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A B S T R A C T   

Engineered cementitious composites (ECC) is a durable cementitious material with high tensile ductility and 
strain-hardening characteristics. Although considered as a cost-effective fiber for ECC, polypropylene (PP) fiber is 
reportedly difficult to disperse in mortar matrix due to its high aspect ratio and hydrophobicity. In this study, the 
matrix viscosity of a low-carbon ECC based on limestone calcined clay cement was tailored as a variable to 
improve PP fiber dispersion under a pre-determined mixing protocol. The effect of matrix viscosity on the 
composite fresh and hardened properties was investigated experimentally. Results suggested an optimal range of 
matrix viscosity (10.3–11.5 Pa‧s) favors the composite tensile strength and strain capacity at 28 days. At the 
optimal state with a 0.1 % viscosity modifying admixture (VMA)-to-binder mass ratio, PP-ECC achieved 7.0 % 
tensile strain capacity and 3.5 MPa ultimate tensile strength. When matrix viscosity falls outside the desired 
range, both ultimate tensile strength and strain capacity were diminished. By tailoring the VMA dosage, the 
matrix viscosity can be adjusted for desired fiber dispersion, workability, and mechanical properties. The find-
ings of this study provide a technical reference for the practical design and application of PP-ECC.   

1. Introduction 

Engineered Cementitious Composites (ECC) is an ultra-ductile class 
of fiber-reinforced cementitious composite (FRCC) [1]. Typical ECCs 
develop tensile strain capacities higher than 3 %, i.e., over 300 times 
that of conventional concrete [2]. Under uniaxial tension, ECC forms 
multiple fine cracks by increasing the number of cracks instead of crack 
width. The tight cracks (typically below 100 μm in width) continue 
carrying load via microfiber bridging [3,4]. This intrinsic capability of 
crack width control limits material permeability in loaded conditions 
even beyond the elastic state [5,6] and improves material self-healing 
[7–9] and structural durability [10–13]. 

The material design of ECC is established on the micromechanical 
principles by tailoring the properties of the matrix, fiber, and fiber/ 
matrix interface [14–16]. Although the high tensile ductility and robust 
crack width control can be achieved in the design phase, the actual 
material processing often leads to high variability in these properties. A 
potential source of this variability is the fiber distribution in the 
cementitious matrix. Li and Li [17] addressed the impact of PVA fiber 
dispersion on ECC’s tensile ductility and established the relationship 

among the matrix viscosity, fiber dispersion uniformity, and ECC tensile 
strain capacity. The study suggested a strong dependency of the 
magnitude and variability of PVA-ECC tensile ductility on the fiber 
distribution, where a poor fiber distribution reduces the fiber volume at 
the weakest cross-section, thus lowering the fiber bridging capability 
[17]. As a result, the composite strain-hardening process may be inter-
rupted, causing premature tensile failure that limits the ultimate tensile 
strength and strain capacity. In this scenario, full multiple microcrack 
saturation may be hindered. 

It is proposed that the viscosity of the mortar matrix could tailor the 
fiber dispersion. Similar findings on polymeric fiber dispersion were 
reported in FRCC. Si et al., [18] found that the hardened property of 
PVA-FRCC can vary significantly with the rheological property due to 
the variation of fiber dispersion. Cao et al., [19] evaluated the rela-
tionship between the FRCC rheology, PVA fiber dispersion, and com-
posite strength, and found that a good fiber dispersion minimizes flaw 
size and increases fiber bridging capability at the weakest location. 

