo pull-out or rupture. The
fulfilment condition of the energy criterion is that the energy contri-
bution of the bridging fibers (complementary energy — J;) remain
markedly higher than the toughness of the matrix at the crack tip (Jy;):
Jj, > Jipp. These energy contributions from the crack tip toughness and
bridging fibers can be evaluated by J-integral method [79] using Egs. (4)
and (5), respectively. Consequently for the energy criterion, a large
margin between Jy;, and J; is required to ensure good strain hardening,
which can be estimated quantitatively using a second PSH performance
index, as defined in Eq. (6).

Jip = Ol — f " 5(5)ds @
0
J, = o6y — / " 6(6)ds 5)
0
PSHermgy = i (6)
Tip

Table 8 presents the key mechanical parameters derived from the fiber
bridging stress vs. COD curves of the various SHLC* incorporating PE
and PP fibers, in accordance with Egs. (3)-(6).

From the strength criterion standpoint (refer to first two rows of
Table 8), the fiber bridging strength (o3) observations exhibited a good
correlation with the results of the maximum debonding forces in the
single fiber pull-out test (see Table 7). The o, of PP-based SHLC*
decreased as the clinker content in the matrix decreased. In contrast, this
trend was not evident in the reference PE-based SHLC4; for instance,
SHLC*-35-PE exhibited a higher ¢, than SHLC*-50-PE, which is in line
with the observation that PE fibers exhibited better bond in the LG3-35
matrix than in LC3-50. Furthermore, the matrix cracking stress (o)
mimicked the trend of o}, for each fiber/matrix pairing. Remarkably, the
trend of o, in notched specimens displayed a similar pattern to that of
the first crack stress in unnotched specimens subjected to tensile loads
(as shown later in Section 4.5), underscoring the consistent quality of
the notches among different SHLC* [63]. Consequently, PSHrengh can be
reliably estimated from the 0-5 curves — Fig. 12(a).

Examining the parameters influencing the energy criterion (see the
bottom three rows of Table 8), the transition from SHLC*-50 to SHLC*
25 resulted in an increase in the crack opening displacement at peak
fiber bridging stress (5p) for the PP fiber-reinforced composites. In
contrast, a decrease in &, was observed for the PE-reinforced reference
composites. &, consists of two deformation components: one resulting
from fiber pull-out and the other from the intrinsic elongation capacity
of the fibers within the crack flanks. The opposite trends in &, between
PP and PE fibers can be attributed to differences in their mechanical
properties. Indeed, PE fibers exhibit significantly higher stiffness, and a
lower elongation capacity compared to the more compliant PP fibers. As
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Fig. 11. Tensile fiber bridging stress vs. COD (5-8) curves of various SHLC* under investigation.

Table 8

Key mechanical parameters that have been ascertained through the analysis of 6-5 results derived from the uniaxial tensile test on miniature notched specimens. The

standard deviation is indicated within parentheses.

Criterion Mechanical parameters SHLC*-50 SHLC*-35 SHLC*-25
PE PP PE PP PE PP
Strength Matrix cracking stress — 6, [MPa] 4.25 (1.12) 5.61 (0.33) 5.40 (0.91) 3.67 (1.20) 4.40 (0.48) 3.41 (0.56)
Fiber bridging strength — o}, [MPa] 8.20 (2.37) 8.31 (0.63) 8.75 (1.41) 6.22 (1.57) 6.29 (1.24) 5.40 (0.43)
Energy Crack opening displacement at peak — &, [mm] 0.60 (0.06) 0.65 (0.10) 0.51 (0.05) 0.63 (0.20) 0.48 (0.03) 0.71 (0.12)
Crack tip toughness — Jy;, [N/mm] 0.22 (0.10) 0.36 (0.06) 0.31 (0.10) 0.18 (0.11) 0.30 (0.05) 0.10 (0.04)
Complementary energy — J'p [N/mm] 1.55 (0.70) 1.35(0.18) 1.32(0.33) 1.01 (0.51) 0.89 (0.21) 0.82 (0.20)

a result, PP fibers not only undergo pull-out from all matrix types but
also experience considerable plastic deformation even at low applied
stress. When transitioning from SHLC*-50 to SHLC*-25, the plastic
deformation of PP fibers does not change as drastically, however, the
contribution of the fiber pull-out displacement component to &, in-
creases as the bond strength decreases due to the ease with which PP
pulls out. Conversely, in the case of PE fibers, although their elongation
capacity is limited, some fiber elongation still contributes to &, at higher
stress levels. However, as the bond weakens, PE fibers are more easily
pulled out with minimal contribution from the elongation component.

