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EXECUTIVE SUMMARY
The research objective is to develop highly sustainable and efficient reinforced concrete
structural members for future infrastructure by utilizing emerging high-performance materials.
These materials include ultra-high-performance fiber-reinforced concrete (UHP-FRC) and
corrosion resistant high-strength fiber-reinforced polymer (FRP) bars and high-strength steel
rebars. The new type of UHP-FRC flexural members were designed based on a newly
developed design concept, ductile-concrete strong-reinforcement (DCSR), in which the ductile
component is the concrete and the elastic component is the reinforcement. The advantages of
using such design is to fully utilize the high compressive strength and ductility of UHP-FRC
and minimize the cracking by reducing the elongation of reinforcement, thereby maintaining
high stiffness of the members. Four specimens were tested under reversed cyclic loading. The
proposed UHP-FRC flexural members have much larger stiffness and strength than
conventional reinforced concrete members and can sustain very large drift ratios under
reversed cyclic loading without major damage in the material. Because of the DCSR design
concept, the reinforcement remains elastic thus providing a self-centering capability. This
allows a very sustainable and resilient future structures subjected to major earthquake loadings.
Four pilot UHP-FRC reduced scale flexural members, one with corrosion resistant highstrength steel rebars (100 ksi as per ASTM A1035), one with non-corrosive high-strength
GFRP (glass, 90 ksi) rebars, and two with non-corrosive high-strength BFRP (Basalt, 147 ksi)
rebars were tested at UT Arlington under large displacement reversals to prove the resilience
of the proposed new DCSR design concept. All flexural members had a reinforcement ratio of
14%. The last two specimens were designed to have a smaller length-to-depth ratio to increase
the shear force demand. Ultra-high-molecular-weight-polyethylene (UHMWPE) fibers (13
mm in length and 0.0015 mm in diameter with a tensile strength of 375 ksi) were used for
specimen # 3. Meanwhile micro steel fibers (13 mm in length and 0.2 mm in diameter with a
tensile strength of 399 ksi) were used for the other three specimens. Experimental results show
that all flexural members sustained very large cyclic displacements without major damage to
the UHP-FRC material, which provided ample shear strength and confinement to the
reinforcement throughout the testing. Even with the high amount of reinforcement, UHPFRC’s superior ductility provided a very stable cyclic behavior up to very large drift ratios. All
specimens also exhibited a self-centering ability, which considerably reduces the residual
displacement (and resultant potential of collapse) after being subject to large displacements.
This pilot testing also verified that very high damage resistant and self-centering characteristics
of the proposed columns made of high-performance materials and designed by the DCSR
concept can provide excellent resilience (which requires no repair work after major
earthquakes) for building structures in earthquake-prone areas. Structural members such as
columns are the most critical structural members providing collapse prevention and assuring
the resilience of buildings in earthquake-prone areas. Their resilience and damage resistance
against multiple strong excitations are critical to the resilience of earthquake-prone buildings
and society. If successfully implemented, the results from this project are expected to directly
impact society through enhanced safety of buildings that would otherwise collapse under
earthquakes, hurricanes, and other life-threatening natural and manmade disasters. Consumers
can also benefit from the short- and long-term cost savings gained by improving structural
resiliency and extending the structures’ lifetime. On a day-to-day basis, annual savings can be
realized through reduced construction time, as well as fewer repairs and maintenance costs.
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1. INTRODUCTION
Ultra-high-performance fiber-reinforced concrete (UHP-FRC) is a new generation of fiberreinforced concrete which has ultra-high compressive strength (18–30 ksi; 10 to 12 ksi after
24 hours.) and ductility. A concrete with only ultra-high compressive strength is not suitable
for structural application, even reinforced with mild reinforcing steel, as the very brittle nature
can cause potential issues such as abrupt unpredictable failures and a minimum capability of
stress redistribution. UHP-FRC was developed by changing the porous nature of conventional
concrete through reducing dimensions of microcracking (or defects) in the concrete. This is
achieved in UHP-FRC through a very low water to cementitious materials ratio (0.18 to 0.25)
and a dense particle packing, which leads to almost no shrinkage or creep, making it very
suitable for concrete members under long-term compression. The consequences of a very dense
microstructure and low-water ratio results in enhanced compressive strength (1) and delayed
liquid ingress (2). Furthermore, the addition of steel or synthetic fibers (typically less than 3%
by volume of concrete) improves the brittle nature of concrete by increasing the tensile
cracking resistance, post-cracking strength, ductility, and energy absorption capacity. In terms
of corrosion resistance, research has indicated that UHP-FRC has a much greater durability
than conventional concrete due to its very dense microstructure (3). This dense microstructure
impedes the conductive chloride ions from coming into direct contact with the steel reinforcing
bars, which protects the reinforcing bars from corrosion. Table 1 provides a comparison
between typical conventional concrete and UHP-FRC.
Table 1. Comparison of typical conventional concrete and UHP-FRC (all data from UT Arlington research except
Rapid Chloride Penetration Test).

Properties of Concrete
Ultimate Compressive Strength

Conventional Concrete
< 8,000 psi (55 MPa)

Early (24-hour) compressive
strength
Flexural Strength

< 3000 psi (21 MPa)

Shear strength
Direct Tension
Rapid Chloride Penetration Test (3)

< 180 psi (1.2 MPa)
< 450 psi (3 MPa)
2000-4000 Coulombs passed

Ductility
Ultimate Compressive Strain, εcu
Confining

Negligible
0.003
Negligible

< 670 psi (4.6 MPa)

UHP-FRC
18,000 to 30,000 psi (124 to
207 MPa)
10,000 – 12,000 psi (69 to 83
MPa)
2,500 to 6,000 psi (17 to 41
MPa)
> 600 psi (4.1 MPa)
up to 1,450 psi (10 MPa)
Negligible (< 100 Coulombs
passed)
High ductility
0.015 to 0.03
High confining capability

Addition of fibers to the UHPC matrix decreases the brittleness and increases the compressive
strength and maximum usable compressive strain. The UHP-FRC mix with 3% micro steel
fibers (4) showed ultimate compressive strength at a strain of approximately 1.2-1.4% as
shown in Figure 1 below.
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Figure 1. Compressive stress-strain behavior of UHP-FRC (4).

Fiber-reinforced concrete (FRC) has been used for many decades; however, conventional FRC
only enhances the post-cracking ductility, and its compressive strength is close to that of plain
concrete (5 to 8 ksi). In other words, conventional FRC does not fundamentally change the
micro-structure of concrete, but it has a greater residual tensile capacity and ductility after
cracking. Research (5) shows that even a high-performance FRC column (an FRC with tensile
strain-hardening behavior) has essentially the same failure mode as that of an RC column after
FRC is crushed, which eventually leads to rebar buckling and fracture (Figure 2).

Figure 2. Failure pattern of RC column (left) (6) and HPFRC Column (right) (6) with a specified compressive strength
of 8 ksi.
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2. OBJECTIVES
The research objective is to develop highly sustainable and efficient reinforced concrete
structural members for future infrastructure by utilizing emerging high-performance materials.
These materials include ultra-high-performance fiber-reinforced concrete (UHP-FRC) and
corrosion resistant high-strength fiber-reinforced polymer (FRP) and MMFX bars. The next
generation structural members will have the sustainability and resiliency that are not previously
available.
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3. LITERATURE REVIEW
3.1. High Strength Steel Reinforcement
ASTM A1035 reinforcement has low carbon content and high chromium content as compared
to ASTM A615/A615M steel. This makes the ASTM A1035 reinforcements high-strength and
more corrosion resistant (7). This reinforcement has seen its major use in bridge decks
subjected to de-icing salts (8).
Tensile Properties: The stress-strain curves for ASTM A1035/A1035M bars in Grades 100
(690) and 120 (830), ASTM A615/A615M bars in Grades 60 (420) and 75 (520) and ASTM
A706/A706M bars are shown in the Figure 3.

Figure 3. Stress-strain curves for different grades of steel reinforcing bars (9).

ASTM A1035/A1035M bars have higher tensile strength but no well-defined yield point. The
proportionate limit of ASTM 1035/A1035M bars is at a stress of 60,000 to 80,000 psi (410 to
550 MPa) which is similar to the yield stress of ASTM A615/A615M Grade 60 (420) and
ASTM 706/A706M bars (9). The strain at peak tensile stress for ASTM A615/A615M Grade
60 (420) steel lies at 0.07 to 0.10, and for ASTM A706/A706M steel is within 0.10 to 0.14.
For ASTM A1035/A1035M steel, the ultimate strain at fracture ranges from 0.08 to 0.13, while
for ASTM A615/A615M Grade 60 (420) and ASTM A706/A706M steel ranges from 0.09 to
0.12 and 0.14 to 0.20 respectively. The modulus of elasticity is observed to be 29,000 ksi
(200,000 MPa) for ASTM A1035/A1035M bars similar to the other steel (9). From actual
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testing, the yield strength of the ASTM A1035/A1035M bars obtained from 0.2% offset
method (Figure 4) is more than 115,000 psi (790 MPa) for Grade 100 (690) bars and 125,000
psi (850 MPa) for Grade 120 (830) bar.

Figure 4. Approximated nonlinear stress-strain relationship of ASTM A1035/A1035M Grade 100 (690) steel and
idealized bilinear elastic-plastic stress-strain relationship for simplified design (7).

