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Composite Properties of High-Strength, High-Ductility 
Concrete
by Ravi Ranade, Victor C. Li, Michael D. Stults, William F. Heard, and Todd S. Rushing

ductility in one concrete with limited success. The mechan-
ical test results of ultra-high-performance strain-hardening 
cementitious composites (UHP-SHCC) were reported in 
Kamal et al.7 The best performing UHP-SHCC has an average 
compressive strength of 96 MPa (14 ksi) at 14 days, only half 
that of VHSC,2 and a tensile ductility of 3.3% at 14 days 
after casting (longer age data are not reported in this refer-
ence7). The development of another such material—ultra-
high-performance fiber-reinforced concrete (UHP-FRC)—is 
presented in Wille et al.8 UHP-FRC has a 28-day compres-
sive strength of approximately 200 MPa (29 ksi) and a tensile 
ductility of 0.6%, which is at least five times less than ECC. 
ECC is an ultra-ductile class of fiber-reinforced cementi-
tious composites with moderate compressive strength (fc′ ≈ 
30 to 70 MPa [4.3 to 10.2 ksi]) and tensile ductility ranging 
from 3 to 6%.4 Various versions of a commercial UHPC 
have compressive strengths ranging from 160 to 240 MPa 
(23 to 35 ksi). However, the maximum tensile ductility of 
commercial UHPC is only approximately 0.1%,9 which 
is an order of magnitude less than ECC.4 In Fig. 1, the 
compressive strength is plotted against tensile ductility for 
the materials mentioned previously, along with the HSHDC 
presented in this study. None of the previously developed 
composite materials truly combine the compressive strength 
of VHSC and tensile ductility of ECC in one material.

Researchers at the University of Michigan, Ann Arbor, in 
collaboration with the U.S. Army Engineer Research and 
Development Center (ERDC), Vicksburg, MS, have recently 
developed a new fiber-reinforced cementitious composite 
called high-strength, high-density concrete (HSHDC). 

A new fiber-reinforced cementitious composite—high-strength, 
high-ductility concrete (HSHDC)—has been developed at the 
University of Michigan, Ann Arbor, in collaboration with the U.S. 
Army Engineer Research and Development Center, Vicksburg, 
MS. The micromechanics-based design of HSHDC resulted in a 
unique combination of ultra-high compressive strength (166 MPa 
[24 ksi]), tensile ductility (3.4%), and high specific energy absorp-
tion under direct tension (greater than 300 kJ/m3 [6270 lb-ft/ft3]). 
The material design approach and mechanical property character-
ization of HSHDC under direct tension, split tension, third-point 
flexure, and uniaxial compression loading, along with its density 
and fresh properties, are reported in this paper.

Keywords: engineered cementitious composites; high-ductility concrete; 
high-performance cementitious composite; high-strength concrete.

INTRODUCTION
High-performance concretes of the present day can be 

broadly classified into two categories, depending on their 
superior mechanical property: high-compressive-strength 
concretes (for example, very-high-strength concrete 
[VHSC], ultra-high-performance concrete [UHPC], reactive 
powder concrete [RPC], macro-defect-free concrete [MDF], 
and concrete densified with small particles [DSP])1,2; and 
high-tensile-ductility concretes (for example, engineered 
cementitious composite [ECC], strain-hardening cement 
composites [SHCC], and some high-performance fiber-rein-
forced cementitious composites [HPFRCCs]).3-5 Both types 
of concrete have their associated advantages in structural 
applications. High-strength concrete facilitates the design 
of size-efficient structural members and provides addi-
tional strength safety margins (particularly in compression) 
for strategically critical and protective structures. High-
ductility concrete prevents catastrophic structural collapse 
by absorbing massive amounts of energy during extreme 
load-displacement events—such as earthquakes, hurricanes, 
projectile impacts, and blasts—and is particularly effec-
tive when the failure mode is tension-related. However, the 
mechanical advantage of each type of concrete proves to 
be a limitation for the other. High-strength concretes inher-
ently have an extremely brittle matrix.6 Although this limita-
tion is partially alleviated by the use of short fibers, it often 
results in a tension-softening behavior with decreasing load 
capacity after the formation of very few cracks. On the other 
hand, high-ductility concretes have compressive strengths 
two to four times smaller than the high-strength concretes. A 
combination of high compressive strength and high tensile 
ductility in one concrete material is highly desirable to 
ensure resilience of critical structures under extraordinary 
loads/displacements, which is the motivation for the devel-
opment of high-strength, high-ductility concrete (HSHDC).

Recently, a few notable investigations have been conducted 
on combining high compressive strength and high tensile 

Fig. 1—Strength-ductility comparison chart.
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tion of HSHDC, including experimental setups and proce-
dures, test results, and discussion.

RESEARCH SIGNIFICANCE
The composite properties of HSHDC are important 

for the design of structural members using this material, 
while serving as a target for microstructural tailoring of 
the material. This forms the central premise of the inte-
grated structures and materials design (ISMD)15 approach, 
where the composite properties of a material (in this case, 
HSHDC) serve as a crucial link between microscale material 
ingredient characteristics and structural performance. The 
composite mechanical properties of HSHDC reported in 
this paper confirm the effectiveness of the micromechanical 
design approach and clearly demonstrate the feasibility of 
combining both ultra-high compressive strength and tensile 
ductility into a single advanced concrete material.

