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STUDY ON STRAIN-HARDENING CEMENTITIOUS COMPOSITES WITH
HIGH VOLUME SLAG: UNIAXIAL TENSILE PERFORMANCE AND
CHLORIDE MIGRATION

Faizudin HAFIZ ZADAH"! and Yao LUAN™

ABSTRACT
This study evaluated strain-hardening cementitious composites (SHCC) with high slag volume to
compare with normal fly ash-based one by testing compressive strength, uniaxial tensile performance
and non-steady chloride migration. Results indicated that slag-based SHCC generally exhibited higher
compressive and tensile strength as well as better chloride resistance than fly ash-based one. However,
ultimate tensile strains tended to decrease with age and eventually obtained lower values than fly ash.
Keywords: SHCC, blast furnace slag, uniaxial tension, ductility, chloride migration

1. INTRODUCTION

Strain-hardening  cementitious composites
(SHCC) stand out as a class of fiber reinforced
cementitious materials designed to enhance tensile strain
capacity with the formation of multiple fine cracks rather
than a single large crack [1]. This behavior is achieved
through fiber bridging and energy absorption during
crack formation [2]. Due to excellent mechanical
performance and durability under cracking conditions,
SHCC exhibits high promise for being used in structural
members as well as patch repair materials for
deteriorated structures, for example, the combinations of
SHCC and reinforced concrete structures (R/SHCC) [3].

In Japan, numerous reinforced concrete structures
subject to deterioration require repair, so SHCC offers a
promising solution as repair material. However, because
of absence of coarse aggregates, SHCC is generally
much richer in unit cementitious binder content than
normal concrete [4]. Although fly ash is often used in
mixtures of SHCC to reduce cement content and
improve ductility, its low rate of pozzolanic reactivity at
early age raises concerns about initial strength
development and poses challenges for achieving higher
replacement volume for cement. Facing the reality that
cement industry is responsible for remarkable portion of
global carbon dioxide emissions, there is a critical
demand to develop low-carbon SHCC that also gains
high durability, aligning with the global push toward a
low-carbon society.

Ground granulated blast-furnace slag (GGBFS), a
by-product of iron manufacturing, exhibits higher
reactivity than fly ash, so can be used to replace Portland
cement with higher replacement ratios. Moreover,
GGBFS has demonstrated superior chloride resistance in
previous studies [5], making it an excellent candidate for
reinforced concrete structures in marine or de-icing
environments. However, despite these advantages, there

is limited research on high-volume slag-based SHCC.

To address these gaps, this study aims to develop
slag-based SHCC with high volumes up to 85% in
replacement ratio of cement and to compare its
performance with that of traditional fly ash-based SHCC
in terms of compressive strength, tensile strength, and
chloride migration resistance. Additionally, the influence
of slag fineness is investigated, as there are also concerns
about low reactivity at ultra-high replacement levels.
This research seeks to provide insights into the potential
of slag-SHCC as a sustainable and durable material for
structural repair and construction.

2. EXPERIMENT PROGRAM
2.1 Materials, mix
procedures

High early-strength Portland cement (density:
3.14 g/cm3), conforming to Japanese Industrial
Standards (JIS), was used along with fly ash Type II
(density: 2.36 g/cm?®) and ground granulated blast
furnace slag (density: 2.91 g/cm®) with fineness values
0f 4,000 and 6,000 cm?/g. Silica sand No. 7 (particle size
< 0.3 mm) was used as fine aggregate, while a
superplasticizer (SP) was adopted to ensure similar
flowability. Polyvinyl alcohol (PVA) fibers (density: 1.3
g/cm?), with a length of 12 mm, diameter of 40 pm,
tensile strength of 1,560 MPa, and Young’s modulus of
41 GPa, were incorporated into the SHCCs.

A 55% fly ash replacement ratio (denoted as FA),
commonly used in previous studies [6], served as the
reference mix. For comparison, a 55% slag replacement
ratio with a fineness of 4,000 cm?/g (denoted as S55) was
used. Additionally, higher replacement ratios of 70% and
85% were tested with the following combinations: 70%
slag with fineness of 4,000 and 6,000 cm?/g (denoted as
S70-4 and S70-6) and 85% slag with fineness of 4,000
and 6,000 cm?/g (denoted as S85-4 and S85-6).
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A constant water-to-binder (W/B) ratio of 0.26 and
2% PVA by volume fraction were used in all mixtures,
with the superplasticizer dosage adjusted based on
flowability. Detailed mix proportions are shown in Table
1. After mixing, all the specimens were demolded after
48 hours and then cured in water at 20°C until the test
ages. Unlike practical applications of SHCC in structures,
water curing is an ideal curing condition. It was adopted
to fully promote the reaction of the cementitious
powders, aiming to explore the difference in properties
of SHCC with increasing ages as much as possible.