The tensile strength for ASTM A1035/A1035M Grade 100 (690) bar and Grade 120 (830) bar
exceeds 155,000 psi (1070 MPa) and 160,000 psi (1100 MPa) respectively. The following
Equations 1 to 3 are based on a proportional limit of 70,000 psi (480 MPa) and an assumed
tensile strength of 150,000 psi (1030 MPa) at a strain of 0.02.
Approximate lower bound of stress-strain curves of Grade 100 (690) are represented by
following equations:

f s = 29, 000ε s (ksi)

for 0 ≤ ε s ≤ 0.0024

[1]

for 0.0024 ≤ ε s ≤ 0.02

[2]

for 0.02 ≤ ε s ≤ 0.06
f = 150 (ksi)
Aforementioned equations in SI units:
f s = 200, 000ε s (MPa)
for 0 ≤ ε s ≤ 0.0024
2.96
(MPa)
for 0.0024 ≤ ε s ≤ 0.02
=
f s 1170 −
ε s + 0.0019

[3]

=
f s 170 −

0.43
(ksi)
ε s + 0.0019

f = 1040 (MPa)

for 0.02 ≤ ε s ≤ 0.06

[1M]
[2M]
[3M]
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Table 2. Specified tensile and yield strengths (7).

Bar type

Tensile
strength,
minimum, psi
(MPa)

Yield
strengtha,
minimum, psi
(MPa)

Yield
strengtha,
maximum, psi
(MPa)

Stress
corresponding
to prescribed
strain,
minimum
stress, psi
(MPa)

Stress
corresponding
to prescribed
strain,
strain, %

ASTM
A615/A615M
90,000 (620) 60,000 (420)
60,000 (420)b
0.35b
Grade 60
ASTM
100,000
A615/A615M
0.35b
75,000 (520)
75,000 (520)b
(690)
Grade 75
ASTM
105,000
A615/A615M
0.35b
80,000 (550)
80,000 (550)b
(725)
Grade 80
ASTM
A706/A706M
80,000 (550)c 60,000 (420)
78,000 (540)
60,000 (420)b
0.35b
Grade 60
ASTM
100,000
A706/A706M
80,000 (550)
98,000 (675)
80,000 (550)b
0.35b
(690)c
Grade 80
ASTM
150,000
100,000
A1035/A1035M
80,000 (550)
0.35
(1030)
(690)
Grade 100
ASTM
150,000
120,000
A1035/A1035M
90,000 (620)
0.35
(1030)
(830)
Grade 120
a
Observed yield point for ASTM A615/A615M and ASTM A706/A706M bars, and yield strength according to
0.2% offset method for ASTM A1035/A1035M bars.
b
Applicable to ASTM A615/A615M and ASTM A706/706M bars only when steel bar tested does not exhibit a
well-defined yield point.
c Tensile strength for ASTM A706/A706M bars should also be not less than 1.25 times actual yield strength.

Table 3. Representative chemical composition of rebar.

Element

ASTM A1035/A 1035M
Maximum content, %

ASTM A615/A615M
Maximum content, %

ASTM A706/A706M
Maximum content, %

Carbon

0.15

b

0.30

Chromium

8.0 to 10.9a

-

-

Manganese

1.50

b

1.50c

Nitrogen

0.05

-

-

Phosphorus

0.035

0.06

0.035

Sulphur

0.045

b

0.045

Silicon

0.50

-

0.50

Flexural Design: ACI ITG-6R-10 (7) suggests limiting the strain developed in the ASTM
A1035 longitudinal reinforcement to 0.015 to prevent excessive cracking and deflection. A
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practical design can be performed through a nonlinear flexural analysis by considering force
equilibrium and strain compatibility using Equations 1 and 2 and considering the limiting strain
of 0.015. A simplified flexural design method for ASTM A1035/A1035M bars was put forward
by Mast et al. (10). He proposed using stress-strain behavior comprising of a linear elastic
portion followed by a plastic yield plateau (Figure 5) similar to ASTM A615/A615M Grades
60 (420) and 75 (520) bars.

(a)
(b)
Figure 5. (a) Behavior based on Equation, and (b) Behavior based on simplified method (Tension-controlled strain
limits with f c′ = 5 ksi and β 1 = 0.8 ).
Table 4. Comparison of design methods using ASTM A 1035/A1035M Grade 100 (690) steel (in.-lb units) (7).

Attribute

Using Equation 1 and 2

Simplified method

0.0066

0.009

119

100

0.3125d

0.25d

0.3125β1d

0.25β1d

0.85 f c′ab

0.85 f c′ab

0.85( f c′ / 119)(0.3125β1d )b

0.85( f c′ / 100)(0.25β1d )b

Tension-controlled reinforcement ratio

ρt = As / bd

0.002232 f c′ β1

0.002125 f c′ β1

T= C= As f=
ρt bdf s , kip
s

0.2656 f c′ β1bd

0.2125 f c′ β1bd

d (1 − 0.156β1 )

d (1 − 0.125β1 )

0.232 f c′bd 2

0.191 f c′bd 2

Tension-controlled strain limit
Steel tensile stress

fs ,

ksi

Neutral axis depth c, in.
Stress block depth

a = β1c,

Compression force

C , kip

Steel area

As = C / f s ,

Lever arm =

Mn

in.

in.2

d − a / 2, in.

for f c′ = 22 ksi;

β1 = 0.8,

kip-in.
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Table 5. Comparison of design methods using ASTM A 1035/A1035M Grade 100 (690) steel (SI units) (7).

Attribute
Tension-controlled strain limit
Steel tensile stress

fs ,

MPa

Neutral axis depth c, mm
Stress block depth

a = β1c,

Compression force

C, N

Steel area

As = C / f s ,

mm

mm2

Tension-controlled reinforcement ratio

ρt = As / bd
ρt bdf s , N
T= C= As f=
s

Lever arm =

Mn

d − a / 2, mm

for f c′ = ksi;

β1 = 0.8,

N-mm

Using Equation 1 and 2

Simplified method

0.0066

0.009

820

690

0.3125d

0.25d

0.3125β1d

0.25β1d

0.85 f c′ab

0.85 f c′ab

0.85( f c′ / 820)(0.3125β1d )b

0.85( f c′ / 690)(0.25β1d )b

0.0003239 f c′ β1

0.0003079 f c′ β1

0.2656 f c′ β1bd

0.2125 f c′ β1bd

d (1 − 0.156β1 )

d (1 − 0.125β1 )

0.232 f c′bd 2

0.191 f c′bd 2

Tension and Compression Control: ACI 318 defines tension-controlled sections as the
flexural members having a net tensile strain of 0.05 in the extreme tension reinforcement. This
is based on the ASTM A615/A615M Grade 60 (420) and Grade 75 (720) bars. Behavior similar
to the members designed using ACI 318 with Grades 60 (420) and 75 (720) was found using
the simplified model for ASTM A1035/A1035M bar at a tension-controlled strain limit of
0.0066 (10). The strain limit was modified to 0.009 to balance for the actual stress at nominal
strength being higher than the assumed 100,000 psi (690 MPa).
ACI 318 defines compression-controlled sections as the flexural members having the net
tensile strain at balanced strain condition. For a yield strength of 100,000 psi (690 MPa) and
modulus of elasticity of 29,000 ksi (200,000 MPa), the compression-controlled strain limit is
0.00345 (7).

3.2. Fiber-Reinforced Polymer (FRP) Reinforcement
Corrosion is a major concern in mild steel and prestressing steel in reinforced concrete and
prestressed concrete structures exposed to aggressive environments. Composite materials such
as fiber-reinforced polymer (FRP) bars are a suitable alternative to steel reinforcing bars when
reinforced concrete is exposed to deicing salts, built in or close to seawater, subjected to other
corrosive agents, required to maintain low electric conductivity or electromagnetic neutrality,
or required to meet weight limits (FRP is about 75% lighter than steel). Fiber reinforced
polymers uses a polymeric resin system reinforced with fibers. Hence. the properties of FRP
is a combination of the properties of the resin matrix and the fibers used (Figure 6). Fibers are
typically aramid, basalt, carbon or glass and the polymer is usually an epoxy, phenol
formaldehyde resin, polyester thermosetting plastic or vinyl ester.
Aramid fiber reinforced polymer (ARFP), carbon fiber reinforced polymer (CFRP) and glass
fiber reinforced polymer (GFRP) are the most commonly used FRP composites. Aramid fibers
are a synthetic aromatic-polyamide material. Aramid fibers are lighter than carbon and glass
fibers with similar mechanical properties and are more suitable for prestressed concrete
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structures than for reinforced concrete ones. Carbon fibers are manufactured by heat treatment
processes such as carbonization and graphiting. CFRP shows suitable mechanical properties;
in spite of this, the fibers are electrically conductive which might result in the formation of
galvanic cells on contact with a metallic substrate. Glass fibers are manufactured by extruding
silica dioxide and exhibit favorable mechanical properties; however, they are vulnerable to
creep- and moisture-induced damage. Basalt fibers are a mineral-based inorganic product and
were recently introduced to the structural engineering community (11). Basalt fibers are
chemically inert and demonstrate good acidic and thermal resistance. The properties and costs
of basalt fibers are similar to those of glass fibers.

Tensile Stress

Fiber

FRP Composite
Resin

Strain

Figure 6. Properties of FRP composite (12).

3.2.1. Tensile and Compressive Behavior
The tensile behavior of FRP bars are controlled by the properties of the fiber and resin, fiber
volume fraction and the fiber geometry and orientation within the matrix (12). FRP materials
are anisotropic in nature and show pure elastic behavior until failure. As a result, this lack of
ductility should be taken into consideration when designing concrete structures reinforced with
FRP bars. Figure 7 shows the typical behavior of the FRP bars. FRP bars show higher tensile
strength than typical steel bars but the tensile modulus of FRP bars is significantly lower than
steel counterparts, as small as 20% (13). Typical mechanical properties of FRP bars are
presented in Table 6.

Figure 7. Tensile stress strain relationship for FRP bars (12).
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Table 6. Typical mechanical properties of FRP bars (11).