HSHDC DESIGN APPROACH
Achieving high compressive strength in concrete requires 

a densely packed homogenous cementitious matrix with a 
large amount of reactive ingredients and a low water-cement 
ratio (w/c),16 while achieving high tensile ductility requires 
satisfaction of the necessary micromechanics-based strain-
hardening criteria.3 Hence, the HSHDC design approach 
entailed integrating these two approaches in a single material 
by adapting the matrix of VHSC,2 optimized for compres-
sive strength, in combination with a high-performance fiber 
with an aspect ratio and interfacial properties that satisfy 
the micromechanics-based tensile strain-hardening criteria. 
Special attention was given to fresh property design to maxi-
mize fiber dispersion homogeneity.

All mixture proportions investigated in this study to 
achieve HSHDC with desired properties of compressive 
strength greater than 150 MPa (22 ksi) and tensile ductility 
greater than 3% are given in Table 1. As an initial devel-
opment strategy, focus was placed on ensuring a high 
complimentary energy as dictated by the micromechanical 
model for pseudo strain-hardening.3 This avoids modi-
fying the matrix that may potentially reduce the composite 
compressive strength. Ultra-high-molecular-weight poly-
ethylene (UHMWPE, henceforth referred to as PE) fiber 
was selected for use with the VHSC matrix instead of the 
hooked steel fibers currently used in the VHSC composite 
(Table 1). The PE fiber was selected due to its very high 
strength and hydrophobic nature. The high fiber strength 
is needed to transmit, without rupturing, large interfacial 
frictional stress generated by the densely packed VHSC 
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In HSHDC, both the desirable properties of compres-
sive strength (similar to VHSC developed at ERDC)2 and 
tensile ductility (similar to ECC developed at the Univer-
sity of Michigan)4 are integrated in one material. The 
micromechanics-based principles that guide the design of 
ECC,10-13 combined with a modified VHSC matrix, led to 
the development of HSHDC. The original micromechanical 
analysis (for ECC design) was expanded to account for a 
newly discovered micro-mechanism unique in HSHDC.14

The objectives of this paper are: 1) to highlight the essence 
of material design approach for the development of HSHDC; 
and 2) to report the results of the macroscopic characteriza-
tion tests of HSHDC under direct tension, split tension, 
flexure, and uniaxial compression loading, along with its 
density and fresh properties. Although the HSHDC design 
approach is discussed herein in light of the micromechanics 
principles, it is not the objective of this paper to determine 
and discuss the micromechanical properties of HSHDC. The 
micromechanics of HSHDC are detailed in a companion 
paper.14 In this paper, the HSHDC design highlights are 
followed by a description of the macroscopic characteriza-

Table 1—Mixture proportions and average mechanical properties of various composites

Composite 
name Cement Silica fume Silica flour Silica sand Tap water HRWRA

Fiber*

Vf-Type-Lf-df

fc′,† MPa 
(ksi)

sult,† MPa 
(ksi)

eult,† % 
(COV)

VHSC 1‡ 0.39 0.28 0.97 0.21 0.9% 3.6%-SH-30-550 201 (29.2) 10.4 (1.51) 0.18 (21%)

HSHDC-v017 1 0.39 0.28 0.97 0.21 1.5% 2%-PE-12.7-38 160 (23.2) 11.8 (1.71) 3.5 (40%)

HSHDC-PE28 1 0.39 0.28 0.97 0.21 2.4% 2%-PE-12.7-28 149 (21.6) 13.0 (1.88) 2.5 (28%)

HSHDC-S0.83 1 0.39 0.28 0.83 0.21 2.1% 2%-PE-12.7-28 156 (22.6) 13.9 (2.01) 3.1 (15%)

HSHDC-S0.70
(HSHDC)

1 0.39 0.28 0.70 0.21 1.8% 2%-PE-12.7-28 166 (24.1) 14.5 (2.10) 3.4 (11%)

HSHDC-S0.60 1 0.39 0.28 0.60 0.21 1.6% 2%-PE-12.7-28 160 (23.2) 14.4 (2.09) 3.3 (13%)
*Fiber properties are specified in order of volume fraction Vf; type of fiber: steel-hooked (SH) or PE; fiber length Lf in mm; fiber diameter df in mm. 
†fc′, sult, and eult are average (at least four specimens were tested for every material and experiment type) mechanical properties of compressive strength, ultimate tensile strength, 
and tensile strain capacity, respectively, tested at 28 days after casting specimens. COV is coefficient of variation in tensile ductility. 
‡Proportions of constituents are by weight of cement (except that of fiber by volume).
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matrix, and to increase the fiber-bridging capacity relative to 
the high matrix cracking strength of VHSC.2,17 The hydro-
phobic nature of PE fiber eliminates fiber/matrix chemical 
bond, which significantly enhances the complimentary 
energy of fiber bridging.17 Details about the fiber selection 
method and design approach for developing this preliminary 
version of HSHDC (HSHDC-v0 in Table 1) are presented in 
Ranade et al.17