Among common polymeric fibers used in ECC, polypropylene (PP) 
fiber has a relatively low cost and is attractive for large-scale applica-
tions. PP fiber has been successfully used in ECC. By tailoring the 
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micromechanical design, Yang [20] incorporated a high-tenacity 
(defined as the fiber breaking force divided by the linear mass density, 
i.e., denier) PP (HTPP) fiber into ECC and achieved a tensile strain ca-
pacity of up to 4 % and an ultimate tensile strength up to 2.5 MPa. 
Felekoglu et al., [21] investigated the impact of matrix flowability, 
mixing procedure, and curing conditions on the tensile property of 
HTPP-ECC. It was suggested that a certain range of matrix flowability is 
required to achieve robust tensile ductility for HTPP-ECC. The mixing of 
PP fiber was reportedly difficult due to the relatively high aspect ratio (i. 
e., length/diameter ratio, ~1000) compared to that of PVA fibers 
(~205). The high aspect ratio is necessary for effective microfiber 
bridging due to the low fiber/matrix interfacial bond in hydrophobic 
fibers such as PP. By adjusting the matrix flowability and curing con-
ditions, Felekoglu et al., [21] developed a moderate-strength HTPP-ECC 
with a tensile ductility of 1.91–3.91 % and compressive strength of 
30–70 MPa at 28 days. It was also reported that a high matrix viscosity 
could result in a poor fiber distribution for PP-ECC [22]. 

Limestone calcined clay cement (LC3) has received increasing 
attention for its low environmental footprint and enhanced durability 
[23,24]. The coupled use of limestone and calcined kaolinite-containing 
clays, where kaolinite comprises at least 40 % of the clay, enables a high 
clinker substitution as an efficient pozzolan [25]. LC3 has been incor-
porated into PP-ECC, leading to a tensile strain capacity of up to 6 % and 
an ultimate tensile strength of 2.5–4.8 MPa [26]. The LC3-PP-ECC shows 
robust self-healing capability and crack control (below 82 µm) while 
reducing 48 % carbon footprint compared to conventional ECC based on 
Portland cement. Liu et al., [27] studied the mechanical behavior of 
LC3-PP-ECC and found that compressive strength decreased substan-
tially with an increasing PP fiber content due to the internal defects and 
flaws led by the fiber incorporation. LC3 has different rheology from 
conventional Portland cement. The mortar and concrete made with LC3 
show reduced workability, higher demand for superplasticizer, and 
lower slump retention over time [28–30]. The rheological distinction 
between LC3 and conventional Portland cement binders has not been 
previously considered in designing PP-ECC to enhance fiber bridging 
efficiency. 

While the relations among matrix rheology, PVA fiber dispersion, 
and ECC composite properties have been well established, such relations 
for ECC reinforced with high aspect ratio hydrophobic PP fibers remain 
unclear. As PP fibers are low-cost but difficult to disperse, clarifying 
these relations for PP-ECC is critical to the material design and quality 
control and may accelerate ECC’s tech-to-market transitions to realize 
lifecycle emission reduction. In this regard, the present study aims to 
elucidate the effect of matrix rheology on PP fiber dispersion and to 
correlate the matrix plastic viscosity to the composite fresh and me-
chanical properties. Moreover, an optimal range of matrix viscosity 
controlled by the dosage of viscosity modifying admixture was identified 
for PP-ECC. The findings of this study would improve the quality control 
of low-carbon, low-cost ECC associated with the fiber dispersion process 
and may serve as a technical reference for field practice. 

2. Experimental program 

2.1. Materials, mix design, and mixing protocol 

The binder materials include ASTM Type I Ordinary Portland cement 
(OPC), Class C fly ash, metakaolin (Imerys), and limestone (Imerys). F75 
silica sand (US Silica) was used as a fine aggregate. Hydroxypropyl 
methylcellulose (HPMC, Acros Organics) was added for rheology con-
trol, and a high range water reducing admixture (HRWRA, Master-
Glenium 7920) was used for workability. Chopped PP fiber from Saint- 
Gobain was used. The technical specification of PP fiber is shown in 
Table 1. 

Table 2 shows two ECC mix designs used in this study, including Mix 
A without the sand incorporation and Mix B with a sand-to-cement mass 
ratio of 1:1. The binder composition is identical for Mix A and Mix B, and 

PP fiber was added at 2 % by ECC volume. The SP dosage was 0.8 % by 
mass of the cementitious material for Mix A and 0.6 % for Mix B to 
maintain the same ECC slump flow diameter for consistent workability. 