Type

Density lb/in3
(g/cm3)

Tensile strength ksi
(MPa)

Tensile modulus
ksi (GPa)

Elongation at break
(%)

Aramid

0.052
(1.45)

525-533
(3,600-3,620)

18,000-19,000
(127-131)

2.5-2.8

Carbon

0.064-0.078
(1.77-2.16)

275-640
(1,900-4,410)

32000-110,000
(220-758)

0.32-2.0

Glass

0.09-0.092
(2.49-2.54)

500-625
(3,450-4,300)

10,500-12,600
(72.4-86.9)

4.8-5.0

3.2.2. Flexural Design
Design of reinforced concrete members with FRP reinforcements is similar to the design of
steel-reinforced concrete members. However, unlike steel, FRP bars do not exhibit ductility.
Hence, the failure of a reinforced concrete member due to rupture of FRP bars before concrete
crushing is sudden, destructive and not desirable. It is preferable for FRP-reinforced concrete
members to fail in compression rather than the rupture of FRP bars (14). Neither of the abovementioned method of failure for FRP-reinforced structural members; tension-controlled or
compression-controlled failure, will provide ductility to the member. Therefore, in the absence
of ductility, ACI 440.1R (2015) suggests a more conservative design for FRP-reinforced
members than for the steel-reinforced members. If high strength concrete is used with the FRP
reinforcement bars, stiffness of the cracked section is increased but it reduces the deformability
of the flexural member compared to normal strength concrete (13). The balanced FRP
reinforcement ratio can be computed from Equation 4.

ρ fb = 0.85β1

E f ε cu
f c'
f fu E f ε cu + f fu

[4]

For compression-control:

ρ f < ρ fb

For tension-controlled:

ρ f > ρ fb

Equilibrium equations and strain compatibility can be used for the calculation of the nominal
flexural strength of FRP-reinforced concrete flexural members (Figure 8).
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b

εcu

N.A.

d

f’c
0.85 f’c ba

a= β1c

c

Af

ff

εf

Afff

(a) Failure governed by concrete crushing

b

εcu

N.A.

d

f’c
0.85 f’c ba

a= β1c

c

Af

ffu

εfu

Afffu

(b) Balanced failure condition

b

εcu

N.A.

d

f’c

c

Af
εfu

0.85 f’c ba

a= β1c

ffu

Afffu

(c) Failure governed by FRP rupture (concrete stress maybe nonlinear)

Figure 8. Stress-strain distribution at ultimate conditions (16).

3.2.3. Nominal Flexural Strength
Compression-controlled (ρf > ρfb ) : Crushing of concrete is the controlling limit state. In this
case, the stress distribution in the concrete can be approximated with the ACI rectangular stress
block. Equation 5 tis used to calculate nominal flexural strength.
a

=
M n Af f f  d − 
2


[5]

Tension-controlled (ρf < ρfb ) : Rupture of FRP reinforcement is the controlling limit state.
Equation 6 is used to calculate nominal flexural strength.
a

=
M n Af f fu  d − 
2


[6]

11

3.2.4. Shear Design
The shear design for FRP-reinforced concrete members is similar to the steel-reinforced
concrete members. However, issues related to FRP reinforcements such as low modulus of
elasticity, low transverse shear resistance, and lack of ductility need to be considered. ACI 440
suggests using a strength reduction factor of 0.75 for FRP reinforcement similar to steelreinforced concrete. The nominal shear strength of the reinforced concrete section is the sum
of the shear resistance provided by the concrete and the shear reinforcement (15).
Due to the lower axial stiffness for the FRP reinforcement, a cross section with FRP flexural
reinforcement after cracking has a smaller depth of neutral axis as compared to the steelreinforced section with equal areas of longitudinal reinforcement. The depth of the
compression zone is reduced, and the crack width are wider. This reduces the contribution of
the aggregate interlock and compression zone in the shear resistance. Earlier research on shear
capacity of flexural concrete members without shear reinforcement has shown that shear
strength of concrete depends on stiffness of flexural reinforcement (16-19). There is lack of
study regarding the involvement of FRP reinforcement bars in the dowel action. However, it
can be assumed that the contribution is less than comparable area of steel owing to the lower
axial stiffness of the FRP rebars.

3.2.5. High Strength to Weight Ratio
Specific weight of FRP is less than 2.00 g/cm3 (12) compared to nearly 8.00 g/cm3 for steel
(Figure 9). This makes FRP 75% lighter than steel. This results in the FRP having a very high
strength to weight ratio compared to metals. FRP’s light weight facilitates construction and
reduce the overall weight of the structure.

Figure 9. Densities of common structural materials (12).
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3.3. Prior Research UHP-FRC Structural Members Subjected to
Earthquake Loadings
The potential of using the superior mechanical properties of UHP-FRC to improve the low
damage resistant ability of conventional concrete was demonstrated in a pilot study where a
full-scale ACI 318-compliant RC column (15) and a UHP-FRC column were tested under large
axial load and displacement reversals up to failure (20, 21). Both columns had the same
reinforcement details with ASTM A706 Grade 60 rebars. Although the UHP-FRC column
could have had a smaller cross section by utilizing its high compressive strength, a column’s
cross-sectional dimension is usually controlled by the stiffness requirement of the structure;
therefore, both column specimens used the same dimensions. Both columns were fabricated at
UT Arlington’s Civil Engineering Laboratory Building (CELB) and tested at the MAST
laboratory at the University of Minnesota (Figure 10). The UHP-FRC material used in the
experiment was developed at UT Arlington based on a dense particle-packing concept (4).

(a)
(b)
(c)
Figure 10. (a) UHP-FRC casting at UT Arlington CELB, (b) completed UHP-FRC at the plastic hinging zone of the
specimen, and (c) experimental testing at MAST laboratory at the University of Minnesota.

The hysteresis responses for both column specimens are shown in Figure 11a. For the RC
column with normal strength concrete (5 ksi), the first observable flexural cracks were seen at
0.5% drift ratio, and the first longitudinal bar yielded at 0.75% drift ratio. The failure of the
RC column started with concrete crushing at the corners of the columns at 1.0% drift ratio.
Soon after the crushing, a decrease in strength was observed at 1.38% drift ratio. As the cyclic
reversals continued, the concrete cover was eventually lost, followed by the bulging and
opening of the transverse reinforcement, and then the buckling and fracture of the longitudinal
reinforcement. This deterioration resulted in a significant decrease in strength and eventual
failure of the RC column. On the other hand, the UHP-FRC column-maintained strength up to
nearly 4% drift ratio. Note that ACI 374-13 (22) requires that for frame buildings, the
maximum story drift ratio should be kept within 4% to meet the “Collapse Prevention”
performance level requirement. To meet the “Life Safety” performance level requirement, a
structure should not have a strength degradation of up to 2% story drift ratio. Figure 11a shows
that the UHP-FRC column was able to maintain nearly full peak strength up to 4% story drift
ratio, and it had no strength degradation up to approximately 2.5% story drift ratio. Note that
while the axial load ratio (Pu/Agf’c) for the RC column was 0.3, it dropped to 0.06 for the UHPFRC column due to the high compressive strength of UHP-FRC. This smaller axial load ratio
in the UHP-FRC column minimized the influence of the axial load effect at the post-elastic
stage, which is very beneficial for columns.
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Figure 11. Comparison of UHP-FRC and RC columns: (a) hysteresis loops and (b) confinement characteristic.

The use of UHP-FRC significantly changes the failure mechanism observed in conventional
RC columns due to its high strength and high compressive ductility. There was no visible
concrete damage observed in the plastic hinge region of the UHP-FRC column throughout the
test (Figure 12). This allowed longitudinal reinforcement to be fully utilized to its ultimate
tensile capacity without buckling. Furthermore, strain data of transverse reinforcement in the
UHP-FRC region only indicated minor strains of less than 50% yielding, suggesting that
transverse reinforcement may be significantly reduced in UHP-FRC columns allowing for less
congestion and greater ease of construction. Figure 11 compares both specimens, at the same
lateral load of 190 kips, with embedded concrete gauges at a cross-section10 inches above the
footing. It shows that the measured concrete tensile strains in the UHP-FRC column is
significantly lower than those in the RC column, which illustrates the great confinement
provided by UHP-FRC material. Figure 12 compares both columns at 2.75% and 5.25% drift
ratios showing significant concrete crushing and bar buckling in the RC column with no visible
damage detected in the UHP-FRC column. The ultimate failure of the UHP-FRC column was
due to the low-cycle fatigue of the longitudinal reinforcement at the interface between the
footing and the column section. Inside the UHP-FRC column, ultrasonic tomography showed
that the internal cracking of the UHP-FRC column was much less than that of RC column (23).
The pilot testing shows the great resilience capability of columns made of UHP-FRC materials.

(a)
(b)
Figure 12. Experimental test results: (a) Conventional Reinforced Concrete Column (left) and UHP-FRC Column
(right) at 2.75% drift ratio and (b) Conventional Reinforced Concrete Column (left) and UHP-FRC Column (right) at
5.25% drift ratio (21).
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3.4. Ductile-Concrete Strong-Reinforcement (DCSR) Design Concept
The research objective is to develop highly sustainable and efficient reinforced concrete
structural members. UHP-FRC offers a new way to design reinforced concrete flexural
members due to its superior mechanical properties as compared to conventional concrete. For
plain concrete, the compressive strain at this level of stress is 0.003. AASHTO LRFD (24) and
ACI 318 (15) uses 0.003 as the design maximum strain at the crushing of concrete (Figure 13).
Due to this small strain capacity of plain concrete, only a small amount of longitudinal
reinforcement could be used to ensure that the flexural member is tension-controlled. For a
tension-controlled beam section, the tensile strain in the extreme tension reinforcement (closest
to the tension face) is sufficiently large (≥ 0.005); therefore, the beam shows a large deflection
as a warning before failure occurs.

Figure 13. Typical compressive stress-strain response of conventional concrete and maximum usable strain allowed by
AASHTO and ACI 318.

Figure 14 shows typical compressive and tensile stress-strain relations of UHP-FRC materials
(4). The maximum usable compressive strain (at a post-peak stress of approximately 80% of
the peak stress), εcu, is approximately 0.015. If the concrete compressive strain can be five
times greater, the beam could be more efficiently utilized by placing a considerably higher
amount of longitudinal reinforcement while still maintaining tension-controlled behavior.
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Figure 14. Compressive stress-strain response of UHP-FRC (4).