The effects of increasing the fiber-aspect ratio on fiber-
bridging capacity and ultimate tensile strength of the 
composite were examined in mixture HSHDC-PE28. A 
higher Lf/df ratio results in a larger fiber/matrix interfacial 
area for the same fiber-volume fraction,18,19 which increases 
the fiber-bridging capacity. Therefore, a finer diameter PE 
fiber with df = 28 mm (0.0011 in.), compared to df = 38 mm 
(0.0015 in.) in HSHDC-v0, was used in mixture HSHDC-
PE28 (Table 1), while the length Lf of the fiber was kept 
constant at 12.7 mm (0.5 in.). This resulted in an increase in 
the Lf/df ratio from 334 in HSHDC-v0 to 454 in the mixture 
HSHDC-PE28. The increase in the Lf/df ratio resulted in an 
increase in the ultimate tensile strength of mixture HSHDC-
PE28 (13.0 MPa [1.88 ksi]) compared to HSHDC-v0 
(11.8 MPa [1.71 ksi]); however, it presented processing 
difficulties (in spite of increased high-range water-reducing 
adxmiture [HRWRA] content), causing reductions in 
average compressive strength and tensile ductility compared 
to HSHDC-v0 (Table 1).

For addressing the processing difficulties and improving 
the fiber dispersion, the fresh matrix viscosity was reduced 
by lowering the sand/cement (s/c) weight ratio of the mixture. 
The effects of viscosity on fiber dispersion in cementitious 
matrixes are well documented in the literature.20-22 Due to 
the very low water-cementitious material ratio (w/cm) of 
0.15 used in the VHSC matrix, its plastic viscosity is too 
high (9.0 Pa.s [0.00131 psi.s]) compared to other high-
ductility concretes with good fiber dispersion, such as ECC 
(mixture viscosity of 2.2 Pa.s [0.00032 psi.s]). The method 
adopted for determining the matrix viscosity is detailed as 
follows in this paper. Reducing the s/c increases the cement 
paste (and water) per unit volume of the mixture, without 
changing the w/cm (critical for strength), causing a reduction 
in matrix viscosity.

Four s/c were investigated in the mixtures named 
HSHDC-PE28 (s/c = 0.97), HSHDC-S0.83, HSHDC-S0.70, 
and HSHDC-S0.60, respectively, as shown in Table 1. The 
reduction of the s/c from 0.97 in mixture HSHDC-PE28 to 
0.70 in mixture HSHDC-S0.70 resulted in improved matrix 
rheology, which led to improvements in fiber dispersion 
homogeneity and composite properties. The degree of 
homogeneity of fiber dispersion in various composites was 
observed using fluorescence microscopy.23 The fiber disper-
sion coefficient,24 a ∈ [0,1], is used as a measure of fiber 
dispersion homogeneity. a = 1 implies a perfectly homog-
enous dispersion, whereas a = 0 indicates no dispersion at 
all. The value of a observed in HSHDC-v0 is 0.28 compared 
to the 0.35 to 0.40 typically observed in ECC with good 
fiber dispersion.23,25 In mixture HSHDC-PE28, a is 0.25, 
which is smaller than HSHDC-v0 due to the larger aspect 
ratio of the PE fiber. The value of a increases steadily with 
the decreasing s/c. a is equal to 0.30, 0.33, and 0.34 for 
mixtures HSHDC-S0.83, HSHDC-S0.70, and HSHDC-
S0.60, respectively. In spite of good fiber dispersion (a = 
0.34), the mixture HSHDC-S0.60 shows a slight decline in 
the mechanical performance (Table 1), which points toward 

the dominance of negative effects on particle packing, work-
ability, and compressive strength due to the over-reduction 
of sand. As a result, further reduction of the s/c was not 
investigated. The improvements in fiber dispersion homoge-
neity, caused by the reduction of the s/c and improved matrix 
rheology, enhanced the consistency of tensile ductility (signi-
fied by the reduction in the coefficient of variation [COV]) 
along with increases in average magnitudes of compressive 
strength, ultimate tensile strength, and tensile ductility.

The same objective of lowering the matrix viscosity was 
attempted by increasing HRWRA dosage (over 2% by 
cement weight); however, this caused lengthening of set 
times beyond 2 days, sometimes up to 4 days, making the 
use of the composite impractical. The cured compressive 
strength at 28 days was also reduced by HRWRA overdose.

An optimum mixture with desirable composite properties 
was thus achieved using an s/c of 0.70 in a modified VHSC 
matrix reinforced with a higher-aspect-ratio PE fiber. This 
composite (HSHDC-S0.70 in Table 1) is henceforth referred 
to simply as HSHDC, and its composite mechanical proper-
ties under tension, compression, and flexural loadings, along 
with fresh properties and density, are investigated in rest of 
the paper.

EXPERIMENTAL INVESTIGATION
Materials and mixture proportions

Similar to other high-performance concretes, HSHDC 
consists of cementitious materials, fine aggregates, fibers, 
water, and HRWRA. The mixture proportions (same as 
Table 1 for HSHDC-S0.70), along with weights of constitu-
ents per unit volume of the composite, are given in Table 2.