A Hobart mortar mixer was used for ECC mixing. The mixing pro-
tocol followed three steps: 1) at low speed, all solid ingredients were 
mixed for 4 min, including cement, limestone, metakaolin, fly ash, 
HPMC, and silica sand if applicable, 2) water mixed with HRWRA was 
added and mixed at low speed for 6 min, 3) PP fibers were added and 
mixed at low speed for 2 min, and 4) the mixture was finalized at me-
dium speed for additional 2 min. 

2.2. Rheology measurement 

The fresh matrix property was evaluated before adding fibers. Due to 
the use of sand in ECC mixes, a concrete rheometer was selected as 
opposed to the one used for cement pastes. An ICAR Plus Rheometer 
(Germann Instruments) with a continuous torque range of 0.01–32 N‧m 
was used to characterize the matrix rheology. Similar to concrete, a fresh 
mortar matrix flows under the action of shear stresses. Its flow behavior 
can be described by the Bingham model represented in Eq. (1). 

τ = τ0 + μγ̇ (1)  

where τ0 is the yield stress (Pa), μ is the plastic viscosity (Pa‧s), and γ̇ is 
the shear strain rate (1/s). 

The ICAR Plus is a vane-type rheometer with a vane diameter of 127 
mm and a vane height of 127 mm. During measurements, the vane was 
set to rotate at multiple speeds following the protocol shown in Fig. 1 to 
generate the respective shear strain rates γ̇ (Eq. (2)) in the mixture. The 
torques applied to the vane were recorded and converted to shear 
stresses τ. Following Eq. (1), linear regression can be adopted to 
describe the relation between shear strain rate γ̇ and shear stress τ and to 
determine the plastic viscosity μ. As shown in Fig. 1, to break down the 
static condition formed by the matrix thixotropic behavior, an initial 

Table 1 
Technical property of PP fiber.  

Diameter Length Nominal strength Young’s modulus Elongation 

µm mm MPa GPa % 
12 12 910 9 22  

Table 2 
ECC mix proportion (mass ratio).  

Composition Mix A Mix B 

Portland Cement 1 1 
Fly Ash 2 2 
Metakaolin 0.5 0.5 
Limestone 0.5 0.5 
Silica Sand – 1 
Water 1 1 
PP Fiber, vol% 2 2 

Note: HRWRA was added at 0.6% by binder mass for Mix A and 0.8% by binder 
mass for Mix B; HPMC was added at 0%, 0.025%, 0.05%, 0.1%, 0.15%, and 0.2% 
by binder mass for both mixes. 

Fig. 1. Experimental program.  
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stage at a 0.5 rps speed was applied for 60 s. The vane subsequently 
slowed down at a step size of 0.05 rps and 5 s until reaching a final speed 
of 0.05 rps. The torque measured under this protocol was converted into 
shear stress and plotted as a function of shear strain rate. For each 
mixture, the measurement was repeated three times, and the average 
was reported. Fig. 2 shows an example of matrix rheology test results. 
The minimum R2 values were found to be 0.97 for all mixes examined 
here, indicating a strong linear correlation between the shear stresses 
and shear strain rates. 

γ̇ =
Revolutionpersecond(rps) × 2πr0

r1 − r0
(2)  

where r0 and r1 are the radii of vane and container, respectively. 
Apart from the rheology test, the ASTM C230 flow table test was a 

fast and straightforward method for evaluating the matrix’s fresh 
property. Fig. 3 shows the test schematic. The test was conducted before 
and after the fiber addition to assess the impact of PP fiber addition on 
the flowability. The deformability factor Γ is determined in Eq. (3) [31]. 

Γ =
(D1 − D0)

D0
(3)  

where Γ is the fresh mixture (mortar matrix or ECC) deformability fac-
tor; D1 is the average of d1, d2, and d3; D0 is the diameter of the bottom of 
the slump cone, i.e., 100 mm. 