The proposed DCSR design concept is to use UHP-FRC as the ductile element and fiberreinforced polymer (FRP) bars as the elastic element, which is opposite to conventional RC
where the steel bars are the ductile element and the concrete is the brittle element. Using highstrength FRP bars can reduce reinforcement congestion, while achieving high structural
efficiency in members (that is, high flexural strength with a relatively smaller cross-section).
Keeping FRP bars elastic will also reduce the bond demand and the residual deformation (i.e.,
self-centering) once a member experiences large deformation under overloading. In addition,
FRP bars are a suitable alternative to steel reinforcing bars when reinforced concrete is exposed
to deicing salts, built in or close to seawater, subjected to other corrosive agents, required to
maintain low electric conductivity or electromagnetic neutrality, or required to meet weight
limits (FRP is about 75% lighter than steel). The high shear strength of UHP-FRC allows
partial or total elimination of shear reinforcement.
ACI 440 (2015) suggests a very conservative design for concrete members reinforced with
FRP bars because both concrete and FRP bars are brittle materials. However, combining UHPFRC (very ductile) and FRP bars can provide an excellent solution for concrete structures,
which require both ductility and corrosion-free characteristics. Two beam specimens were
designed and tested and described as follows.
Beam Details (Monotonic Loading): In the previous test (28) two beams were tested verify
the new DCSR design concept. One UHP-FRC beam reinforced with BFRP (basalt) bars were
tested along with an RC specimen with conventional steel. The BFRP bars had an ultimate
tensile strength of approximately 125 ksi and an ultimate tensile strain of 0.017 to 0.025. The
RC beam was designed to have the highest amount of longitudinal reinforcement while still
maintaining tension-controlled behavior, according to ACI 318 and AASHTO LRFD
provisions. Thus, the extreme tensile reinforcement reached 0.005 strain when the maximum
concrete strain was 0.003 (Figure 15a). This led to the use of nine Grade 60 No. 5 rebars.
Design compressive strength of the RC beams was 5,000 psi. For the UHP-FRC beam, the
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design compressive strength of UHP-FRC was 22,000 psi, and the maximum usable
compressive strain, εcu, was taken as 0.015. A lower bound BFRP rupture strain of 0.014 was
used for design (Figure 15b). This led to a higher amount of high-strength reinforcement. No
shear reinforcement was used in UHP-FRC beam (Figure 16). Design summary is given in
Table 7.

Figure 15. Strain profile of (a) RC (Gr. 60 steel rebars); (b) UHP-FRC (BFRP bars).

17

20-#3

60.0"

9.0"

6.0"

140.0"
20.0"

60.0"

6.0"

#3

16.0"

9-#5

12.0"
3.0"

1.5"

57.0"

20.0"

57.0"

3.0"

(a) RC (Gr. 60 mild steel rebars)

9.0"
6-#7
1.5"

60.0"

140.0"
20.0"

57.0"

20.0"

60.0"

16.0"
13.25"
3.0"

3.0"

57.0"

(b) UHP-FRC (BFRP bars; no shear reinforcement)
Figure 16. Reinforcement details: (a) conventional RC beam; (b) UHP-FRC beam with BFRP bars (no shear
reinforcement).
Table 7. Design summary of RC and UHP-FRC beams.

Specimen
RC #1
(Grade 60
steel)
UHP-FRC #4
(BFRP)

Effective
depth (d) in.
(mm)
12 (305)

a/d

ρ (%)

β1

4.75

2.58

13.25 (336.55)

4.3

3.02

0.8

Target Compressive
Strength
psi (MPa)
5000 (35)

Measured
compressive
strength psi (MPa)
5000 (35)

0.65

22000 (152)

18500 (128)

Figure 17 shows the test results which indicate that the UHP-FRC beam has a much higher
stiffness and a strength three times that of conventional RC beam. The UHP-FRC beam also
have an excellent ductility, allowing a large deformation or warning sign to occur before
failure. As shown in Figure 28, compared to RC beam, UHP-FRC beam shows high damage
resistant capability even beyond ultimate loads. UHP-FRC beam’s behavior was controlled by
flexure even no shear reinforcement was used.
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Figure 17. Responses of RC and UHP-FRC beam with FRP bars.

(a)
(b)
Figure 18. Damage at end of testing: (a) RC beam; (b) UHP-FRC (with BFRP bars) beam without shear reinforcement.
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4. METHODOLOGY
The primary purpose of this research is to develop the next generation highly corrosiveresistant and structurally efficient structural members by utilizing the high durability,
compressive ductility, cracking resistance, and shear strength of UHP-FRC as well as the
corrosion resistant high-strength fiber-reinforced polymer (FRP) bars. The research focused
on using high-strength reinforcement to reduce reinforcement congestion while achieving a
high structural efficiency in members (that is, high flexural strength with a relative smaller
cross section).
ACI 440 (13) suggests a very conservative design for concrete members reinforced with FRP
bars because both concrete and FRP bars are brittle materials. However, combining UHP-FRC
(very ductile) and FRP bars can provide an excellent solution for concrete structures, which
require both ductility and corrosion-free characteristics. Four beam specimens were designed
and tested as a part of the experimental program. Main parameters to be investigated include:
1) type of FRP bars (glass fiber, carbon fiber, and basalt fiber). Glass fibers are manufactured
by extruding silica dioxide and exhibit favorable mechanical properties; however, they are
vulnerable to creep- and moisture-induced damage. Basalt fibers are a mineral-based inorganic
product and were recently introduced to the structural engineering community (12). Basalt
fibers are chemically inert and demonstrate good acidic and thermal resistance. The properties
and costs of basalt fibers are similar to those of glass fibers. 2) fiber types for UHP-FRC: highstrength micro steel fibers and ultra-high-molecular-weight polyethylene (PE) fibers (Figure
19 and Table 8), and 3) shear reinforcement (steel, FRP).

Figure 19. Micro steel fiber (left) and ultra-high molecular weight polyethylene fiber (right).
Table 8. Mechanical properties of the fibers used.

Fiber type

Length (mm)

Diameter (mm)

Tensile strength (ksi)

Micro steel fiber

13

0.2

399

UHMW Polyethylene fiber

13

0.0015

375
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4.1. Beam Details – Fully Reversed Cyclic Loading
A total of four beams were designed and their design parameters are presented in Table 9. All
UHP-FRC specimens were tested under large displacement reversals to prove the proposed
new DCSR design concept by fully utilizing these ultra-high-performance materials. Micro
steel fibers were used for three specimens and ultra-high molecular weight polyethylene fibers
was used for one specimen. One specimen with high strength corrosion resistant MMFX steel
rebars (100 ksi as per ASTM A1035, 2016), one with high-strength GFRP (glass, 90 ksi) rebars
and two with BFRP (basalt, 145.8 ksi) (Table 10) were tested. The beams had a reinforcement
ratio of 14% to 15%. The cross-section details along with the detailed side view of the
specimens are presented below from Figure 20 to Figure 24.
Table 9. Design summary of specimens.

Specimen

UHP-FRC #1
UHP-FRC #2
UHP-FRC #3
UHP-FRC #4

Effective
depth (d),
in. (mm)
4.311 (109)
6.375 (162)
5.35 (136)
5.35 (136)

Width of
compression face
(b), in. (mm)
6 (152)
6 (152)
8 (203)
8 (203)

ρ (%)

Reinforcement
type

Fiber type

15.5
13.9
14.8
14.8

MMFX
GFRP
BFRP
BFRP

Steel
Steel
PE
Steel

Effective
span,
in. (mm)
49.5 (1257)
49.5 (1257)
34 (864)
34 (864)

Table 10. Reinforcement details.

Reinforcement type

Diameter
in. (mm)
1.125 (29)
0.75 (19)
1.00 (25)

MMFX
GFRP
BFRP

Tensile strength
ksi (MPa)
100 (690)
90 (620)
147 (1014)

6"
1.689"
4.311"
6"

Figure 20. Cross section of MMFX Beam (UHP-FRC #1).
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6"
1.625"

2.875"
5.125"
6.375"
8"

Figure 21. Cross section of GFRP Beam (UHP-FRC #2).

88"
54"
No. 3 stirrups at 4" o.c.

8"
8"
4 - #9 MMFX rebars

6"
4"

15"

48"

6"

UHP-FRC beam #1 (Steel fibers)
UHP-FRC beam #2 (Steel fibers)

8"

8"

12 - #6 GFRP rebars
11"

No. 3 stirrups at 6.5" o.c.

Figure 22. Detailed side view of the specimen showing specimens UHP-FRC #1 and #2.

8"
1.75"
4"
6.25"
8"

Figure 23. Cross section of BFRP Beam (UHP-FRC #3 and #4).
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65"
38"
8"

6"

8"

8"

8 - #8 BFRP rebars

UHP-FRC beam #3 (UHMW PE fibers)

15"

48"

UHP-FRC beam #4 (Steel fibers)

6"
8"
8 - #8 BFRP rebars

8"

9"
No. 4 BFRP stirrups at 6" o.c.

Figure 24. Detailed side view of the specimen showing specimens UHP-FRC #1 and #2.

The detailed design procedure of the four specimens is presented in the next section.

4.1.1. Specimen UHP-FRC #1 Design Calculations
The first beam was design with UHP-FRC with micro short steel fibers. The fiber content for
the UHP-FRC beam was 3% by volume. High strength MMFX bars confirming to ASTM
A1035/A10355M was used as flexural reinforcements. The design calculations are presented
below:
f ′ = 22 ksi , β = 0.65
c

1

f = 100 ksi
y
E = 29, 000 ksi
s

ε y = 0.009
b = 6 in.
d = 4.311 in.

d c = 1.689 in.
6"
1.689"
4.311"
6"

Figure 25. Cross section of UHP-FRC #1.
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Based on the strain compatibility:

a = β1c
c=

;

a

β1

ε sc c − d c
c − dc
=
or=
ε sc
× ε cu
ε cu
c
c
ε st d − c
=
d −c
ε cu
c or=
× ε cu
ε st
c

ε cu = 0.015
c

dc

ε sc
Compression

d
Tension

ε st
Figure 26. Strain compatibility diagram.

