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Optimizing Ultra-High-
Performance Fiber- 
Reinforced Concrete
Mixtures with twisted fibers exhibit record performance under tensile loading

by Kay Wille, Antoine E. Naaman, and Sherif El-Tawil

U
ltra-high-performance concrete (UHPC) has 
attracted the attention of researchers and  
practitioners since its introduction in the mid- 

1990s, not only because of its high compressive strength 
(generally exceeding 150 MPa [22 ksi]) but also because 
of its excellent environmental resistance.1 The proper 
addition of fibers to UHPC further improves tensile 
cracking resistance, post-cracking strength, ductility, and 
energy absorption capacity. The tensile strength of an 
ultra-high-performance fiber-reinforced concrete (UHP-FRC) 
using small-diameter, high-strength, short, smooth steel 
fibers has been reported to range from about 8 to 15 MPa 
(1.2 to 2.2 ksi).2-7 Strain values reported from direct 
tensile tests range from 0.1 to 0.3%, but little information 
exists on its tensile strain capacity after cracking.

The research reported in this article focused on 
optimizing a UHP-FRC mixture for tensile strength, 
tensile strain capacity, and energy absorption—the key 
parameters relative to the performance of structural 
members. This was achieved by optimizing the cementitious 
matrix for compressive strength, packing density, and 
flowability; using very-high-strength, fine-diameter steel 
fibers; and tailoring the mechanical bond between the 
fiber and the cement matrix. The mixtures were mixed  
using a commercial mixer,8 and they were evaluated by 
measuring spread, compressive strength, single fiber 
pullout resistance, and direct tensile strength (Fig. 1).

Compressive Strength
High particle packing density (low matrix porosity) is 

a key property of ultra-high compressive strength concrete. 
In this research, a UHPC with a compressive strength 
exceeding 200 MPa (30 ksi) was developed using 
commercially available materials and without the use of 
any heat treatment, pressure curing, or a special mixer. 

The UHPC mixture design was based on optimizing the 
particle packing density of sand, silica fume, glass powder, 
and cement. The mixtures were evaluated by measuring 
the spread and the amount of entrapped air.8,9 Improving 
particle packing density was achieved mainly by changing 
the matrix composition and proportions, and by selecting 
ranges of particle sizes for sand, silica fume, glass powder, 
and cement. One mixture proportion selected as a 
baseline for the production of UHP-FRC is given in 

Fig. 1: Test methods used for developing UHP-FRC mixtures:  

(a) spread test; (b) compression test; (c) fiber pullout test; and 

(d) tensile test

(a)

(b)

(c) (d)
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Table 1. With the addition of high-strength steel fibers, 
28-day compressive strengths of up to 291 MPa (42.3 ksi) 
were attained.

Tensile Strength, Ductility, and Formation 
of Multiple Cracks

The tensile strength σpc of UHP-FRC is defined by the 
engineering stress at maximum tensile load. Ductility is 
defined by the ability to deform plastically prior to tensile 
fracture. It can be evaluated by the strain εpc at σpc,9 by 
the ductility index Id = Eccεpc/σpc,10 which includes the 
elastic modulus Ecc, or by the dissipated energy per unit 
volume gƒ,A (explained in more detail in a following 
section and Fig. 2(b)).7

By definition, a strain-hardening UHP-FRC develops a 
σpc in excess of its first cracking strength σcc. A key factor 
leading to enhanced ductility and dissipation of energy is 
the formation of multiple cracks (Fig. 2). Although 
ductility generally decreases with increased tensile 
strength,11 we attempted to find a UHP-FRC design that 
exhibited concurrent increases in both tensile strength 
and ductility.

Table 1:
Mixture proportions by weight

Type UHPC UHP-FRC SIFCON

Cement 1.00 1.00 1.00

Silica fume 0.25 0.25 0.25

Glass powder 0.25 0.25 0.25

Water 0.180 0.18 to 0.20 0.207

High-range water- 
reducing admixture*

0.0114 0.0108 0.0108

Sand A† 1.05 0.92 0.83

Fiber 0.00 0.22 to 0.31 0.49

Fiber, vol. % 0 2.5 to 3.5 5.5

ƒc’, MPa‡ 232 to 246 251 to 291 270

ƒt, MPa 8.2 to 9.0§ 20 to 30 37
*Solid content
†Maximum grain size 0.2 mm
‡28-day tests using 50 mm cubes
§At first cracking, followed by immediate failure