2.3. ECC uniaxial tension test 

A separate group of ECC was mixed using the same mix designs and 
then cast into steel molds to form the specimens shown in Fig. 4. The 
samples were demolded after 1 day and subsequently cured for 27 days. 
An Instron loading frame was used for the direct tension test at a con-
stant rate of 0.5 mm/min. Two Linear Variable Differential Transformers 
(LVDT) were used to capture the elongation in the center 80-mm gauge 
section during the loading process. 

2.4. Fiber dispersion 

To determine the fiber distribution on an ECC cross-section, fluo-
rescence microscopy was used to create a contrast between the PP fibers 
and cementitious matrix, such that the number and location of fibers 
could be identified by image analysis. Organic materials, such as PP, are 
fluorescent under ultraviolet (UV) light excitation, whereas the 
cementitious matrix mostly remains dark under UV light [32]. Fig. 4 
shows an example microscopic image of an ECC section under UV light. 
The PP fibers with a diameter of 12 µm can be distinguished clearly from 
the relatively dark cementitious background. 

As shown in Fig. 4, a 5-mm thick piece was cut near the fractured 
section of the dogbone-shaped ECC specimen. The fractured section is 
the weakest plane of each specimen and reflects the lowest fiber 
dispersion, which was compared among various mix designs and VMA 

dosages. The sliced sample was then polished with isopropanol on the 
cut surface to enhance the image quality. A Nikon E800 microscopy was 
adopted for image collection. A mercury lamp generated UV light, and 
the light emitted from the sample surface was captured by a CCD camera 
[17]. Fluorescent images were taken at 2 × magnification and stitched 
together to attain the full view of a sample cross-section. 

To exclude the wall effect (at molding surface) and the impact of 
surface finishing on the result of fiber dispersion, a 20-by-10 mm center 
section out of the 30 × 13 mm cross-section was sampled for observa-
tion. Raw images were first smoothened with Gaussian filter to reduce 
noises and then binarized by global thresholding based on the image 
histogram. The Otsu algorithm was adopted for binarizing. The 20 mm 
× 10 mm observation field was divided equally into 128 unit areas. As 
an estimate, the objects formed by pixels were counted as the number of 
fibers over each area, and the objects that may combine multiple fibers 
were considered as one fiber. 

The degree to which random discontinuous fibers are distributed in a 
uniform matrix can be quantified by the fiber dispersion coefficient α as 
shown in Eqs. 4–5 [17,33]. 

Ψ(x) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(xi − x)2

n

√

/x (4)  

α = e[− Ψ(x) ] (5) 

where. 
xi is the number of fibers in the ith unit area; 
x is the average number of fibers per unit area, obtained from x =

( ∑n
i=1xi

)/
n; 

n is the total number of unit area; 
Ψ(x) is the coefficient of variation of the number of fibers in each unit 

area; 
α is the fiber dispersion coefficient and varies between 0 and 1. 
Eqs. 4–5 suggest that the physical meaning of α is the natural 

exponential function of the negative coefficient of variation of the 
number of fibers across various unit areas, which was determined from 
the fiber distribution pattern shown on fluorescence images. α = 1 in-
dicates uniform fiber dispersion, whereas α approaches 0 when the co-
efficient of variation becomes large. 

3. Results and discussion 

3.1. Matrix rheological properties 

The rheology test results indicate that incorporating HPMC (as a 
VMA) changes the matrix viscosity substantially, with up to a fivefold 
increase over the dosage range examined. Fig. 5 plots the relationships 
between the matrix plastic viscosity and VMA content, which appear to 
be linear for both mixes. HPMC was reported to thicken the mortar 
mixes by promoting cohesion among cementitious particles in the fresh 
state [34,35], and a higher HPMC molecular weight strengthens the 
thickening effect and improves water retention [36]. Relative to Mix A 
(without sand), the incorporation of silica sand into Mix B lowered the 
matrix plastic viscosity. The viscosity loss in the presence of silica sand 
can be attributed to the diluted binder content and the simultaneously 
increased inter-particle distance caused by the fine aggregate incorpo-
ration [37]. 