Short, randomly distributed PE fibers are used in HSHDC. 
The physical/mechanical properties and the geometry of 
these PE fibers are given in Table 3. As mentioned previ-
ously, this fiber provides high strength, a high aspect ratio, 
and a high complementary energy of crack bridging favor-
able for multiple steady-state cracking. The micromechan-
ical properties of fiber/matrix interactions in HSHDC are 
detailed in a companion paper.14

The cementitious materials used in the HSHDC matrix 
are Class H cement and microsilica (silica fume). Class H 
cement (also called “oil-well cement”) is characterized by 
low-calcium aluminate content and coarse particle size. 
The mean diameter of this cement is 30 to 80 mm (1.2 to 
3.1 × 10–3 in.) and its Blaine fineness is 200 to 260 m2/kg 
(976 to 1269 ft2/lb). Compared with other chemically similar 

Table 2—Mixture proportions of HSHDC

Constituent

Particle 
size range, 

mm

Mixture 
proportions, 
by weight

Weight per unit volume, 
kg/m3 (lb/yd3)

Cement (Class H) 30 to 80 1 907 (1528)

Microsilica 
(silica fume)

0.1 to 1 0.389 353 (595)

Ground silica 
(silica flour)

5 to 100 0.277 251 (423)

Silica sand 100 to 600 0.700 635 (1070)

Tap water —
0.208; 

w/cm = 0.15
189 (318)

HRWRA — 0.018 16 (27)

PE fiber* — 0.0214 19 (33)
*Properties of PE fiber are given in Table 3. 
Note: 1 mm = 3.9 × 10–5 in.
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Specimen preparation
Direct tension specimens—Dogbone-shaped specimens 

(Fig. 2), recommended by the Japan Society of Civil Engi-
neers (JSCE)26 for standardized testing of HPFRCC, were 
used in this study to measure the complete stress-strain 
behavior of HSHDC under direct uniaxial tension. Eight 
dogbone specimens of HSHDC were cast and tested in this 
study. The dogbone geometry forces most of the cracks to 
occur in the gauge region due to its smaller cross-sectional 
area, thus allowing more reliable measurements of the 
tensile strains.

Indirect tension, flexure, and uniaxial compression speci-
mens—Three cylinders (henceforth called split cylinders) 
with diameters of 102 mm (4 in.) and lengths of 203 mm 
(8 in.) were cast for split-tension (indirect tension) tests. 
Three beams with lengths of 356 mm (14 in.) (span lengths 
of 305 mm [12 in.]), widths of 102 mm (4 in.), and depths 
of 102 mm (4 in.) were cast for third-point flexure tests. The 
uniaxial compression behavior of HSHDC was measured 
using eight cubes with a length of 51 mm (2 in.) and six 
cubes with a length of 76 mm (3 in.).

Curing procedure—Elevated temperature curing was 
used for all the HSHDC specimens. After casting the fresh 
HSHDC mixture into specimen molds, they were sealed 
with plastic sheets and cured for two days at room tempera-
ture (23 ± 3°C [73 ± 5°F]). Due to a high dosage of HRWRA 
and the use of Class H cement that is slow-setting, the speci-
mens require more than 24 hours for attaining the stiffness 
necessary for demolding. Subsequently, the hardened spec-
imens were removed from the molds and kept in a water 
tank for curing at room temperature for 7 days. This was 
followed by elevated-temperature curing for 5 days in water 
at 90°C (194°F) and for 3 days in air at 90°C (194°F). The 
purpose of the elevated-temperature curing was mainly to 
accelerate the primary and secondary hydration reactions. 
The temperatures below 100°C (212°F) are generally not 
enough to initiate significant morphological changes to the 
microstructure of hydration products of Class H cement with 
low calcium aluminate contents.27 The HSHDC specimens 
were further kept in air at room temperature until 28 days 
after casting, at which time they were tested.

Experiment setups and procedures
Direct tension tests—The dogbone specimens were tested 

under quasi-static uniaxial tension loading. Aluminum plates 
were glued to the grip region (shaded region in Fig. 2 and 3) of 
the dogbone specimens to achieve smooth gripping surfaces, 
thereby minimizing the stress concentrations. The dogbone 

cements of finer size, the larger particle size in Class H 
cement exerts lower water demand, which results in a denser 
microstructure. Microsilica is used as a highly reactive 
supplementary cementitious material to promote the forma-
tion of secondary hydration products, thereby maximizing 
the calcium silicate hydrate (CSH) content. A polycarbox-
ylate-based HRWRA is used to maintain flowability and 
rheology of the mixture at the very low w/cm of 0.15 used in 
HSHDC. Hence, the cementitious materials in HSHDC are 
selected to reduce the water demand, increase the formation 
of CSH, and promote homogeneity of the mixture—all of 
which contribute to the high compressive strength.

The aggregates or fillers used in the HSHDC matrix are 
primarily fine silica sand and ground silica (silica flour) supple-
mented by unreacted microsilica particles. Fine silica sand 
with a mean diameter of approximately 270 mm (0.011 in.) 
and a maximum aggregate size of 600 mm (0.024 in.) is used. 
Using such a small aggregate size reduces the size of the weak 
interface between the aggregate and the cement. A smaller 
aggregate also reduces the fracture toughness of the matrix 
for crack initiation and work of fracture during steady-state 
crack propagation, both of which are desirable for composite 
ductility according to micromechanics.14 Fine particles of 
microsilica (0.1 to 1 mm) and ground silica (5 to 100 mm) 
increase the density of the matrix and aggregate-cement 
interface by filling the larger voids. Thus, the aggregates or 
fillers in the HSHDC matrix are intended to increase particle 
packing density, strengthen the aggregate-cement paste 
interface, and limit the matrix fracture toughness.