Consequently, the two J-integrals — Jy;, and J, — based on Egs. (4) and
(5), respectively, were estimated. In general, J,;, followed the same trend
as on, resulting in an apparent reduction for SHLC*-PP with reduced
clinker content. Indeed, as SCMs replace more and more PC, the fracture
toughness of the matrix reduces, which also leads to reduced crack tip
toughness, i.e., cracks can propagate easily. On the contrary, this rela-
tionship between o,, and the matrix’s clinker content did not emerge for
SHLC*-PE. Concerning J;, a reduction was observed for all composite
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types as the PC replacement was increased. Moreover, PP-based SHLC*
consistently displayed lower values than its PE counterpart. This can be
attributed to the favorable interface characteristics of the latter. How-
ever, in SHLC*-25, the complementary energy offered by PP and PE fi-
bers resulted in similar values, as the bond was primarily impaired by
the pronounced dilution of the matrix, which equally affected the bond
with both fiber types.

PSHirengh and PSHenergy indices are presented in Fig. 12(a) and (b),
respectively. All SHLC* types exhibited strength indices meeting the
strength criterion (PSHyengn > 1). Kanda [78] proposed a minimum
threshold of 1.2 for PE fibers in SHCC to guarantee optimal and robust
strain-hardening behavior, indicated by a dashed line on the graph. This
threshold was also adopted as the benchmark for PP-SHLC*, despite the
inherent shortcomings in PP performance, such as low strength and high
compliance, which were partially addressed by adding 0.5 vol% of
additional PP fibers. Consequently, the SHLC*-35-PP and SHLC*-25-PP
exhibited a comparable PSHyeng, index to their PE counterparts with
the corresponding matrices. The SHLC*-50-PP exhibited the lowest
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Fig. 12. PSH strength (a) and energy (b) indices of various SHLC* under investigation. The minimum required values are marked in orange based on Kanda's

recommendations for PE fibers [78].

PSHireng, which was attributed to the significant strength and stiffness
mismatch between matrix and fibers that do not exist to a similar extent
in SHLC*-50-PE, leading to highest PSHyyengn. Nevertheless, all com-
posites exhibited a PSHyyreng, index value greater than 1.2, indicating the
potential for multiple cracking for all the composites.

A similar trend, albeit more pronounced, was observed for the
PSHenergy indices, which increased for SHLC*-PP as the clinker content in
the matrices decreased. Furthermore, the mismatch in the PSHenergy
indices for SHLC*-PP and their corresponding matrix-equivalent SHLC*-
PE was also quite pronounced. The high compliance gap between the
two fibers resulted in divergent trends for PSHenerg, indices. In a more
robust matrix, such as SHLC*-50, the pull-out of PP fibers is constrained.
In contrast, significant plastic deformation occurs in a weaker matrix,
such as SHLC*-25, as pull-out and plastic deformation of bridging PP
fibers contribute to complementary energy. On the other hand, bridging
PE fibers exhibited higher complementary energy with SHLG*-50 due to
their high stiffness and adequate bond properties, which gradually
diminished as the matrix diluted, as illustrated in Fig. 12(b). Never-
theless, all composites yielded PSHenergy indices above 3, which is the

recommended PSH,nrg, value for bridging PE fibers according to Kanda
[78].

In consideration of the aforementioned findings, it can be deduced
that matrices classified as “weak” exhibit a better compatibility with
“compliant” fibers, thereby meeting the established strength and energy
criteria for SHCC. Conversely, matrices classified as “strong” demonstrate
better synergy with “stiff” fibers. This discrepancy is primarily, but not
exclusively, due to the conflicting intrinsic mechanical properties of PP
and PE, which place these fibers at opposing ends of the spectrum. This
assertion is further substantiated by Fig. 13, which illustrates the
observed SHCC constitutive law results presented in this section. With
this understanding, it is feasible to develop a customized SHCC design
that optimizes performance, sustainability, and cost-effectiveness.

4.5. Uniaxial tensile tests

Fig. 14 shows the stress vs. strain curves from the uniaxial tensile test
of the investigated SHLC*. Regardless of the matrix composition and
reinforcing fibers, all SHLC* exhibited strain-hardening behavior, as
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Fig. 13. Schematic illustration of strength and energy margins for different fiber/matrix pairing. The intrinsic compliance of PP and high tensile stiffness of PE fibers
approach various strength classes of the matrices from opposite sides to fulfill the micromechanics-based criteria for SHCC design.
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Fig. 14. Uniaxial tensile stress—strain curves of various SHLC* under investigation.

each combination met the strength and energy criteria. Reducing the
clinker content worsened the pseudo-strain-hardening of the PE-
reinforced SHLC* while improving it for the PP-reinforced SHLC*. This
is because these diluted matrices were designed to accommodate the
compliant nature of the PP fibers rather than the relatively high stiffness
of the PE fibers.