Similar to the plastic viscosity, the matrix dynamic yield stress 
strongly correlates with the VMA content up to 0.2 % by binder mass. As 
shown in Fig. 6, the matrix dynamic yield stress increased from 23.1 Pa 
to 135.4 Pa for Mix A and from 0.57 Pa to 88.7 Pa for Mix B, as the VMA 
content increased from 0 to 0.2 %. When incorporating HPMC into a 
cement paste, the dynamic yield stress generally increases with the 
plastic viscosity due to the increased formation of agglomerates and 
connected particles [38]. This may generate a negative influence on the 
composite workability. Fig. 2. Rheology testing protocol.  
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The deformation factor Γ serves as a simple indicator of the fresh 
matrix property. Figs. 7-8 correlate the deformation factor to the VMA 
content and matrix viscosity, respectively. A linear relationship was 
found between the VMA content and deformation factor, with R2 above 
0.95 for both mixes, while the matrix viscosity and deformation factor 
seemingly fit into a parabolic relationship. HPMC was reported to 

counteract the effect of PCE superplasticizer by chelating Ca2+ into 
agglomerates and precipitates [39]. It also reduces PCE’s dispersion by 
competitive adsorption [40]. This inevitable competitive effect accounts 
for the lowered flowability for cement mortars plasticized with PCE 
admixture. 

Fig. 3. Flow table test schematic.  

Fig. 4. ECC Fiber dispersion characterization schematic.  
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3.2. Composite fresh properties 

The flow table result shown in Fig. 9 suggests that the HPMC 
incorporation reduced ECC’s workability as indicated by the deforma-
tion factor. A linear correlation can be established between the defor-
mation factor and the VMA content for both mixes. Fig. 9 presents two 
datasets for each mix: the deformation factor measured with “no vi-
bration” and “after vibration”. The former was measured immediately 
after lifting the mini-slump cone, while the latter was measured after 
agitating the mixture by 25 drops of the flow table. The reference line 
indicates the reference PVA-ECC made with the same matrix but with 2 
vol% PVA fiber. 

Compared to PP fiber, PVA fiber is easy to mix into the cementitious 
matrix and forms a self-compacting behavior and a high flowability for 

typical PVA-ECC. Using PP fibers in place of PVA, however, resulted in a 
significant loss of workability by decreasing the deformation factor from 
2.0 to 2.5 to below 1.0. The VMA incorporation further aggravates this 
trend, forming a nearly dry stiff mix when the VMA content exceeds 1.5 
% for Mix A and 2.0 % for Mix B. Although the mixtures can be com-
pacted by vibration, the fresh mixture appears to be thick and difficult 
for regular cast-in-place applications. 

3.3. Fiber dispersion uniformity 

*Fig. 10 shows that increasing the matrix plastic viscosity is condu-
cive to PP fiber dispersion. As indicated in the example images shown in 
Fig. 11, the sample cross-section was segmented into 16 × 8 units, and 
the fluorescent objects were counted in each unit as the number of fibers 

Fig. 5. Matrix plastic viscosity at various VMA contents. Note: Conventional ECC has an OPC-to-fly ash mass ratio of 2 and has no metakaolin or limestone.  

Fig. 6. Matrix dynamic yield stress at various VMA contents.  

Fig. 7. Matrix deformation factor at various VMA contents.  
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xi. At comparable levels of matrix plastic viscosity, the fiber dispersion 
coefficient appears to be higher in Mix A than in Mix B, indicating that 
the presence of silica sand is potentially detrimental for PP fiber 
dispersion. As shown in Fig. 11, Mix B (Fig. 11b) exhibited local fiber 

agglomeration which led to a less uniform fiber distribution among the 
unit areas compared to Mix A (Fig. 11a). Previous studies [41,42] noted 
that introducing aggregates with a particle size larger than the fiber 
spacing accentuates the fiber clumping and interactions in the paste. 