Table 3—Geometry and mechanical/physical  
properties of PE Fiber

Fiber properties Values

Diameter df, mm (in.) 28 (0.0011)

Length Lf, mm (in.) 12.7 (0.5)

Volume fraction Vf, % 2

Nominal strength sf 0, MPa (ksi) 3000 (435)

Nominal Young’s modulus, GPa (ksi) 100 (14,500)

Elongation at break, % 3.1

Specific gravity 0.97

Melting temperature, °C (°F) 150 (300)

Fig. 2—Dogbone specimen geometry for tensile testing 
of HSHDC (after JSCE26). (Note: All dimensions in mm; 
1 mm = 0.0394 in.)

Fig. 3—Uniaxial tension and compression test setups. (Note: 
All dimensions in mm; 1 mm = 0.0394 in.)
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specimens were gripped on these faces in a fixed-fixed type 
of end constraints. The tensile tests were conducted as per 
the recommendations of JSCE26 for direct tension testing 
of dogbone specimens at 0.5 mm/min (0.02 in./min) using 
a displacement-controlled closed-loop test system with a 
maximum load capacity of 100 kN (22 kip). The strain in all 
the dogbone specimens was computed from the extension of 
the specimen measured by two ultra-precision linear vari-
able displacement transducers (LVDTs) mounted parallel to 
the two side edges of the dogbone specimen (Fig. 3). In addi-
tion, for accurate elastic modulus measurements, the elastic 
strain in four out of the eight dogbone specimens prior to 
first crack was measured by two strain gauges with gauge 
lengths of 20 mm (0.8 in.). These strain gauges were bonded 
to either side of the dogbone specimens parallel to the longi-
tudinal loading direction (Fig. 3).

Indirect tension tests—For the split-tension (indi-
rect tension) tests, a setup similar to that given in ASTM 
C496/C496M28 was adopted. The compressive displace-
ment rate applied on the split cylinders was 100 mm/min 
(0.0040 in./min). This displacement rate translates into a 
split-tension stress increase rate of 1.2 MPa/min (174 psi/
min) for HSHDC, which falls within the loading rate of 
0.7 to 1.4 MPa/min (100 to 200 psi/min) recommended in 
ASTM C496/C496M.28

Flexure tests—The third-point flexure tests on HSHDC 
beams were performed following the ASTM C1609/
C1609M29 standard test procedure. A constant midpoint 
net deflection rate of 50 mm/min (0.0020 in./min) was used 
in these flexure tests, as recommended in ASTM C1609/
C1609M.29 The midpoint net deflection was computed 
using an arrangement similar to that shown in Fig. 2 of 
ASTM C1609/C1609M29 using two LVDTs.

Uniaxial compression tests—The test setup used in this 
study for cube compression tests is shown in Fig. 3. A closed-
loop displacement-controlled compression testing machine 
with a maximum load capacity of 2200 kN (500 kip) was 
used to load the cubes. The compressive displacement rate 
applied on the cubes was 30 mm/min (0.0012 in./min), 
which translates into 1300 N/s (292 lb/s) for 51 mm (2 in.) 
cubes assuming an elastic modulus of 51.2 GPa (7424 ksi) 
for HSHDC. This loading rate falls within the recom-
mended range of 900 to 1800 N/s (200 to 400 lb/s) in ASTM 
C109/C109M.30 A faster displacement rate of 45 mm/min 
(0.0018 in./min) was used for 76 mm (3 in.) cubes to main-
tain the stress rate of approximately 0.5 MPa/s (73 psi/s), 
the same as that used for 51 mm (2 in.) cubes. The compres-
sive displacement in all the compression tests was measured 
using two high-precision potentiometers with a displacement 
range of ±5 mm (0.2 in.) placed parallel to two opposite 
faces of the cubes (Fig. 3). In addition, for accurate elastic 
modulus measurement, the elastic compressive strain in 
four out of eight 51 mm (2 in.) cubes was measured using 
two strain gauges (with a gauge length of 20 mm [0.8 in.]) 
bonded to two opposite faces of the cubes parallel to the 
loading axis. Thus, all compression tests were performed 
under quasi-static loading with appropriate sensors to 
accurately record load and displacement during the tests.

Fresh properties tests—The fresh properties of matrix 
rheology (viscosity and yield stress) and composite flow-
ability (slump), which are vital for quality material 
processing and field placement, respectively, were also 
measured in this study. The slump of HSHDC composite 
(with fibers) was measured according to the specifications 

of ASTM C143/C143M.31 The viscosity of the HSHDC 
matrix (without fibers) was measured using a rotational 
rheometer with a cylindrical cup (C25) and vane arrange-
ment.32,33 A triangular shear rate-time protocol was used in 
which the shear rate was increased from 0 to 150 s–1 linearly 
with time in 80 seconds and then decreased linearly back 
to 0 in another 80 seconds. Two consecutive cycles (0-150-
0-150-0 s–1) were used for a sample and three such samples 
were used for a matrix.

FRESH PROPERTIES AND DENSITY
Flowability—HSHDC composite is moderately flowable 

with a slump of approximately 190 mm (7.5 in.), measured 
using ASTM C143/C143M.31 Moderate vibration is needed 
to place it properly in the molds or formwork. The slump of 
HSHDC can be increased by 25 mm (1 in.) by increasing the 
HRWRA dosage by approximately 7%, without adversely 
affecting the fiber dispersion.