1 MPa = 145 psi; 1 mm = 0.04 in. 

Fig. 2: Strain hardening tensile behavior of UHP-FRC: (a) strain-

hardening versus strain-softening tensile response; (b) idealized 

tensile response and energy approach; and (c) multiple 

cracking of UHP-FRC with twisted fibers at 1.5 vol.%

(a)

(b)

(c)
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Steel Fibers
We selected steel fibers for our UHP-FRC mixtures 

because steel’s plastic behavior allows customization of 
fiber geometries and its high elastic modulus helps 
minimize crack widths in concrete. Three types of fibers 
were used in this study:

 • Rectangular twisted steel fibers, produced from 0.3 mm 
(0.01 in.) diameter base wire (Fig. 3(a)) with a tensile 
strength of 3100 MPa (449 ksi). The mechanical bond 
of twisted fibers is activated during fiber pullout by 
torque resistance distributed along the fiber length. By 
varying the cross-sectional shape and the pitch of the 
fiber twist, we were able to modify the ratio of fiber 
surface to cross-sectional areas, the fiber torque re-
sistance, and the angle of fiber-matrix interface, thereby 
adjusting the fiber-matrix mechanical bond;

 • Micro-twisted steel fibers, produced from 0.12 mm 
(0.005 in.) diameter base wire (Fig. 3(b)) with a tensile 
strength of more than 3500 MPa (507 ksi). This fiber 
type was designed to improve the tensile cracking 
behavior of UHP-FRC with relatively low fiber volume 
content Vƒ. Production of this fiber type required 
overcoming a number of technical challenges associated 
with shaping, twisting, pulling, and cutting small 
diameter wire; and 

 • Commercially available smooth brass-coated 0.20 mm 
(0.008 in.) diameter steel fibers. The fibers were 13 mm 
(0.5 in.) long and had a tensile strength of 2600 MPa 
(377 ksi) (Fig. 3(c)). This type of fiber has been used in 
many UHP-FRC mixtures, and it is known to provide a 
good trade-off between tensile properties and workability 
of the fiber composite. 

Fig. 3: Fibers used in the study: (a) twisted (T30) equivalent dƒ = 0.3 mm (0.01 in.);  

(b) twisted (T12) equivalent dƒ = 0.12 mm (0.005 in.); and (c) straight (S20) dƒ = 0.2 mm 

(0.008 in.)

(a) (b) (c)

Fig. 4: Pullout characteristics of twisted and non-twisted fibers (1 N = 0.225 lb.; 1 mm = 0.04 in.)

Single Fiber Pullout
Single fiber pullout tests were 

carried out using a procedure 
described in detail in Reference 12. 
Figure 4 illustrates the different 
pullout load-versus-slip performance 
of single twisted fibers embedded in 
UHPC in comparison to non-twisted 
fibers of the same material, embed-
ment length, and fiber cross section. 
The twist ratio was tailored to achieve 
the highest tensile stress without 
inducing fiber failure. Optimized 
twisting leads to a tensile stress (and 
thus bond strength) increase of 
about two-and-a-half times without 
loss in the “ductile” nature of the 
pullout load-versus-slip behavior.

Inspection of the lower curve in 
Fig. 4 indicates that the smooth, 
0.3 mm (0.01 in.) diameter fiber 
had an excellent load-versus-slip 

behavior up to about the full embedded length. This has 
also been confirmed on smooth, 0.2 mm (0.008 in.) 
diameter microfibers.12 Similar results on the same type of 
microfiber embedded in heat-treated UHPC were reported 
in References 13 and 14. Microscopic analysis of the 
pulled-out fibers showed that the brass coating layer at 
the fiber surface was damaged in many places (Fig. 4). 
Further analyses suggested that three effects may explain 
such behavior: a wedge effect of adhered and abraded 
particles at the interface; damage at the fiber surface; 
and deformation at the fiber ends caused by the shearing 
of the fibers during production, which provides 
mechanical anchorage.12

Direct Tensile Tests
Direct tensile tests were carried out on dog-bone- 

shaped, unnotched specimens. As outlined in Table 2, the 
specimens are categorized into two groups according to 
fiber factor χƒ, where χƒ = (fiber length/fiber diameter) × Vƒ.