Fig. 8. Correlation between matrix plastic viscosity and deformation factor.  

Fig. 9. Composite deformation factor versus VMA content.  

Fig. 10. Fiber dispersion coefficient at different levels of matrix plastic viscosity.  
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This creates a non-uniform fiber distribution in the vicinity of the 
aggregate surface. Compared to typical PVA fibers used in conventional 
ECC, PP has a smaller diameter and thus a larger number of fibers on a 
unit cross-sectional area for the same fiber volume fraction. Hence, 
compared to PVA-ECC, PP-ECC possesses a smaller fiber spacing and a 
higher tendency to clump when sand is incorporated. This indicates that 
a mortar matrix with a reduced amount and/or size of sand is favorable 
for PP fiber dispersion. 

3.4. Composite hardened properties 

The mechanical test results suggest that there exists an optimal range 
of VMA dosage that maximizes the composite tensile strength and strain 
capacity. The tensile stress–strain curves are shown in Fig. 12 and Fig. 13 
for Mix A and Mix B, respectively. All mixes exhibited distinct strain- 
hardening characteristics, with the ultimate tensile strength varying in 
2.4–4.2 MPa for Mix A and 2.6–3.5 MPa for Mix B. The tensile strain 
capacity ranged from 1.8 to 4.6 % and 1.8 to 7.0 % for Mix A and Mix B, 
respectively. It suggests that sand incorporation increases the variability 
of tensile strength and strain capacity. 

VMA has an evident influence on the composite tensile property. 
Fig. 14 illustrates the ultimate tensile strength and strain capacity as a 
function of the VMA content. By adding 0.1 % VMA, the composite 
tensile strength achieved the peak values at 4.2 MPa for Mix A and 3.5 
MPa for Mix B. The corresponding tensile strain capacity reached 4.6 % 
and 6.3 % for the two mixes, respectively. The tensile strain capacity was 
improved by adding VMA up to 0.1 % for Mix A and 0.15 % for Mix B 
and was found to decrease by further increasing the VMA dosage. It 
seems that 0.1–0.15 % VMA was a desirable addition to simultaneously 
optimize the tensile strength and ductility. The corresponding matrix 

viscosity is approximately 11 Pa⋅s, slightly higher than that for PVA 
fiber, i.e., ~7 Pa⋅s [17]. At this viscosity level, Mix B exhibited a rela-
tively higher strain capacity than Mix A due to the lower binder content 
and matrix cracking strength associated with the sand incorporation. 

At a 0.2 % VMA dosage, the composite tensile ductility decreased 
substantially to 1.8 % for Mix A and 3.7 % for Mix B. On the fracture 
plane, large voids were identified, indicating poor compaction during 
casting (see Fig. 15). This behavior can be associated with the low 
flowability induced by the overdosed VMA, which increased the 
entrapped air and thus reduced the effective cross-sectional area and the 
number of fibers on the fracture plane. This effect of the HPMC incor-
poration was also identified by Fischer et al., [43], who reported an 
entrapped air content up to ~ 20 % with the air void size up to 10 mm. 
The air bubbles cannot escape due to the high cohesiveness of the mix 
and tend to reduce the ultimate tensile strength at high VMA contents. 
Note that the rheological properties vary with different types of VMA, 
and the matrix viscosity, rather than the actual dosage of VMA, should 
be tailored as the variable. Li and Li [17] reported that the PVA fiber 
dispersion and ECC tensile strain capacity could be improved by 
increasing the matrix viscosity up to 14.2 Pa‧s. However, the ultimate 
tensile strength of PVA-ECC was found to decrease when the matrix 
viscosity exceeded ~ 7 Pa‧s due to the entrapped air voids. For PP-ECC, 
as shown in Fig. 14, it is recommended to control the matrix viscosity at 
~ 11 Pa‧s (i.e., VMA content at ~ 0.1 % by binder mass) for optimal 
mechanical performance. The results of the present study suggest that, 
within an acceptable range of workability for casting and compaction, 
increasing the fiber dispersion (as indicated by α) can improve the PP- 
ECC’s tensile strength and strain capacity. 