Matrix rheology—The flow curves (shear stress versus 
shear strain rate) for three matrix samples (without fibers) 
of HSHDC were measured with a rotational rheometer. The 
flow curve of one out of three samples is shown in Fig. 4. 
The flow curve of the ECC matrix (mixture proportions the 
same as Mixture 5 in Yang et al.13), which is self-consoli-
dating, is also shown for comparison. The first cycle of the 
rheometry protocol can be relatively unstable and is typi-
cally not used in calculations. A straight line best fitting 
the ascending branch of the flow curve during the second 
cycle (Fig. 4) of rheometry protocol was used to compute 
the plastic viscosity and yield stress in accordance with the 
Bingham plastic fluid model.34 The slope of the best-fit line 
is the plastic viscosity and the y-intercept of this line is the 
shear yield stress.

The average plastic viscosity of three matrix samples of 
HSHDC is equal to 6.0 Pa-s (8.7 × 10–4 psi-s) with a COV 
of 5%, which is approximately 2.7 times the average plastic 
viscosity of the ECC matrix (2.2 Pa-s [3.2 × 10–4 psi-s]) 
measured by the same method. The average shear yield 
stress of the HSHDC matrix is equal to 186.2 Pa (0.027 psi) 
with a COV of 7%, which is approximately seven times the 
yield stress of the ECC matrix (26.6 Pa [0.0039 psi]). Thus, 
both the plastic viscosity and the yield stress of the HSHDC 
matrix are higher than that of the ECC matrix, which is 
expected due to an extremely low w/cm of 0.15 in HSHDC 
compared to 0.26 in ECC.

Fig. 4—Flow curves of HSHDC and ECC matrixes (no fiber) 
(Note: 1 Pa = 0.145 psi.)
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and is unaffected by the size and geometry of different spec-
imen molds.

RESULTS AND DISCUSSION
Direct tension tests—The direct tension test results of 

all the eight dogbone specimens prepared for this study are 
shown in Fig. 5(a) and (b). The x-axis in these figures shows 
the average tensile strain computed from the extensions of 
two LVDTs. As the load increases from zero, the tensile 
stress inside the composite increases linear-elastically. The 
matrix cracks for the first time when the stress intensity 
factor exceeds the fracture toughness of the matrix, typically 
at the largest internal flaw.25 The crack propagates almost 
instantaneously throughout the section under steady-state 
(a direct result of micromechanical tailoring11,14), causing a 
sudden drop in tensile stress as the load-transfer capacity of 
the matrix at the section is lost. However, the fiber-bridging 
capacity is not exceeded at the matrix cracking stress (another 
result of micromechanics-based design11,14), and the tensile 
stress is gradually regained exceeding the first crack stress. 
The tensile stress increases until another crack is triggered at 
the next largest flaw and the process repeats until the fiber-
bridging capacity is exceeded by the applied tensile stress 
at one of these cracked sections. After this point, the tensile 
stress reduces monotonically following the bridging stress-
crack opening relation.14 Thus, the micromechanics-based 
design of HSHDC facilitates multiple microcracking of 
the matrix under tension, which is the fundamental reason 
behind the extraordinary tensile ductility and specific energy 
of the composite.

From Fig. 5, the average of the ultimate (maximum) 
tensile strength of the dogbone specimens is 14.5 MPa 
(2.1 ksi) with a COV of 6%. As mentioned previously, the 
ultimate tensile strength is governed by the minimum of 
the bridging capacities at various cracks, which is further 
dependent on the interfacial bond, fiber volume, and fiber 
dispersion. The average of the corresponding tensile strain 
capacities is 3.4% with a COV of 11%. Although most micro-
cracks occur within the gauge length, some microcracks do 
occur in the larger cross section of the dogbone so that the 
measured value of 3.4% represents a lower bound of strain 
capacity. The average of the first crack strengths of these 
eight dogbone specimens is 8.3 MPa (1.2 ksi). Due to such a 
unique combination of strength and ductility in tension, the 
specific energy of HSHDC under direct tension is greater 
than 300 kJ/m3 (6270 lb-ft/ft3), which is almost twice that of 
ECC and an order of magnitude higher than VHSC.17

The elastic modulus of HSHDC in tension was computed 
from the slope of best-fit straight line through the observed 
stress-strain data points (Fig. 6) of four dogbone specimens, 
with strain computed using two strain gauges (setup shown 
in Fig. 3). The average tensile elastic modulus of HSHDC 
thus computed is 48.4 GPa (7018 ksi) with a COV of 1%.

Indirect tension tests—The split-tension (indirect tension) 
test results of three HSHDC cylinders (ø4 in. x 8 in.) are 
shown in Fig. 7. In this figure, the y-axis represents the 
split-tension stress computed from the applied compressive 
load and the dimensions of the cylinder using Eq. (1) of 
ASTM C496/C496M.28 The x-axis in Fig. 7 represents the 
compressive displacement measured by the machine stroke. 
The average split-tension strength of HSHDC thus measured 
is 17.0 MPa (2.5 ksi) with a COV of 8.5%.

The results presented previously show that the tensile 
strength of HSHDC is overestimated by the split-tension 

Density—The bulk densities of all cured HSHDC spec-
imens before mechanical testing were determined by 
measuring the weights and actual dimensions of the speci-
mens. The average densities of HSHDC dogbones, split 
cylinders, beams, 51 mm (2 in.) cubes, and 76 mm (3 in.) 
cubes were 2.34, 2.31, 2.32, 2.32, and 2.33 g/cm3 (1 g/cm3 
= 62.4 lb/ft3), respectively. The COV was less than 1.5% in 
all specimen types. In spite of the absence of coarse aggre-
gates, the bulk density of HSHDC is similar to that of normal 
concrete (2.3 to 2.4 g/cm3), which is attributable to the dense 
particle packing within the HSHDC matrix. Thus, the bulk 
density of HSHDC is uniform across various specimen types 

Fig. 5—Direct tension test results of dogbone specimens: 
(a) 1 to 4; and (b) 5 to 8. The test results are separated into 
two groups for clarity of  figures.