Compression force:

=
C Cconcrete + Creinforcement
Cconcrete 0.85 f c′ (ab − Asc )
=

Creinforcement = As f sc
where:

 f fu

f sc = min 

 Es × ε sc 
Tension force:

T = Ast f st
where:

 f fu

f st = min 

 Es × ε st 
Assuming that the MMFX rebars yield in tension but do not yield in compression:
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f sc = Es × ε sc = Es ×

c − dc
× ε cu
c

f st = 100 ksi
This results in:

=
C Cconcrete + Creinforcement
=
C 0.85 f c′ ( ab − As ) + As f sc
 c − dc 
=
C 0.85 f c′ ( ab − As ) + As × Es × 
 × ε cu
 c 
 a
 β − dc
C 0.85 f c′ ( ab − As ) + As × Es ×  1
=
 a
 β
1




×ε




Tension force:

× f st Ast × 100
=
T A=
st
Based of equilibrium of forces:
(C ) = Tension force (T ) , or

Cconcrete + Creinforcement =
T , or
 a
 β − dc
'
0.85 f c ( ab − As ) + As × Es ×  1
 a
 β

1



 × ε cu = Ast × 100 , or



 a − 1.689 


0.85 × 22 × ( a × 6 − 2 × 1) + ( 2 × 1) × 29000 ×  0.65
 × 0.015 = (2 × 1) × 100
a




0.65




Solving for a:
a = 1.238 in.
a 1.238
c =
=
= 1.905 in.
β1 0.65
Strain in tension longitudinal reinforcement:
ε st
=

d −c
4.311 − 1.905
ε cu
× 0.015
=
= 0.019 > 0.009
c
1.905

Strain in compression longitudinal reinforcement:
=
ε sc

1.905 − 1.689
c − dc
0.015 0.0017 < 0.009
=
ε cu
×=
c
1.905
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Stress in tension longitudinal reinforcement:

f st = 100 ksi
Stress in compression longitudinal reinforcement:

f sc =Es ε sc =29000 × 0.0017 =49.3 ksi
For the compression and tension forces:

C=
0.85 f c′ ( ab − Asc=) 0.85 × 22 × (1.238 × 6 − 2 ×1=) 101.5 kips
c

Cs = Asc f sc = ( 2 ×1) × 49.3 = 98.6 kips
T = Ast f st = 2 × 1 × 100 = 200 kips

Nominal Moment:
a

M n= Cc  d −  + Cs ( d − d c )
2

1.238 

M n = 101.5 ×  4.311 −
 + 98.6 × ( 4.311 − 1.689 )
2 

kip-in. 52.77 kip-ft
M n 633.27
=
=

Considering the strain hardening of the reinforcement:

M nF = 1.25 × M n = 1.25 × 633.27 = 791.59 kip-in. = 65.97 kip-ft
For development length (ACI 318-14:25.4.2):
3f Ψ Ψ 
y
t
e 
ld = 
d for No. 7 and larger bars

 b
′
40
λ
f
c 

 3 ×100000 ×1×1 
=
lbhf 
=
 ×1.125 56.9 in.
 40 ×1× 22000 

Effective span of the beam considered:
L = 49.5 in.
49.5
Shear span to depth ratio
= = 8.25
6
Ultimate shear:
M n 65.97 kip-ft
=
Vu
=
= 16 kips
49.5
L
ft
12
Nominal shear strength provided by concrete:

φV=
0.75 × 600 psi × bd= 0.75 × 600 × 6 × 4.311
= 11.64 kips
c
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For the shear reinforcements, No. 3 Grade 60 deformed rebars are used where:
Area of shear reinforcements:

Av =
2 × 0.11 =
0.22 in.2
For spacing (s) of shear reinforcements:
0.75 × Av × f y × d 0.75 × 0.22 × 60 × 4.311
s =
=
= 9.79 in.
16 − 11.64
Vu − φVc
According to ACI 318-14; Table 9.7.6.2.2 for maximum spacing of shear reinforcement:
4 f c′ bw d = 4 × 22000 × 6 × 4.311 = 15.35 kips

Vu − φVc 16 − 11.64
=
Vs =
= 5.81 kips < 4 =
f c ′ bw d 15.35 kips
φ
0.75
Hence, maximum spacing:
d 4.311
smax= =
= 2.16 in. < 24 in.
2
2
However, as the cross-sectional dimensions of the beam was small, a transverse reinforcement
spacing of 4 in. was considered.
Therefore, for transverse reinforcements #3 Grade 60 deformed stirrups @ 4 in. o.c. was taken.

4.1.2. Specimen UHP-FRC #2 Design Calculations
The second beam was designed with UHP-FRC with micro short steel fibers. The fiber content
for the UHP-FRC beam was 3% by volume. High-strength GFRP (Glass, 104 ksi) rebars was
used as flexural reinforcements. The design calculations are presented below:

f c′ = 22 ksi , β1 = 0.65
f fu = 104 ksi

ε rupture = 0.018
E f = 5800 ksi
b = 6 in.

d = 5.75 in.
d c = 1.625 in.
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6"
2.875"

1.625"

5.125"
6.375"
8"

Figure 27. Cross section of UHP-FRC #2.

For the balanced reinforcement ratio (ACI 440.1R-15: 7.2.1b):

ρ fb = 0.85β1

E f ε cu
f c′
22000
5800 × 0.015
= 0.85 × 0.65 ×
×
91000 5800 × 0.015 + 91
f fu E f ε cu + f fu

ρ fb = 0.0653
For compression control:

ρ f > ρ fb =
0.0653
Taking #12 GFRP rebars in a section as shown in the cross section:
Ast 6 × 0.442
ρ=
=
= 0.077 > ρ fb [Compression controlled]
f
6 × 5.75
bd
Based on strain compatibility:

a = β1c ; c =

a

β1

ε sc c − d c
c − dc
=
or=
× ε cu
ε sc
ε cu
c
c
ε st d − c
d −c
=
or ε st =
× ε cu
ε cu
c
c
ε cu = 0.015
c

dc

ε sc
Compression

d
Tension

ε st
Figure 28. Strain compatibility diagram.
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Compression force:

=
C Cconcrete + Creinforcement
Cconcrete 0.85 f c′ ( ab − Asc )
=

Creinforcement = As f sc
where:

 f fu

f sc = min 

 Es × ε sc 
Tension force:

T = Ast f st
where:

 f fu



 Es × ε st 

f st = min 

Assuming that the GFRP rebars do not rupture in both tension and compression:
c − dc
f sc = Es × ε sc = Es ×
× ε cu
c
d −c
f st = Es × ε st = Es ×
× ε cu
c
Therefore, compression force is now:

=
C Cconcrete + Creinforcement
=
C 0.85 f c′ ( ab − As ) + As f sc

 c − dc 
 × ε cu
 c 
 a −d 
c
β

1
′
C 0.85 f c ( ab − As ) + As × Es × 
=
×ε
 a 
 β 


1

=
C 0.85 f c′ ( ab − As ) + As × Es × 

Tension force:

 d −c 
T = Ast × ε st = Ast × Es × 
 × ε cu
 c 
a

d−β
1
T = Ast × Es × 
a

 β

1



 × ε cu




Based of equilibrium of forces:
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Compression force (C ) = Tension force (T )

Cconcrete + Creinforcement =
T
 a
 β − dc
′
0.85 f c ( ab − As ) + As × Es ×  1
 a
 β
1


a



d−β
1
 × ε cu = Ast × Es × 
a



 β
1





 × ε cu




 a

 0.65 − 1.625 
0.85 × 22 × ( a × 6 − 3 × 0.442 ) + ( 3 × 0.442 ) × 5800 × 
 × 0.015 =
a


0.65


a 

 5.75 − 0.65 
(6 × 0.442) × 5800 × 
 × 0.015
a


0.65 

Solving for a:
a = 1.921 in.
c
=

a 1.921
=
= 2.955 in.
β1 0.65

Strain in tension longitudinal reinforcement is now:
ε st =

5.75 − 2.955
d −c
ε cu =
× 0.015 = 0.014 < 0.018
2.955
c

Strain in extreme tension longitudinal reinforcement:
d −c
6.325 − 2.955
ε st ,max = t
ε cu =
× 0.015 = 0.0171 < 0.018
c
2.955
Strain in compression longitudinal reinforcement:
ε sc=

c − dc
2.955 − 1.625
ε cu=
× 0.015= 0.00675 < 0.018
c
2.955

Stress in tension longitudinal reinforcement:

f st =Es ε st =5800 × 0.014 =81.2 ksi
Stress in extreme tension longitudinal reinforcement:

f st ,max =Esε st ,max =5800 × 0.0171 =99.18 ksi
Stress in compression longitudinal reinforcement:

f sc =
Es ε sc =
5800 × 0.00675 =
39.15 ksi
For the compression and tension forces:

30

C=
0.85 f c′ ( ab − Asc=) 0.85 × 22 × (1.921× 6 − 3 × .442=) 190.74 kips
c

Cs =Asc fsc = ( 3 × 0.442 ) × 39.15=51.91 kips
T=
Ast f st =
6 × 0.442 × 81.2 =
215.34 kips
Nominal Moment:
a

M n= Cc  d −  + Cs ( d − d c )
2

1.921 

M n = 190.74 ×  5.75 −
 + 51.91× ( 5.75 − 1.625 )
2 

=
M n 1127.68
=
kip-in. 93.97 kip-ft

For development length (ACI 440.1R-15:10.2b):
f
db
for 75000 psi < f fu < 150, 000 psi
lbhf = fu
37.5 f ′
c

104000 0.75
=
lbhf = 14.02 in.
37.5
22000

Effective span of the beam considered:
L = 49.5 in.