Considering the strength-related properties, i.e., first crack stress (o)
and ultimate tensile strength (oy), all the composites started cracking at
2 MPa or above, being in line with customary SHCC for general pur-
poses. Generally, PP-reinforced SHLC* exhibited comparable of to PE-
reinforced SHLC* counterparts, taking into account the standard de-
viations associated with each fiber/matrix pairing, see Table 9. Since oy
is primarily controlled by the mechanical response of the matrix, and in
particular by the flaw sizes and their distribution in the matrix, it is
nearly insensitive to the incorporated fibers. The slight variations are
due to the distributions of defects, which may also vary due to
manufacturing or other unavoidable uncertainties.

In terms of o, SHLC*-50-PE, and SHLC*-35-PE outperformed their
respective PP-based counterparts due to superior fiber/matrix interfa-
cial properties. Interestingly, SHLC*35-PE exhibited outweighed
SHLC*-50-PE despite having a lower clinker factor due to the better
fiber/matrix bonding properties. In highly diluted matrices, such as
SHLC*-25, the PP-based composite exhibited slightly higher o, than its
PE counterpart, even though the interfacial bonding properties were
comparable. This is mainly attributed to the higher volume fraction of
PP fibers.

Out of the strength values measured through uniaxial tensile tests,
PSHyreng indices were evaluated once more using the 6,/0y ratio. This
ratio is analogous to op/0m, from the -8 constitutive law obtained in
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Table 9
Summary of mechanical properties of the SHLC* the standard deviations are
given in parentheses.

Mechanical SHLC*-50 SHLC*-35 SHLC*-25
parameters
PE PP PE PP PE PP

First crack 2.1 2.7 2.3 2.0 1.9 2.0
stress — Gy (0.2) (0.8) 0.7) (0.3) (0.2) (0.3)
[MPa]

Tensile 4.3 3.6 4.5 3.2 3.1 3.3
strength — o, 0.4 0.2) (0.3) 0.4) 0.4 (0.4)
[MPa]

Ultimate strain 4.2 1.5 2.8 2.4 2.5 3.7
— ¢ [%] 0.4 (0.5) (0.6) 0.4) 1.4) (1.0)

PSHirengin [-1 2.0 1.4 2.1 1.6 1.6 1.7

0.9 0.49) (0.6) 0.2) 0.3) 0.9

Avg. Crack 110.4 302.8 125.8 283.2 151.2 234.6
width [pm] (20.6) (77.2) (14.3) (55.2) (39.2) (12.3)

Crack density 297.5 43.0 236.0 80.0 187.0 160.0
[/m] (113.5) (10.0) (60.0) (20.0) (125.0) (60.0)

Crack spacing 3.8 24.2 4.5 13.2 7.0 7.0
[mm)] 1.4 (5.7) 1.2) (3.7) 3.4) 2.7)

Work-to- 142.3 39.5 103.6 60.2 69.6 104.6
fracture [kJ/ (26.9) 17.1) (21.0) (18.3) (33.8) (34.8)
m®]

tensile tests with notched specimens, however, without the predefined
localization zone dictated by the notches, cf. Table 9. These results
validate those obtained with the miniature notched specimens,
demonstrating that the influence of handmade notches was insignificant
when evaluating the ¢-6 relationship in Section 4.4. The observed trends
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remain consistent, with a decrease and an increase in the strength of PE
and PP fibers as the clinker content of the matrix was reduced from 50 %
to 25 %.

The tensile strain capacity gradually increased in the PP-based
SHLC* as the transition progressed from SHLC*-50, SHLC*-35, to
SHLC*-25. In contrast, the mean strain capacity of the PE-based com-
posites gradually declined during the same transition. This finding
aligns with the previously presented fiber/matrix interface results and
the SHLC* constitutive law.

During the process of extracting the bridging PP fibers from the
SHLC*-50 matrix, the strong bond between the high-strength matrix and
the low-strength and highly compliant PP fibers caused damage to the
PP fibers. This increased the probability of rupture of the bridging PP
fibers. Concurrently, the discrepancy between the cracking stress of the
matrix and the tensile stress of the PP bridging fibers was more pro-
nounced in SHLC*-50-PP, thereby constraining the potential for multiple
cracking and consequently reducing the overall ductility. As the matrix
microstructure becomes less compact due to binder dilution, the
discrepancy between the matrix strength and the bridging strength of
the PP fibers broadens, as discussed in Section 4.4. Consequently,
SHLC*-25-PP exhibited the highest strain capacity of 3.7 %, accompa-
nied by a more diffuse crack pattern (see Fig. 15(a)).