The UHP-FRC mixtures of Group A have χƒ values of 
2.0 or less (References 15 and 16) and are characterized 
by excellent workability with self-consolidating properties. 
The UHP-FRC mixtures of Group B have χƒ values 
greater than 2.0. These mixtures were more difficult to 
mix than Group A mixtures and more effort was required 
to place them in the molds. The highest value of χƒ (4.4) 
was achieved by filling the mold with fibers and infiltrating 
the fiber network with the cementitious matrix—a 
process known as SIFCON.17,18 All specimens, except 
UHP-FRC Sifcon-T30 5.5%, were cast in layers, which 
led to a preferable alignment of the fibers in the direction 
of the axis of the specimen (thus, the applied load).
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The typical tensile behavior of the two groups of 
UHP-FRCs is presented in Fig. 5. For each mixture type, 
three to five specimens were tested. In Fig. 5(a), the tensile 
behavior of three different UHP-FRC types of Group A 
are compared to tensile test results of UHP-FRCs reported 
by other researchers identified in the footnote of Table 2. 
Higher tensile strength and an improvement in strain at 
maximum stress have been achieved while using a smaller 
volume fraction of fibers. 

Commercially available straight steel fibers (S20, Fig. 3(a)) 
with a volume fraction of 3% resulted in a tensile 
strength of 20 MPa (2.9 ksi) associated with a strain 
value at peak stress εpc = 0.6%. This is three to 10 times 
the strain value reported by others for their UHP-FRCs 
(Table 2). Similar tensile strength (19 MPa [3.2 ksi]) and 
improved ductility was obtained by using 15 mm (0.59 in.) 
long twisted fibers at a volume fraction of only 1.5%. 
Using 22 mm (0.87 in.) long twisted fibers and at a 
volume fraction of 1% (Type T12 1%) led to a post-
cracking tensile strength of 15.9 MPa (2.3 ksi) and an 
impressive strain at a peak stress of 1%. The ductility 
index Id was 38 for mixture Type T12 1%. This is about 
three to 12 times higher than that of other UHP-FRCs, 
and it exceeds the maximum value of 30 reported by 
Rossi.10 Assuming fiber failure is prevented, the results 
presented in Fig. 5(a) suggest that longer fibers improve 
the composite ductility.

Figure 5(b) describes the stress-strain response of four 
mixture types in Group B. Type T12 2.3% incorporates 
the same fine twisted steel fiber type as Type T12 1.5% 
in Group A. It develops a higher tensile strength of 

Fig. 5: Tensile behavior of UHP-FRCs developed in this research  

in comparison to results reported by other researchers:  

(a) UHP-FRCs of good workability (Group A); and (b) UHP-FRCs  

of difficult workability but very high tensile strength (Group B)

(a)

(b)

Table 2:
Tensile parameters of UHP-FRC mixtures

Type
ƒc′,28, 

MPa
lƒ, mm dƒ, mm Vƒ, % χ

ƒ

σpc, 

MPa
εpc, % Ida

gƒ,A, 

kJ/m3

G, 

kJ/m3

Group A

Ceracem 191 20 0.30 2.5 1.7 9.7 0.25 15 20 25

Ductal 200* 13 0.20 2.0 1.3 12.0 0.07/0.3† 3 — —

T12 1% 254 22 0.12 1.0 1.8 15.9 1.00 38 92 128

T12 1.5% 255 15 0.12 1.5 1.9 18.9 0.83 26 94 129

S 3% 254 13 0.20 3.0 2.0 20.0 0.59 18 88 115

Group B

CARDIFRC 185 6/13 0.16 4.5/1.5 2.9 13.5 0.06 3 — —

CEMTECmultiscale 220‡ Three fiber 
types

Three fiber 
types

11.0 — 20.0 0.20 6 — —

T12 2.3% 255 15 0.12 2.3 2.9 23.4 0.81 21 105 148

T12 3% 254 22/24 0.12/0.3 1.0/2.0 3.4 31.1 0.72 14 106 168

T12 6% 250 10/15/24 0.12/0.3/0.3 1.8/3.7/0.9 4.1 34.6 0.46 8 77 125

Sifcon-T30 
5.5%

270 24 0.30 5.5 4.4 37.2 1.08 17 169 304

Ceracem, Ductal, CARDIFRC, and CEMTEC data are from References 6, 4, 5, and 19, respectively; *Heat treatment with 90°C;  
†Calculated from diagrams in References 4 and 20; ‡Ec = 60 GPa used in calculation; 1 MPa = 145 psi; 1 mm = 0.04 in.; 1˚C = 34˚F 
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23.4 MPa (3.4 ksi) due to the increase in fiber volume 
fraction. The strain values are slightly over 0.8% for both 
mixture types.