49.5
Shear span to depth ratio
= = 8.25
6

Ultimate shear:
=
Vu

M n 93.97 kip-ft
=
= 22.78 kips
49.5
L
ft
12

Nominal shear strength provided by concrete:

φV=
0.75 × 600 psi × bd= 0.75 × 600 × 6 × 5.75= 15.53 kips
c
For the shear reinforcements, No. 3 BFRP rebars are used where:
Area of shear reinforcements:
2 × 0.11 =
0.22 in.
Av =

2

For spacing (s) of shear reinforcements:
=
s

0.75 × Av × f y × d 0.75 × 0.22 × 60 × 5.75
=
= 7.85 in.
22.78 − 15.53
Vu − φVc

According to ACI 318-14; Table 9.7.6.2.2 for maximum spacing of shear reinforcement:
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4 f c′ bw d = 4 × 22000 × 6 × 5.75 = 20.47 kips
V − φVc 20.76 − 15.53
Vs = u
=
=6.97 kips < 4 f c′ bw d =20.47 kips
0.75
φ
Hence, maximum spacing:
d 5.75
smax= =
= 2.88 in. < 24 in.
2
2
However, as the cross-sectional dimensions of the beam was small, a transverse reinforcement
spacing of 6.5 in. was considered. Therefore, for transverse reinforcements #3 steel stirrups @
6.5 in. o.c. was taken.

4.1.3. Specimen UHP-FRC #3 Design Calculations
UHP-FRC #3 and #4 had a span-depth ratio much shorter than that of UHP-FRC #1 and #2.
The selected span-depth ratio is closer to that of an actual column. In addition, a short spandepth ratio imposes greater shear demand which examine the shear performance of UHP-FRC
flexural members.
The beam was designed with UHP-FRC with ultra-high molecular weight polyethylene fiber.
The fiber content for the UHP-FRC beam was 0.75% by volume. High-strength GFRP (Glass,
104 ksi) rebars was used as flexural reinforcements. The design calculations are presented
below:

fc' = 20 ksi , β1 = 0.65
f fu = 145.8 ksi

ε rupture = 0.024
E f = 6141 ksi

b = 8 in.
d = 5.35 in.
8"
1.75"
4"
6.25"
8"

Figure 29. Cross section of UHP-FRC #3.

For the balanced reinforcement ratio (ACI 440.1R-15: 7.2.1b):
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E f ε cu
f c'
20000
6141× 0.015
= 0.85 × 0.65 ×
×
ρ fb = 0.85β1
f fu E f ε cu + f fu
145800 6141*0.015 + 145.8

ρ fb = 0.0293
For compression control:

ρ f > ρ fb =
0.0293
Taking #8 BFRP rebars in a section:

Ast 5 × 0.79
=
= 0.0923 > ρ fb (Compression controlled)
ρ=
f
bd 8 × 5.35
Based on strain compatibility:

a = β1c ; c =

a

β1

ε sc c − d c
c − dc
=
or=
× ε cu
ε sc
ε cu
c
c
ε st d − c
d −c
=
or=
× ε cu
ε st
c
ε cu
c

ε cu = 0.015
c

dc

ε sc
Compression

d
Tension

ε st
Figure 30. Strain compatibility diagram.

Compression force:

=
C Cconcrete + Creinforcement
=
Cconcrete 0.85 f c′ (ab − Asc )

Creinforcement = As f sc
where:
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 f fu



 Es × ε sc 

f sc = min 
Tension force:

T = Ast f st
where:

 f fu



 Es × ε st 

f st = min 

Assuming that the BFRP rebars do not rupture in both tension and compression:

c − dc
× ε cu
c
d −c
f st = Es × ε st = Es ×
× ε cu
c
f sc = Es × ε sc = Es ×

Compression force is now:

=
C Cconcrete + Creinforcement
=
C 0.85 f c′ ( ab − As ) + As f sc
 c − dc 
 × ε cu
 c 

=
C 0.85 f c′ ( ab − As ) + As × Es × 

 a
 β − dc
C 0.85 f c′ ( ab − As ) + As × Es ×  1
=
 a

 β1



×ε




Tension force:

 d −c
 × ε cu
 c 

T = Ast × ε st = Ast × Es × 
a

d−β
1
T = Ast × Es × 
 a
 β

1



 × ε cu




Based of equilibrium of forces:
Compression force (C ) = Tension force (T )

Cconcrete + Creinforcement =
T
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 a
 β − dc
0.85 f c′ ( ab − As ) + As × Es ×  1
 a
 β

1

a 



d−β 
1
 × ε cu = Ast × Es × 
 × ε cu
a




 β 


1

 a

 0.65 − 1.75 
0.85 × 20 × ( a × 8 − 3 × 0.79 ) + ( 3 × 0.79 ) × 6141× 
 × 0.015
a


0.65


a 

 5.35 − 0.65 
=
( 5 × 0.79 ) × 6141× 
 × 0.015
a


0.65



Solving for a:
a = 1.893 in.

c
=

a 1.893
=
= 2.91 in.
β1 0.65

Strain in tension longitudinal reinforcement is now:
=
ε st

d −c
5.35 − 2.91
=
ε cu
*=
0.015 0.0126 < 0.024
c
2.91

Strain in extreme tension longitudinal reinforcement:

ε st ,max =

dt − c
c

ε cu =

6.25 − 2.91
2.91

× 0.015 = 0.0172 < 0.024

Strain in extreme compression longitudinal reinforcement:

ε sc =

c − dc
2.91 − 1.75
× 0.015 = 0.006 < 0.024
ε cu =
2.91
c

Stress in tension longitudinal reinforcement:

6141 × 0.0126 =
77.38 ksi
f st =Es ε st =
Stress in extreme tension longitudinal reinforcement:

f st ,max =Esε st =
6141 × 0.0172 =
105.63 ksi
Stress in compression longitudinal reinforcement:

f sc =Es ε sc =6141 × 0.006 =36.85 ksi
For compression and tension forces:

C=
0.85 f c′ ( ab − Asc=) 0.85 × 20 × (1.893 × 8 − 3 × .79=) 217.16 kips
c

Cs =
Asc f sc =×
87.33 kips
( 3 0.79 ) × 36.85 =
35

5 × 0.79 × 77.38 =
305.65 kips
T=
Ast f st =
Nominal Moment:
a

M n= Cc  d −  + Cs ( d − d c )
2

1.893 

M n = 217.16 ×  5.35 −
 + 87.33 × ( 5.35 − 1.75 )
2 

kip-in. 105.89 kip-ft
=
M n 1270.65
=

For development length (ACI 440.1R-15:10.2b):
=
lbhf

f fu
37.5

db
f c′

for 75000 psi < f fu < 150, 000 psi

105630
1
=
lbhf = 19.92 in.
37.5
20000

Considering a shear span to depth ratio of 4. For the effective length of the beam:
L = 4 × 8 = 32 in.

Taking the effective span as:
L = 34 in.

Ultimate shear:

=
Vu

M n 105.89 kip-ft
=
= 37.37 kips
34
L
ft
12

Nominal shear strength provided by concrete:

φV=
= 19.26 kips
0.75 × 600 psi × bd= 0.75 × 600 × 8 × 5.35
c
For the shear reinforcements, No. 4 BFRP rebars are used where:

f rupture = 126 ksi
Area of shear reinforcements:

Av =
2 × 0.196 =
0.392 in.2
For spacing (s) of shear reinforcements:
0.75 × Av × f y × d 0.75 × 0.392 ×126 × 5.35
=
s =
= 10.94 in.
Vu − φVc
37.37 − 19.26
According to ACI 318-14; Table 9.7.6.2.2 for maximum spacing of shear reinforcement:
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4 fc′ bw d = 4 × 20000 × 8 × 5.35 = 24.21 kips
V − φVc 37.37 − 28.8
Vs = u
=
=11.43 kips < 4 f c′ bw d =24.21 kips
φ
0.75
Hence, maximum spacing:

smax=

d 5.35
=
= 2.675 in. < 24 in.
2
2

However, as the cross-sectional dimensions of the beam was small, a transverse reinforcement
spacing of 6 in. was considered. Therefore, for transverse reinforcements #4 BFRP stirrups @
6 in. o.c. was taken.

4.1.4. Specimen UHP-FRC #4 Design Calculations
The beam was designed with UHP-FRC with micro short steel fibers. The fiber content for the
UHP-FRC beam was 3% by volume. High-strength GFRP (Glass, 104 ksi) rebars were used
as flexural reinforcements. The design calculations are presented below:

fc' = 22 ksi , β1 = 0.65
f fu = 145.8 ksi

ε rupture = 0.024
E f = 6141 ksi
b = 8 in.
d = 5.35 in.
8"
1.75"
4"
6.25"
8"

Figure 31. Cross section of UHP-FRC #4.

For the balanced reinforcement ratio (ACI 440.1R-15: 7.2.1b):

ρ fb = 0.85β1

E f ε cu
f c′
22000
6141× 0.015
= 0.85 × 0.65 ×
×
f fu E f ε cu + f fu
145800 6141× 0.015 + 145.8
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ρ fb = 0.0323
For compression control:

ρ f > ρ fb =
0.0323
Taking #8 BFRP rebars in a section as shown:
Ast 5 × 0.79
=
= 0.0923 > ρ fb (Compression controlled)
ρ=
f
bd 8 × 5.35
Based on strain compatibility:

a = β1 c ; c =

a

β1

ε sc c − d c
c − dc
=
or=
× ε cu
ε sc
ε cu
c
c

ε st d − c
d −c
=
or=
ε st
× ε cu
c
ε cu
c

ε cu = 0.015
c

dc

ε sc
Compression

d
Tension

ε st
Figure 32. Strain compatibility diagram.