Fig. 6—Pre-first-crack direct tension test results of four 
dogbones (No. 1 to 4).
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tests (17.0 MPa [2.5 ksi]) as compared to the direct uniaxial 
tension tests (14.5 MPa [2.1 ksi]). Split-tension tests28 were 
originally designed to determine the tensile strength of 
normal concrete, which is a brittle material. However, 
unlike normal concrete, HSHDC shows an extremely 
ductile behavior, which causes a change in the failure mode 
of the split cylinders from almost pure tensile cracking to 
a combination of multiple tensile cracking and compres-
sive crushing. This change in the failure mode of the split 
cylinders causes a nonconservative estimation of the tensile 
strength of HSHDC and similar strain-hardening materials.

Flexure tests—The third-point flexure test results of three 
HSHDC beams (4 x 4 x 14 in.) are shown in Fig. 8. In this 
figure, the flexural stress is plotted against the midpoint net 
deflection of the beam. The flexural stress was computed 
from the applied compressive load and the dimensions of 
the beam using Eq. (1) of ASTM C1609/C1609M.29 The 
midpoint net deflection was computed as an average of exten-
sions of the two LVDTs mounted at the longitudinal center-
line of the beam. The average modulus of rupture (MOR) of 
the three beams thus computed is 31.8 MPa (4.6 ksi) with 
a COV of 14%. Along with such a high MOR, HSHDC 
beams exhibit extremely high ductility, as the average of the 
midpoint net deflection at MOR is 7.7 mm (0.3 in.), which is 
2.5% of the span length.

The high structural strength and ductility exhibited by the 
HSHDC beams are direct results of its high material strength 
and ductility. For instance, the MOR of HSHDC beams can 
be predicted from its properties under uniaxial tension and 
compression (detailed in the following) using the analytical 
model developed by Maalej and Li.35 This analytical model 
was originally used to predict the MOR of ECC beams based 
on the composite properties of ECC, but it can be applied, 
without loss of generality, to any strain-hardening material. 
As reported previously, the average tensile strain capacity 
etu of HSHDC is 3.4%, its average first crack strength stc 
is 8.3 MPa (1.2 ksi), and its ultimate tensile strength stu is 
14.5 MPa (2.1 ksi). According to Fig. 12 and 13 in Maalej 
and Li,35 the predicted MOR/stc ratio is approximately 4 for 
a tensile strain capacity etu of 3.4% and stu/stc ratio of 1.7 
(14.5/8.3). In this study, the MOR/stc ratio was found to be 
3.8, which agrees well with the analytical prediction. This 
agreement demonstrates the plausibility of using the third-
point flexure test—which is easier to perform in the field 
than the direct tension test—as an alternative method for 
validating the performance of HSHDC, similar to the method 
for SHCC36; however, more exhaustive testing is required to 
quantify the reliability of such tests.

Uniaxial compression tests—The uniaxial compres-
sion strength results from eight 51 mm (2 in.) cubes and 
six 76 mm (3 in.) cubes are shown in Table 4. The average 
compressive strength of the 51 mm (2 in.) cubes (166 MPa 
[24.1 ksi]) is slightly (approximately 5%) higher than that of 
the 76 mm (3 in.) cubes (159 MPa [23.1 ksi]). However, the 
strength variability (COV) of 76 mm (3 in.) cubes (4.4%) is 
slightly lower than that of 51 mm (2 in.) cubes (6.1%). This is 
expected, as the local effect of a flaw or a weakness becomes 
less dominant as the specimen size increases.37 The average 
elastic modulus of HSHDC under uniaxial compression as 
measured for four 51 mm (2 in.) cubes (No. 1 to 4) using 
strain gauges and measured load is 51.2 GPa (7424 ksi) with 
a COV of 1%. The compressive elastic modulus of HSHDC 
is approximately equal to that of VHSC (50 GPa [7252 ksi]) 
as determined by O’Neil.2 Thus, in addition to very high 

tensile ductility, HSHDC exhibits very high compressive 
strength with a slightly (5%) higher elastic modulus in 
compression than in tension.

Full compression test curves of all 51 mm (2 in.) cubes 
tested in this study are presented in Fig. 9. The pre-peak 
branch of these curves is extremely linear and elastic, which 
is typical of VHSC/UHPCs. Near the peak (within approxi-
mately 20% of the peak load), the stress-strain curve of 
HSHDC becomes nonlinear and inelastic due to the nucle-
ation of microcracks at grain boundaries, micro-defects, and 

Fig. 7—Split-tension test results of three cylinders (ø4 in. x 
8 in.). (Note: 1 mm = 0.0394 in.)

Fig. 8—Third-point flexure test results of three beams (4 x 
4 x 14 in.). (Note: 1 mm = 0.0394 in.)