In the case of PE-based SHLC®, SHLC*-50-PE, and SHLC*-35-PE
exhibited the highest cracking density in line with the highest PSHrengn
index among other composite types. This also resulted in SHLC*-50-PE
exhibiting the highest strain capacity, which was 4.2 %. However, the
strain capacity of SHLC*-35-PE was reduced to 2.8 %, attributed to a
relatively localized cracking pattern compared to SHLC*-50-PE. The
elevated dilution of the binder in SHLG*-25-PE markedly impairs the
interfacial bond between fibers and the matrix. This phenomenon
facilitated the extraction of bridging PE fibers and restricted their
elongation, ultimately leading to relatively localized damage and
reduced crack density, compromising the strain capacity.

It is noteworthy that a comparable strain capacity extent is achieved
by combining both the highest performance components (LC3-50 binder
and PE fibers) and the lowest performance components (LC3-25 binder
and PP fibers), the latter combination being associated with obvious

(2)

SHLC*-50-PE SHLC*-50-PP

4 SHLC*-35-PE SHLC*-35-PP

' 5.000 .
SHLC*-25-pP | °%°
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environmental and economic benefits.

As illustrated in Fig. 15(b), the in-situ crack analysis was conducted
using the DIC method. This analysis demonstrates the evolution and
distribution of crack width (CW) for all SHLC* specimens. It is important
to note that, while the maximum values in this graph represent the
average CW at the ultimate strain, the mean and median CWs differ from
the values reported in Table 9. This is due to the fact that the latter were
derived from CW measurements taken at multiple strain levels (e.g, 0.2
%, 0.4 %, etc., up to the ultimate strain), allowing the progression of
cracks to be tracked throughout the test. In particular, the median CW
reflects the ability of the composites to regulate crack width, as opposed
to the average CW at ultimate strain.

As can be noted, PE-based SHLC* demonstrated superior CW control
in comparison to its PP-based counterparts. This outcome can be
attributed to the compliance mismatch between the two fibers and the
stronger interfacial bond between PE and the SHLC* matrix. Particularly
the stronger bond between PE and SHLC*-50 and SHLC?-35 matrices led
to establishment of higher PSHyyengn indices in these composites
resulting in more saturated cracking pattern. Contrarily, the intrinsically
low tensile strength of PP fibers and their relatively poor bond led to
limited PSHyengn indices, which gradually increased as the matrix be-
comes softer. Hence, the cracking densities in PP-based composites also
increased during transition to higher replacement levels, ie., from
SHLC*-50 to SHLC*-25. Nevertheless, all SHLC*-PP composites exhibited
higher overall CWs due to their significant fiber yielding. Specifically,
SHLC*-50-PP exhibits the broadest CW range, as the limited cracks that
have formed have a greater propensity to elongate in comparison to the
case where these fibers are loosely anchored to the LC3-25 matrix, where
more cracks are formed.

Overall, the poor CW control in PP-reinforced SHLC* remains an
inherent limitation due to the compliant nature and smooth surface of
PP fibers. This can raise concerns about the durability of these com-
posites, as wider cracks may favor the ingress environmental agents (e.
g, chlorides), exposing the material to potential deterioration [80,81].
This problem can be mitigated by roughening the surface of the PP fibers
to improve mechanical interlocking with the matrix [76,82,83] or by
introducing functional groups on the PP surface to induce a better

(b)
B 25%-75%

1 Total CW range
r%] Median CW
Mean CW

d
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=1

300+

= 4,000
13,500
= 3.000
2,500
2.000

1,500

Crackwidth range (um)
ot — J [
(= i - o
AT T
—
—— e
. i

1.000

0.500

0,000

; RN
LS

Fig. 15. (a) DIC crack pattern of different SHLC* at ultimate strain, the colored scale palette on the right indicates the tensile strains along the longitudinal direction,
and (b) crack width distribution calculated at 0.2% strain intervals from 0.2% strain to ultimate strain of different investigated SHLC*.
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chemical bond with the cementitious matrix [74,75,84].