Table 1 Mix proportions
Mix C W FA S SS Sp

No. (kg/m?) (%)

FA 569 329 696 0 455 1.8
S55 610 352 0 745 461 1.0
S70-4 404 351 944 458 0.8
S70-6 404 351 944 458 1.1
S85-4 201 349 1140 456 0.6
S85-6 201 349 1140 456 1.3
C: Cement, W: Water, FA: Flay ash, S: Slag, SS: Silica
sand, SP: Superplasticizer

0
0
0
0

2.2 Mortar flow table test

Fresh SHCC mortars were prepared with
consistent flowability by adjusting the superplasticizer
content in each mix while preventing any bleeding, fiber
segregation, or stickiness. Flowability was assessed
using mortar flow table test, following the procedures
outlined in JIS R 5201. A conical mold (60 mm in height,
100 mm at the bottom, and 70 mm at the top) was filled
with the mortar. After leveling the surface, the mold was
lifted. The table was then dropped 15 times within 15
seconds by rotating the handle. The longest diameter of
the spread was measured, along with the diameter
perpendicular to it. This test was repeated twice for each
mix, and the average of the two measurements was
recorded as the flow value. Fig.1 shows the apparatus
and an example test of SHCC.

ey R
Fig.1 Mortar flow table test

2.3 Compressive strength test

Three cylindrical specimens (50 mm diameter and
100 mm height) were prepared for each SHCC mix.
After curing to the ages of 7 and 28 days, respectively,
compressive strength test was conducted using a
Universal Testing Machine.

2.4 Uniaxial tensile test
Five dumbbell-shape specimens were prepared for

each SHCC mix and subjected to a uniaxial tensile test
to evaluate tensile performance, following JSCE
recommendations [7]. Dimensions and geometry of the
specimen are shown in Fig. 2. The specimen was loaded
at a constant rate of 0.20 mm/min, with elongation and
load force measured using two linear variable
differential transducers (LVDTs) placed on either side of
the center of the tensile specimen (80 mm in length). The
test setup and specimen positioning are shown in Fig. 3.
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Fig.2 Dimensions and geometry of dumbbell-
shape specimens
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Fig.3 Uniaxial tensileltest setup

2.5 Non-steady-state migration test

Chloride ion resistance of SHCC mixes was
evaluated using the non-steady-state migration test,
following the NT Build 492 procedure [8]. Compared to
other test methods for chloride resistance, the non-
steady-state migration test takes much less time, so the
influence of the reaction of cementitious powder during
the test period on the microstructure can be avoided to a
great extent. After water curing to the ages of 7 and 28
days, cylindrical specimens (thickness: 50, diameter:
100 mm) were vacuum-saturated and placed in a
migration test apparatus as illustrated in Fig. 4. One side
of the specimen (the cathode) was immersed in a 10%
NaCl solution, while the other side (the anode) was in
contact with a 0.3 mol/L NaOH solution. The applied
voltage is set to 30 V, and the test duration is 24 hours.
These parameters were chosen based on the initial
current at 30 V to ensure that the penetration depth does
not exceed the thickness of the specimen.

After 24 hours, the specimens were axially split
into two halves. As shown in Fig. 5, 0.1 mol/L AgNOs
solution was sprayed onto one of the freshly split halves,
leading to the formation of a visible white AgCl deposit.
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This deposit is a direct result of the reaction between
AgNOs and the free chloride ions that have penetrated
the specimen. For each half, the penetration depth was
measured with a ruler at seven points, spaced 10 mm
apart, with an accuracy of 1 mm. The first and last 10
mm from each edge were excluded from the
measurements to avoid any edge effects caused by
potential leakage or non-homogeneous saturation.
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Fig. 4 Non-steady-state migration test
apparatus

| ‘,;Jilm"hm '.4"::‘ 10 | 10| 10| 10 | 10 [10mm| Ruler

X
Xo
Xp
X
x
Xa
X

o

I Mearsurement Zone

J
.-‘mrmr

Fig. 5 AgNOs sprayed specimen
3. RESULTS AND DISCUSSION

3.1 Mortar flow table test

All SHCC mixes were designed to achieve
comparable flowability by adjusting the superplasticizer
dosage. A summary of the flow values for different
mixes is presented in Fig. 6. The flow values for all
mixes ranged from 180 mm to approximately 200 mm,
indicating similar workability across the different
compositions.
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FA  S55 S70-4 S70-6 S85-4 S85-6
Fig.6 Mortar flow values.