To further optimize the tensile response of the composite, 
a blend of fibers of different lengths and diameters was 
used in series T12 3% and T12 6% (Table 2). A fiber 
blend allows mixtures to have higher volume fractions of 
fibers. Type T12 3% developed a tensile strength of 
31.1 MPa (4.5 ksi) at a strain of 0.72%, whereas Type 
T12 6% developed a tensile strength of 34.6 MPa (5.0 ksi) 
at a strain of only 0.46%. These results indicate that 
higher total fiber content may lead only to a marginal 
increase in the tensile strength and even a decrease in 
ductility. Figure 5(b) also shows the performance of Type 
Sifcon-T30 5.5% by volume. The results (σpc = 37.2 MPa 
[5.4 ksi] and εpc = 1.08%) are the best overall for both 
strength and strain capacity. Although SIFCON may not 
have the potential for widespread applications, the 
performance of this mixture type illustrates the upper 
limits of the tensile strength achievable in a discontinuous 
fiber-reinforced cementitious composite.

In Fig. 5(b), a point is shown for CEMTECmultiscale
®, a 

UHP-FRC with a steel fiber content of 11%.21 It can be 
observed that results achieved (σpc = 20 MPa [2.9 ksi] and 
εpc = 0.2%) are lower than values obtained for series T12 
3%, which has about one-fourth the total fiber content.

Energy Absorption Capacity
In a previous study, distinguishing between the energy 

dissipated up to the end of strain-hardening behavior 
(that is, the peak load) and the energy associated with the 
softening behavior after localization (Fig. 2(b)) was 
recommended.7 The energy dissipated during strain 
hardening gƒ,A, is an energy per unit volume (kJ/m3) of 
composite assuming an evenly distributed (multiple) 
cracking behavior. In comparison, the fracture energy Gƒ 
represents the energy per unit ligament area to completely 
separate the material through a single crack and is given 
in kJ/m2. To calculate gƒ,A, the unloading modulus at 
maximum stress Epc is needed (refer to the example in  
Fig. 6(a)). The total energy absorption capacity g of a 
strain-hardening material prior to softening is the sum of 
dissipated energy gƒ,A, and elastically stored recoverable 
energy gel (Eq. (1) and (2)). These energy components per 
unit volume allow for an objective comparison of the 
strain-hardening performance of different composites and 
are mathematically defined as follows
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Fig. 6: Energy absorption capacity per unit volume associated 

with strain hardening behavior: (a) geometric equivalent of gƒ,A 

and gel in an example of Sifcon-T30 5.5%; and (b) comparison 

of g, gƒ,A, and gel of series investigated in this research

Figure 6(a) illustrates the geometric equivalent of gƒ,A and 
gel of a typical composite specimen, Sifcon-T30 5.5%. 
Numerical values of the energy per unit volume for all 
test series investigated in this study are plotted in Fig. 6(b) 
as functions of fiber volume fraction. The estimated 
energy for Ceracem® 2.5% is also shown for comparison. 
In terms of fiber volume effectiveness, UHP-FRC T12 1% 
exhibits the highest energy absorption capacity per unit 
volume of composite and per 1% fiber content, namely gƒ 

= 128 kJ/m3 and gƒ,A ≈ 92 kJ/m3. However, in terms of 
absolute values, UHP-FRC Sifcon-T30 5.5% leads to the 
highest values of gƒ = 304 kJ/m3 and gƒ,A ≈ 184 kJ/m3, 
respectively. Per 1% fiber content, the energy values of 
the UHP-FRC composites developed in this study are five 
to 10 times those achieved by Ceracem 2.5%. The energy 
absorption capacity during softening is not discussed in 
this article, but its method of computation is described in 
Wille and Naaman.7

Record-Breaking Results
Our research has led to two main developments:

 • UHPC mixtures with 28-day compressive strengths in 
excess of 200 MPa (30 ksi). Significantly, these mixtures 

(a)

(b)
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required no heat or pressure curing, incorporated mate-
rials available on the U.S. market, and were mixed in a 
conventional concrete mixer; and

 • A UHP-FRC mixture with a tensile strength of over 37 
MPa (5.4 ksi). This mixture developed strains as high 
as 1.1% at maximum stress, and the energy absorption 
prior to softening was 304 kJ/m3. Before tensile fracture, 
specimens exhibited multiple cracks, with crack spacing 
and widths respectively as small as 1 mm (0.04 in.) and 
4 microns (1.57 × 10–7 in.).
We believe some of the newly developed mixtures 

shown in Table 2 and Fig. 5 delivered record-breaking 
results for cement composites. Mixture T12 1%, for 
example, with only a 1% volume fraction of steel fibers, 
developed a tensile strength of 15.9 MPa (2.3 ksi) and an 
energy absorption capacity of 128 kJ/m3. These values far 
exceed those reported by other researchers.
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