Fig. 16 presents the ESEM analysis conducted on the fractured sur-
face. Different types of damage, such as fibrillation, fiber kinking, matrix
micro-spalling, microcracking, abrasive scratches, etc., were docu-
mented depending on the fiber and matrix type variations. When
embedded in the SHLC*-50 and SHLC*-35 matrices, both PE and PP fiber
surfaces exhibited damage due to pronounced abrasion during pull-out
in the form of scratches and fibrillation, supporting the high fiber/ma-
trix bonding characteristics. For the same reason, a relatively high extent
of matrix micro-spalling was observed on the fiber surface. In addition,
microcracking was observed in the orthogonal direction of the PP fiber/
SHLC*-50 matrix tunnel due to the development of high shear stresses
resulting from the high compliance of PP, which tends to deform in stiff
matrix that instead resists deformation. On the contrary, when PE and
PP fibers were pulled out of the SHLC*-25 matrix, a rather smooth fiber
surface, similar to the original fiber surface, was observed due to the
loose microstructure of the matrix and, thus, poor bond.

Notwithstanding the limitations, particularly the unfavorable high
crack width control of PP-based SHLC?, the favorable fracture toughness
of SHLC*-25-PP, in particular, makes it a promising material for appli-
cation as a thin strengthening layer on existing critical infrastructure to
protect against dynamic loading [15,17,19,45,85,86]. In this particular
application, inadequate CW control is less significant. Indeed, the
combination of a low-stiffness matrix with fibers that display high
plastic deformation, such as PP or PET, is expected to perform well due

SHLC4-50-PE |

Abrasion damag
(fibrillation)

Fiber kinking

Abrasion damage
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to their high sensitivity to strain rate under dynamic loading conditions
[16], as well as their damping potential.

5. Conclusions

This paper presents a comprehensive scale-linking experimental
study targeted at the sustainable and cost-effective design of SHCC. For
this purpose, PP fibers were incorporated as dispersed reinforcements in
different LC® matrices with systematically reduced clinker contents: 50
%, 35 %, and 25 %. In parallel, high-performance PE fibers were also
investigated as a benchmark. From a series of micro-, meso-, and macro-
scale mechanical tests, the following conclusions were drawn:

e Although PP fibers are markedly more compliant than high-
performance PE fibers, both fibers exhibited strain-hardening
behavior when embedded in various LC3-based matrices. This was
achieved through a methodical approach involving the strategic
modification of the matrix formulations and fiber choice, resulting in
a modification of the fiber/matrix interfaces, and consequently, the
fiber crack bridging capacities.

Given PP fibers’ inherently low mechanical performance, the pri-
mary challenge was to meet the requisite strength criterion to ach-
ieve the desired strain-hardening behavior. To meet this criterion,
the highly diluted LC® matrices provided the advocated mismatch
between matrix cracking stress and peak crack-bridging stress.

b
Pull-out-cndsy

SHLC*-25-PP

Fig. 16. SEM analysis of fractured SHLC* samples revealing distinct damage mechanisms influenced by matrix composition and fiber type variations.
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e A substantial portion of the complementary energy of the crack-
bridging PP fibers in SHLGC* is derived from their high plastic
deformation capacity, resulting from their low tenacity. The
remaining contribution derives from fiber pull-out. This improves
tensile ductility at the expense of crack width control in PP-based
SHLC".

The discrepancy between the tensile strength and stiffness of stan-
dard PP and reference PE fibers results in a notable difference in the
performance of high-strength and low-strength matrices. High-
strength matrices demonstrate enhanced performance when com-
bined with high-performance fibers (PE), while low-strength
matrices exhibit superior performance when used with low-
performance fibers (PP).

In essence, the incorporation of low-tenacity PP fibers into an ultra-
low clinker SHLC*25 matrix resulted in a composite with tensile
strength and strain capacity that was only marginally lower than those
of the high-performance PE fibers in an SHLC*-50 matrix. The former
combination offers clear environmental and economic advantages,
particularly regarding the sustainability and cost-effectiveness of the
SHCC.

6. Future works

While the present study provided a detailed examination of the
design and development of a low-clinker, cost-effective SHCC, future
research will focus on the following aspects:

e A comprehensive cradle-to-gate life cycle assessment (LCA) of the
developed composites will be conducted, with a particular emphasis
on their environmental impact and economic feasibility. This anal-
ysis will provide a holistic understanding of the sustainability ben-
efits associated with low-clinker SHCC formulations.

e The high strain-rate behavior of the developed composites will be
evaluated through uniaxial tensile testing. Testing will focus on the
material response and energy dissipation capacity of the composites
under impact loading conditions, to assess their feasibility as an
impact-resistant material for structural applications.

e The addition of continuous carbon fabric in low-clinker SHCC is
being explored to improve tensile performance and crack width
control through hybrid fiber reinforcement.
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