Compression force:

=
C Cconcrete + Creinforcement
=
Cconcrete 0.85 f c′ (ab − Asc )

Creinforcement = As f sc
where:

 f fu



 Es × ε sc 

f sc = min 
Tension force:
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T = Ast f st
where:

 f fu



 Es × ε st 

f st = min 

Assuming that the BFRP rebars do not rupture in both tension and compression:
c − dc
× ε cu
c
d −c
f st = Es × ε st = Es ×
× ε cu
c
f sc = Es × ε sc = Es ×

The compression force is now:

=
C Cconcrete + Creinforcement
=
C 0.85 f c′ ( ab − As ) + As f sc
 c − dc 
 × ε cu
 c 

=
C 0.85 f c′ ( ab − As ) + As × Es × 

 a
 β − dc
C 0.85 f c′ ( ab − As ) + As × Es ×  1
=
 a
 β
1




×ε




Tension force:

 d −c 
T = Ast × ε st = Ast × Es × 
 × ε cu
 c 
a

d−β
1
T = Ast × Es × 
a

 β

1



 × ε cu




Based of equilibrium of forces:
Compression force (C ) = Tension force (T )

Cconcrete + Creinforcement =
T
 a
 β − dc
′
0.85 f c ( ab − As ) + As × Es ×  1
 a
 β

1

a



d−β
1
 × ε cu = Ast × Es × 
a



 β


1



 × ε cu
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 a − 1.75 


0.85 × 22 × ( a × 8 − 3 × 0.79 ) + ( 3 × 0.79 ) × 6141×  0.65
× 0.015

a


 0.65 
a 

 5.35 − 0.65 
= ( 5 × 0.79 ) × 6141× 
 × 0.015
a


 0.65 

Solving for a:
a = 1.856 in.

=
c

a 1.856
=
= 2.855 in.
β1 0.65

Strain in tension longitudinal reinforcement is now:
ε st =

d −c
5.35 − 2.855
ε cu =
× 0.015 = 0.0131 < 0.024
c
2.855

Strain in extreme tension longitudinal reinforcement:
dt − c
6.25 − 2.855
=
=
= 0.0178 < 0.024
ε st ,max
ε cu
*0.015
c
2.855
Strain in extreme compression longitudinal reinforcement:
=
ε sc

c − dc
2.855 − 1.75
=
*=
0.015 0.0058 < 0.024
ε cu
2.855
c

Stress in tension longitudinal reinforcement:

f st =Es ε st =6141 × 0.0131 =80.45 ksi
Stress in extreme tension longitudinal reinforcement:

f st ,max =Esε st ,max =
6141 × 0.0178 =
109.31 ksi
Stress in compression longitudinal reinforcement:

35.62 ksi
f sc =Es ε sc =6141 × 0.0058 =
For compression and tension forces:

C=
0.85 f c′ ( ab − Asc=) 0.85 × 22 × (1.856 × 8 − 3 × .79=) 233.34 kips
c

Cs =
Asc f sc =×
84.42 kips
( 3 0.79 ) × 35.62 =
T=
Ast f st =
5 × 0.79 × 80.45 =
317.78 kips
Nominal Moment:
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a

M n= Cc  d −  + Cs ( d − d c )
2

1.856 

M n = 233.34 ×  5.35 −
 + 84.42 × ( 5.35 − 1.75 )
2 

kip-in. 111.31 kip-ft
M n 1335.74
=
=

For development length (ACI 440.1R-15:10.2b):
f fu db
lbhf
f for 75000 psi < f fu < 150,000 psi
=
37.5 f ′
c

109310
1
=
lbhf = 19.65 in.
37.5 22000
Considering a shear span to depth ratio of 4. For the effective length of the beam:
L = 4 × 8 = 32 in.
Taking the effective span as:
L = 34 in.
Ultimate shear:

Vu
=

M n 111.31 kip-ft
=
= 39.29 kips
34
L
ft
12

Nominal shear strength provided by concrete:

φV=
0.75 × 600 psi × bd= 0.75 × 600 × 8 × 5.35
= 19.26 kips
c
For the shear reinforcements, No. 4 BFRP rebars are used where:

f rupture = 126 ksi
Area of shear reinforcements:

Av =
2 × 0.196 =
0.392 in.2
For spacing (s) of shear reinforcements:
0.75 × Av × f y × d 0.75 × 0.392 ×126 × 5.35
=
= 9.89 in.
s =
Vu − φVc
39.29 − 19.26
According to ACI 318-14; Table 9.7.6.2.2 for maximum spacing of shear reinforcement:

4 f c′ bw d = 4 × 22000 × 8 × 5.35 = 25.39 kips
V − φVc 39.29 − 28.8
Vs = u
=
=13.99 kips < 4 f c′ bw d =25.39 kips
0.75
φ
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Hence, maximum spacing:

smax=

d 5.35
=
= 2.675 in. < 24 in.
2
2

However, as the cross-sectional dimensions of the beam was small, a transverse reinforcement
spacing of 6 in. was considered. Therefore, for transverse reinforcements #4 BFRP stirrups @
6 in. o.c. was used.

4.2. Specimen Preparation
The specimens were constructed at the UT Arlington Civil Engineering Laboratory Building
(CELB).

4.2.1 Strain Gauge Installation
Strain gauges were installed (Figure 33) on the flexural reinforcements near the interface of
the reinforced concrete block and the cantilever UHP-FRC specimen. The exact locations of
the strain gauges are depicted in Figures 34 to 37. The installation process includes marking,
grinding, and sanding of the longitudinal reinforcements at the locations predetermined to
obtain a flat, smooth surface for the strain gauges. A 400-grit sandpaper was used for sanding
process. After that the strain gauges were glued to the surface and three layers of coating,
polyurethane, nitrile, rubber mastic electrical tape and electric liquid, were applied to seal the
moisture.

Figure 33. Strain gauge installed on a flexural reinforcement (BFRP).
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2" 3"

3"

Axis of Loading

3"

6"

Effective span = 49.5"

Figure 34. Strain gauge location for UHP-FRC #1.

Axis of Loading
2" 3"

3"

3"

8"

Effective span = 49.5"

Figure 35. Strain gauge location for UHP-FRC #2.

5"

5"

2" 2" 3"

3"

3"

Axis of Loading

8"

Effective span = 34"

Figure 36. Strain gauge location for UHP-FRC #3.
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2" 3"

3"

3"

Axis of Loading

8"

Effective span = 34"

Figure 37. Strain gauge location for UHP-FRC #4.

4.2.2. Caging and Formwork Fabrication
Reinforcing bar cage for the UHP-FRC beam specimens as well as their supporting reinforced
concrete block was prepared at the UT Arlington CELB. The preparation of the four specimens
was conducted along with the preparation of a total of two supporting blocks (two specimens
per support block). The reinforcement cage for the support block was prepared and placed in
the formwork as shown in Figure 38. Additional reinforcements (Figure 39) were provided at
the beam-block interface to prevent compression failure of the concrete of the support block.
The reinforcements for the beam specimens were prepared (Figure 40). The prepared specimen
reinforcements were inserted in the support cage as shown in Figure 41 and 42.

Figure 38. Preparation of support block cage and positioning inside the formwork.
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(a)
(b)
(c)
Figure 39. Additional reinforcements provided at the beam-block interface for (a) UHP-FRC #1 (b) UHP-FRC #2 (c)
UHP-FRC #3 and #4.

(a)
(b)
Figure 40. Reinforcement for specimens (a) UHP-FRC #1 and UHP-FRC #2 (b) UHP-FRC #3 and UHP-FRC #4.

Figure 41. Reinforcement for specimens UHP-FRC #1 (left) and UHP-FRC #2 (right).
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Figure 42. Reinforcements for the specimens inserted in the support reinforcement cage.

4.2.3. Mixing of Concrete, Casting and Curing of the UHP-FRC Specimens
Reinforced Concrete Support Block: A concrete with a design compressive strength of 5 ksi
was poured in the support reinforced concrete block (Figure 43 and 44). The concrete was
obtained from a local ready-mix truck with a specified slump of 5 inches. The concrete was
initially poured on a wheelbarrow to check for consistency and slump prior to pouring concrete
into the support block formwork. The concrete was then poured into the formwork and vibrated
with a needle vibrator for compactness.

Figure 43. Concrete pouring of the support block.
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Figure 44. The hardened concrete of the support block shown with the specimen (UHP-FRC #3 and UHP-FRC #4
specimen BFRP reinforcements).

UHP-FRC Specimens: The dry component materials of the UHP-FRC were weighed in
pounds and collected as per the required proportion. It was then transferred to the pan mixer
(Figure 45) for mixing and dry mixed initially. The water was added in gradual portions in
order to get a good paste. After a uniform paste was ready, the fibers as per the required
proportion were added and was mixed again for a few minutes till a consistent mix (Figure 46)
was obtained. The UHP-FRC was then transferred from the mixer into the specimens (Figure
47 and 48) by using buckets. The specimen was cured in the strong floor room at a temperature
of 77°F (25°C) and a relative humidity of 100% until the day of testing. Figure 49 shows the
prepared final specimens UHP-FRC #3 and UHP-FRC #4 after the removal of the formwork.

(a)
(b)
Figure 45. (a) Rotating pan mixer used for UHP-FRC (b) UHP-FRC preparation.
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(a)
(b)
Figure 46. (a) UHP-FRC preparation using a pan mixer (b) Consistent UHP-FRC mix showing uniform distribution
of fibers.

Figure 47. UHP-FRC pouring for the specimens.

Figure 48. UHP-FRC pouring for the specimens.
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Figure 49. Prepared specimens UHP-FRC #3 and UHP-FRC #4.

4.2.4. Test Setup and Instrumentation
The loading of the specimen is achieved using a 400-kip Material Testing System (MTS)
hydraulic actuator in the Civil Engineering Laboratory Building (CELB) at UTA using the
loading protocol as shown in Figure 50. Displacement control was used for the loading of the
specimens. The beams were loaded in the loading axis between two bearing plates of 6 in. wide
along the length of the beam and 1 in. thick. The plates were spread along the entire width of
the beam. A layer of grout was used at the contact surface between the UHP-FRC specimen
and the loading plate to ensure a uniform interface contact. Lateral stiffeners were used on the
lateral sides of the beam to prevent any torsional movement.