The reduction of PP-ECC tensile strain capacity at high VMA contents 
observed in Fig. 14 can be associated with the flaw size distribution 

Fig. 11. Example microscopic images of sample sections.  
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among different crack planes. The composite system must satisfy the 
stress and energy criteria in the ECC design framework to attain robust 
strain-hardening characteristics. Fig. 16 illustrates the fiber bridging σ-δ 
curve at a single crack opening [44,45]. Large voids induced by low 
workability tend to decrease the matrix steady-state first cracking 
strength σss and fiber bridging capacity σ0 at the crack location. Despite 
an improved fiber dispersion, poor compaction may reduce the unifor-
mity of flaw size by entrapping large air voids (in millimeter size shown 
in Fig. 15b) within the specimen, and the existence of large voids could 
result in a significant reduction in the net cross-sectional area for fiber 
bridging and thus the local σ0. The composite ultimate tensile strength is 
governed by the smallest σ0 among crack planes along the specimen 
length and tends to decrease accordingly. The lowered σ0 also increases 
the possibility of violating the stress criterion within the specimen, as 
more potential crack planes may have a cracking strength σss higher than 
the lowest σ0. The smaller flaws on these sections remain unactivated 
during the entire loading process, and the composite would develop an 
unsaturated crack pattern. Hence, the specimen tends to develop fewer 
cracks and lower composite ductility, as observed for Mix A-0.2 % and 
Mix B-0.2 %. 

4. Conclusions 

This study examines the relation between PP fiber distribution and 
the matrix viscosity and identifies the desirable level of matrix viscosity 
for ECC’s fresh and hardened properties. An optimal range of matrix 
viscosity exists for maximizing PP-ECC’s tensile strain capacity and ul-
timate tensile strength simultaneously. To achieve the designed fiber 
bridging capacity, a good dispersion of PP fibers is necessary, which 
requires a sufficient level of matrix viscosity. Increasing the matrix 
viscosity from ~ 1 to 26 Pa⋅s was found to improve PP-ECC fiber 
dispersion coefficient from 0.43 to 0.85. However, an overly viscous 
matrix lowers the workability of fresh mixtures, thus reducing the 
composite tensile strength and ductility by altering the flaw distribution, 
particularly by entrapping large air voids during mixing. In this study, 
the optimal level of matrix plastic viscosity was found to be ~ 11 Pa⋅s for 
PP fiber, which is higher than that for conventional PVA fiber, i.e., 7 
Pa⋅s. This leads to the matrix deformation factors of 1.4 for PP-ECC 
without sand and 1.8 for PP-ECC with sand. By tailoring the matrix 
viscosity and PP fiber dispersion, the composite tensile strength and 
strain can be improved by 79 % and 292 %, respectively. 

The matrix viscosity can be controlled effectively using HPMC as a 

Fig. 12. Tensile stress–strain curves of Mix A PP-ECC at different VMA contents.  
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VMA. The matrix deformability measured by the mini-slump flow table 
can be correlated with the matrix viscosity and used as a simple indi-
cator in practical PP-ECC design. Further investigation should address 
the impact of matrix viscosity on the flaw size and flaw distribution and 

the potential alterations of ECC’s micromechanical properties, including 
matrix cracking strength, fracture toughness, and fiber/matrix interfa-
cial bond. PP fiber dispersion may also be examined in other ECC binder 
systems based on ordinary Portland cement, and the individual and 

Fig. 13. Tensile stress–strain curves of Mix B PP-ECC at different VMA contents.  

Fig. 14. PP-ECC tensile strength and strain capacity at varying VMA contents.  

D. Zhang et al.                                                                                                                                                                                                                                   



Construction and Building Materials 346 (2022) 128459

10

coupling effects of each cementitious component (such as limestone and 
metakaolin) on fiber dispersion warrant further studies. 
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