3.2 Compressive strength test

The compressive strength results are shown in Fig.

7. It can be seen that the fly ash mix exhibited the lowest
compressive strength among other SHCC mixes, owing
to its relatively slow pozzolanic reaction at early ages,
which led to insufficient reaction of binder and higher
porosity. Substituting fly ash by slag with fineness of

4,000 cm?/g increased compressive strength, particularly
at 55%. However, compressive strength decreased as
slag content increased, reaching the lowest at S85-4,
which was still slightly higher than the fly ash-based case.
This reduction of strength with increasing slag ratio is
consistent with past studies on slag blended mortar and
concrete [9]. With increasing slag ratio, cement amount
decreased, so less calcium hydroxide was available for
activating latent hydraulic activity of slag, resulting in a
lower reaction degree of slag. Additionally, for the 70%
and 85% slag mixes, increasing slag fineness to 6,000
cm?/g further improved strength at both ages, likely due
to a denser microstructure and reduced capillary porosity.
Overall, compared with the fly ash-based case, the slag-
based cases exhibited higher compressive strength even
at ultra-high replacement level of 85%.
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Fig.7 Compresswe strength test.

3.3 Uniaxial tensile test

The load-displacement data from uniaxial tensile
test were used to calculate stress-strain curves as shown
in Fig. 8. Each case includes 5 specimens. The curves
indicate that all the cases exhibited obvious strain
hardening behavior with much higher ultimate tensile
strains than normal mortar, indicating pseudo-ductility.
Additionally, in each case, the 5 specimens exhibit
variations in the ultimate tensile strains, which is a
common characteristic of SHCC because of local micro-
defects. From the stress-strain curves, three critical
points were identified, and average values were
calculated for each mix: first cracking strength, ultimate
tensile strength, and ultimate tensile strain. The first
cracking strength is the stress level at which the first
crack is initiated, observed as either a sudden stress drop
or a transition from linear elasticity to a nonlinear
response. Ultimate tensile strength is the maximum
stress SHCC can sustain after first cracking, occurring
during strain-hardening and typically representing the
highest point on the curve. This phase is marked by
multiple fine cracks, with fibers bridging them to
maintain load transfer. Ultimate tensile strain
corresponds to the ultimate tensile stress, marking the
end of strain-hardening (strain-softening point) [10]. It is
distinct from failure tensile strain, which occurs at final
rupture when the material can no longer sustain stress.
Failure tensile stress may be equal to or lower than
ultimate tensile stress. In this study, strain beyond the
ultimate tensile stress up to failure tensile stress was
excluded from calculations, as this portion represents
stress-softening, dominated by crack widening and fiber
pullout, rather than strain-hardening.
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Fig. 9 illustrates the average first cracking
strength. For slag-based cases, the first cracking strength
trend followed a pattern similar to compressive strength.
S55 provided the highest cracking strength, and as the
slag ratio increased, cracking strength decreased.
Additionally, increasing slag fineness improved cracking
strength. On the other hand, 85% slag cases (S85-4 and
S85-6) at both 7 and 28 days, and 70% slag cases (S70-

4 and S70-6) at 28 days were even lower than fly ash mix.

This trend is opposite to the compressive strength,
indicating that slag-blended cement paste at high
volumes may be more susceptible to cracking. The
reason is still not clear and future study is needed.

Fig. 10 illustrates the average ultimate tensile
strength. Fly ash-based case exhibited lower tensile
strength compared to slag-based cases at both 7 and 28
days, primarily due to its slower pozzolanic reaction and
higher capillary porosity. Substituting fly ash with up to
70% slag ratio demonstrated higher tensile strength,
however, increasing the slag ratio to 85% led to a
reduction in tensile strength. This decline was likely
caused by the insufficient rate of hydration and increased
porosity, resulting in a weaker bond between the fibers
and the mortar matrix. Interestingly, increasing the slag
fineness at both the 70% and 85% ratios did not yield
further improvements in tensile strength, possibly due to
formation of a denser structure and fiber rupture.