Table 4—Uniaxial compression test results

Specimen number

Uniaxial compression strength, MPa (ksi)

51 mm (2 in.) cubes 76 mm (3 in.) cubes

1 160 (23.2) 168 (24.4)

2 179 (26.0) 153 (22.2)

3 176 (25.6) 160 (23.2)

4 151 (21.9) 157 (22.8)

5 163 (23.6) 167 (24.2)

6 156 (22.7) 151 (21.9)

7 173 (25.1) —

8 171 (24.7) —

Average 166 (24.1) 159 (23.1)

Standard deviation 10 (1.5) 7 (1.0)

Coefficient of variation, % 6.1 4.4
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other microscale heterogeneities. These cracks are stabilized 
through fiber-bridging in HSHDC, resulting in a more ductile 
response and a flattened peak (in HSHDC) instead of a sharp 
peak typically observed in VHSC/UHPCs.37-39 Furthermore, 
it can be seen in Fig. 9 that the post-peak stress after the axial 
splitting40 of an HSHDC cube does not suddenly drop to near 
zero but instead to a residual stress value of 60 to 80 MPa 
(8.7 to 11.6 ksi). Thereafter, the stress gradually decreases 
to zero with increasing compressive displacement. Overall, 
HSHDC shows linear-elastic behavior under uniaxial 
compression until 80% of its peak strength, followed by a 
relatively ductile near-peak and post-peak response.

Multiple microcracking—Robust multiple microcracking 
is a distinct feature in all of the tension and compression 
specimens tested in this study. From the variety of speci-
mens tested under different loading conditions, one repre-
sentative tested specimen of each kind is shown in Fig. 10, 
except the 76 mm (3 in.) cube because its crack pattern is 
similar to that of the 51 mm (2 in.) cube. Multiple cracking 
is clearly visible in all the tested specimens. Crack openings 
on the surfaces of dogbone specimens were measured using 
an optical microscope along the central longitudinal axis 
following the procedure detailed in the JSCE report.26 The 
average crack opening in the HSHDC dogbone specimens is 
approximately 180 mm (0.0071 in.) near the ultimate tensile 
stress sult, and the average residual crack opening (after load 
removal) is approximately 160 mm (0.0063 in.). The reduc-
tion in crack width after load removal is mainly due to the 
elastic recovery of the stretched PE fibers. In spite of the 
higher fiber/matrix interfacial frictional bond14 in HSHDC 
compared to ECC, the crack openings in HSHDC tensile 
specimens are three to four times larger than ECC due to 
absence of interfacial chemical bond and higher ultimate 

Fig. 9—Uniaxial compression test results of 51 mm (2 in.) 
cube specimens: (a) 1 to 4; and (b) 5 to 8. The test results are 
separated into two groups for clarity of figures.

Fig. 10—Crack patterns at failure in HSHDC specimens: (a) beam (4 x 4 x 14 in.); 
(b) dogbone (Fig. 2); (c) split-cylinder (ø4 in. x 8 in.); and (d) 51 mm (2 in.) cube.
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tensile stress. Similar to dogbones, HSHDC beams exhibit 
saturated flexural cracking perpendicular to the principal 
tensile stress field with the crack tips reaching up to approxi-
mately 85% of the total beam depth in the constant moment 
region of the beam. The HSHDC cubes remain intact 
with multiple vertical cracks and negligible spalling after 
sustaining the maximum compressive load. This controlled 
microcracking of micromechanically tailored HSHDC 
results in an extremely ductile mechanical performance 
under tension, flexure, and compression loads.

SUMMARY AND CONCLUSIONS
The composite properties of HSHDC determined in this 

study are summarized below:
• The average ultimate tensile strength of HSHDC is 

14.5 MPa (2.1 ksi) with a COV of 6%. The average of 
the corresponding tensile strain capacities is 3.4% with 
a COV of 11%. The average tensile elastic modulus of 
HSHDC is 48.4 GPa (7018 ksi) with a COV of 1%.

• The average split-tension strength of HSHDC using ø4 in. 
x 8 in. cylinders is 17.0 MPa (2.5 ksi) with a COV of 8.5%.

• The average MOR of HSHDC using 4 x 4 x 14 in. beams 
is 31.8 MPa (4.6 ksi) with a COV of 14%. The average 
of the corresponding midpoint net deflections at MOR 
is 7.7 mm (0.3 in.), which is 2.5% of the span length.

• The average compressive strength of HSHDC using 
51 mm (2 in.) cubes is 166 MPa (24.1 ksi) with a COV 
of 6.1%, and that using 76 mm (3 in.) cubes is 159 MPa 
(23.1 ksi) with a COV of 4.4%. The average compres-
sive elastic modulus of HSHDC, obtained using 51 mm 
(2 in.) cubes, is 51.2 GPa (7424 ksi) with a COV of 1%.

• HSHDC is moderately flowable with a slump of approxi-
mately 190 mm (7.5 in.). The plastic viscosity and yield 
stress of the HSHDC matrix are 6.0 Pa-s (8.7 × 10–4 
psi-s) and 186.2 Pa (0.027 psi), respectively. The average 
density of cured HSHDC is 2.32 g/cm3 (145 lb/ft3).

Thus, along with a very high compressive strength due 
to a densely packed matrix, HSHDC exhibits pseudo-strain 
hardening in tension enabled by the deliberate tailoring of 
the fiber, the matrix, and their interface. This combination 
of strength and ductility is expected to significantly enhance 
the load-bearing and energy-absorption capacities of the 
materials for an exceptionally resilient civil infrastructure.
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