Fig. 11 illustrates the average ultimate tensile
strain for various mixes. At 7 days, the fly ash case
exhibited higher strain capacity than S55 and slag cases
with higher fineness (S70-6 and S85-6), but lower strain
capacity compared to slag cases with lower fineness
(S70-4 and S85-4). On the other hand, the ultimate strain
significantly increased at the age of 28 days, which is
probability related to the gradual progress of fly ash
pozzolanic reaction to strengthen fiber bonding with
mortar. For slag cases, the influence of age is opposite to
the fly ash case. For all the slag cases, ultimate strain at
28 days significantly decreased compared to 7 days.
Likewise, increasing slag fineness decreased ductility
due to enhanced reactivity and denser microstructure.
The ductility of SHCC can be related to complicated
mechanisms including mortar matrix toughness and fiber
bonding with mortar [11]. Although improvement of
fiber bonding Dbenefits fiber bridging stress,
overdevelopment of fiber bonding may undermine the
ductility. Under this condition, fiber tends to be ruptured
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rather than being pulled out, resulting in easier
localization of fine cracks. It is speculated that the
characteristics of fiber bonding are different between
slag and fly ash due to their different reaction mechanism
and hydration precipitates around fiber interface. The
fiber interface properties need more studies in future.

On the other hand, even though the slag mixes
exhibited decreased ultimate strain at 28 days, except
S55, all the other cases still show the average value of
ultimate strain above 0.5%, satisfying the requirement
on minimum allowable value in JSCE recommendations
(> 0.5%) [7]. Therefore, for the conditions that ultra-
ductility is not required, the cases with above 70% slag
are still promising for practical use.

3.4 Non-steady-state migration test

Resistance to chloride ingress was assessed by
measuring the penetration depth in a non-steady-state
migration test, following specimen splitting and
spraying with an AgNO:s solution, in accordance with NT
Build 492. Rather than using the migration coefficient,
penetration depth was employed because all specimens
are subjected to a constant electric voltage of 30 V and a
test duration of 24 hours. As shown in Fig. 12, fly ash
exhibited greater chloride penetration at both ages
compared to slag, regardless of the slag ratio or fineness.
The shallower penetration observed in slag is attributed
to its denser microstructure, resulting from finer particles,
as well as its higher chloride binding capacity due to
increased aluminum content. At higher slag volumes,
such as 85%, the chloride penetration depth was greater
compared to 55% and 70% slag. This is likely due to the
slower hydration rate associated with higher slag content,
which delays the development of a more reactive and
denser microstructure. However, this can be mitigated by
increasing fineness of slag.

Furthermore, in practical applications of concrete
structures, SHCC typically exhibits multiple fine cracks
due to its material characteristics. Although those fine
cracks are much less permeable to chloride ion compared
to normal cracks in reinforced concrete, they could still
accelerate chloride penetration, particularly over the
long term, resulting in reduced durability. Therefore, the
chloride resistance of SHCC with multiple fine cracks
should be further investigated and evaluated in future
studies.
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Fig. 8 Stress-strain curves from uniaxial tensile test,
squares: first cracking strength, circles: ultimate tensile strength and ultimate tensile strain
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4. CONCLUSIONS

This study evaluated SHCC with high slag
volumes (55%, 70%, and 85%) and compared them to
fly ash-based SHCC (55%) to assess the sustainability
and durability for construction and repair, by testing
properties like compressive and tensile strength, ductility,
and chloride migration, at 7 and 28 days. The following
conclusions can be drawn from the test results
(1) Similar flowability was achieved in all mixes by

adjusting the superplasticizer.

(2) Slag improved compressive and cracking strengths
over fly ash but decreased with higher slag ratios
and improved with finer slag.

(3) Slag had higher tensile strength than fly ash, which
decreased with higher slag ratios and fineness.

(4) Slag showed greater ductility than fly ash at 7 days
but lower at 28 days, with fineness reducing
ductility.

(5) Slag offered better chloride resistance than fly ash
at both ages, regardless of slag ratio or fineness.
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