Drift Ratio (%)

6

5.5
3.5

4

1/3 of 0.2% = 0.067%

2
0

0.2

0.75

0.35
0.25

0.5

-2

2.20
1.4

1.0
1.75
2.75

-4

4.375

-6
0

10

20

30

40

50

Cycle Number
Figure 50. Loading protocol for reversed cyclic loading.

The test setup consists of a load application mechanism as shown in Figure 51 and Figure 52,
four linear variable differential transformers (LVDTs) along with a string pot. The LVDTs and
string pot was used to measure the vertical displacement and the strain gauges provide the
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strain value of the flexural reinforcements in the specimen. All sensors were connected to the
DAQ box and the data was recorded.

Hydraulic actuator

6" bearing plates

Loading axis

Figure 51. Cyclic load application mechanism on the cantilever specimen.

The drift ratio was calculated using the formula shown below. The shear stress was obtained
from the recorded peak’s longitudinal load using the formulae presented below:
V
[7]
D=
× 100%
S
where:
D = Drift ratio (%)
V = Net vertical displacement of the specimen (in.)
S = Effective span (in.)
M= P ×

S
1000

[8]

where:
M = Applied moment (kips-in.)
P = Applied load (lbf)
S = Effective span (in.)
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Figure 52. Figure showing the loading head setup of the cantilever specimen.

4.2.5. Material Testing
UHP-FRC Compressive Strength: The compressive strength is typically determined by
testing standard 6×12 in. or 4×8 in. cylinders. However, using this method for very high
strength concrete is difficult because of higher loading capacity of the machines and the need
for the cylinders to have their ends fully smoothened (26). In this research, 2.78 in. (70.7 mm)
cubes were used to determine the compressive strength. Although some researchers believe
cylinders have more accurate compressive strength, cubes are an acceptable alternative to the
standard 4 in. (102 mm) cylinders. The main objective of the compressive strength is to obtain
the compressive strength of UHP-FRC at the time of specimen testing.
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5. ANALYSIS AND FINDINGS
Four pilot UHP-FRC reduced scale columns, one with corrosion resistant MMFX highstrength steel rebars (100 ksi as per ASTM A1035, 2016), one with non-corrosive high-strength
GFRP (glass, 90 ksi) rebars, and two with non-corrosive high-strength BFRP (Basalt, 147 ksi)
rebars were tested at UT Arlington under large displacement reversals to prove the proposed
new DCSR design concept. All columns had a reinforcement ratio of 14%. The last two
specimens were designed to have a smaller length-to-depth ratio to increase the shear force
demand. UHMW polyethylene fibers (13 mm in length and 0.0015 mm in diameter with a
tensile strength of 375 ksi) were used for specimen # 3 while micro steel fibers (13 mm in
length and 0.2 mm in diameter with a tensile strength of 399 ksi) were used for the other three
specimens.
All column specimens sustained very large cyclic displacements without major damage in the
UHP-FRC material, which provided ample shear strength and confinement to the
reinforcement throughout the testing. Even with the high amount of reinforcement, UHPFRC’s superior ductility provided a very stable cyclic behavior up to very large drift ratios. All
specimens also exhibited a self-centering ability, which considerably reduces the residual
displacement after being subject to large lateral displacements. This pilot testing also shows
that the very high damage resistant and self-centering characteristics of the proposed columns
made of high-performance materials and designed by the DCSR concept can provide excellent
resilience (which requires no repair work after major earthquakes) for building structures in
earthquake-prone areas.

5.1. UHP-FRC #1
A maximum moment of 840 kip-in. (95 kN-m) was recorded at a drift ratio of 8%. Moment
versus drift ratio relationship of beam UHP-FRC #1 showed large cyclic deformation up to a
drift ratio of 8% without significant damage to the UHP-FRC material. The specimen exhibited
stable cyclic behavior up to very large drift ratios. From the Figure 53, it can be seen that there
is minor residual deformation. Flexural cracking was seen to be the primary mode of cracking
during the test. From the strain data, it was observed that the MMFX rebars slightly yielded at
the interface. The moment and reinforcement strain relationship can be viewed in Figure 54.
The test pictures of the specimen for different values of drift ratio can be viewed from Figure
55 to 69. The test was terminated before any strength deterioration because of limited space
for further displacement.
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UHP-FRC #1
Shear span-depth ratio = 8.25
4 - #9 MMFX bars
Total reinforcement ratio = 15.5%
Micro steel fiber
(Vf = 3%)

Figure 53. Moment vs Drift ratio for UHP-FRC #1 with steel fibers (MMFX bars).
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(Vf

3%)

Figure 54. Moment vs reinforcement strain for UHP-FRC #1.
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Figure 55. UHP-FRC #1 at 0.2% drift ratio.

Figure 56. UHP-FRC #1 at 0.25% drift ratio.

Figure 57. UHP-FRC #1 at 0.35% drift ratio.
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Figure 58. UHP-FRC #1 at 0.5% drift ratio.

Figure 59. UHP-FRC #1 at 0.75% drift ratio.

Figure 60. UHP-FRC #1 at 1.0% drift ratio.
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Figure 61. UHP-FRC #1 at 1.4% drift ratio.

Figure 62. UHP-FRC #1 at 1.75% drift ratio.

Figure 63. UHP-FRC #1 at 2.2% drift ratio.
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Figure 64. UHP-FRC #1 at 2.75% drift ratio.

Figure 65. UHP-FRC #1 at 3.5% drift ratio.

Figure 66. UHP-FRC #1 at 4.0% drift ratio.

58

Figure 67. UHP-FRC #1 at 5.0% drift ratio.

Figure 68. UHP-FRC #1 at 7.0% drift ratio.

Figure 69. UHP-FRC #1 at 8.0% drift ratio.
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5.2. UHP-FRC #2
A maximum moment of 1050 kip-in. (119 kN-m) was recorded at a drift ratio of 13%. Moment
versus drift ratio relationship of beam UHP-FRC #2 showed large cyclic deformation up to a
drift ratio of 10% without significant damage to the UHP-FRC material. Stable cyclic behavior
was observed up to 13% drift ratio after which the moment started to decrease. From the Figure
70, it can be seen that there is minor residual deformation. Flexural cracking was seen to be
the governing mode of cracking during the test. Strain data of flexural reinforcements (Figure
71) indicate that the rebars were fully elastic during the testing. The test pictures of the
specimen for different values of drift ratio can be viewed from Figure 72 to 92. The test was
terminated before any strength deterioration because of limited space for further displacement.

UHP-FRC #2
Shear span-depth ratio = 6.2
12 - #6 GFRP bars
Total reinforcement ratio = 13.9%
Micro steel fiber
(Vf = 3%)

Figure 70. Moment vs Drift ratio for UHP-FRC #2 with steel fibers (GFRP bars).
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Figure 71. Moment vs reinforcement strain for UHP-FRC #2.

Figure 72. UHP-FRC #2 at 0.2% drift ratio.
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Figure 73. UHP-FRC #2 at 0.25% drift ratio.

Figure 74. UHP-FRC #2 at 0.35% drift ratio.
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Figure 75. UHP-FRC #2 at 0.5% drift ratio.

Figure 76. UHP-FRC #2 at 0.75% drift ratio.
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Figure 77. UHP-FRC #2 at 1.0% drift ratio.

Figure 78. UHP-FRC #2 at 1.4% drift ratio.
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Figure 79. UHP-FRC #2 at 1.75% drift ratio.

Figure 80. UHP-FRC #2 at 2.2% drift ratio.
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Figure 81. UHP-FRC #2 at 2.75% drift ratio.

Figure 82. UHP-FRC #2 at 3.5% drift ratio.
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Figure 83. UHP-FRC #2 at 4.0% drift ratio.

Figure 84. UHP-FRC #2 at 5.0% drift ratio.
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Figure 85. UHP-FRC #2 at 6.0% drift ratio.

Figure 86. UHP-FRC #2 at 7.0% drift ratio.
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Figure 87. UHP-FRC #2 at 8.0% drift ratio.

Figure 88. UHP-FRC #2 at 9.0% drift ratio.

69

Figure 89. UHP-FRC #2 at 10.0% drift ratio.

Figure 90. UHP-FRC #2 at 10.0% drift ratio.
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Figure 91. UHP-FRC #2 at 13.0% drift ratio.

Figure 92. UHP-FRC #2 at 15.0% drift ratio.
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5.3. UHP-FRC #3
A maximum moment of 1470 kip-in. (166 kN-m) was recorded at a drift ratio of 10%. Moment
versus drift ratio relationship of beam UHP-FRC #3 showed large cyclic without significant
damage to the UHP-FRC material. Stable cyclic behavior was observed up to 9% drift ratio
after which the moment started to decrease. From the Figure 93, it can be seen that there is
minor residual deformation. Despite having a shear span to depth ratio of 4.25, flexural
cracking was seen to be the governing mode of cracking during the test. It was seen that the
flexural reinforcements had ruptured at the interface of the support block and the specimen
resulting to excessive drift ratios. Strain data of flexural reinforcements are presented from
Figure 94 to 96. The test pictures of the specimen for different values of drift ratio can be
viewed from Figure 97 to 115.

UHP-FRC #3
Shear span-depth ratio = 4.25
8 - #8 BFRP bars
Total reinforcement ratio = 14.8 %
UHMW PE fiber
(Vf = 0.75%)

Figure 93. Moment vs Drift ratio for UHP-FRC #3 with PE fibers (BFRP bars).
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Figure 94. Moment vs reinforcement strain for UHP-FRC #3.
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Figure 95. Moment vs reinforcement strain for UHP-FRC #3.
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Figure 96. Moment vs reinforcement strain for UHP-FRC #3.
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Figure 97. UHP-FRC #3 at 0% drift ratio.

Figure 98. UHP-FRC #3 at 0.2% drift ratio.
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Figure 99. UHP-FRC #3 at 0.25% drift ratio.

Figure 100. UHP-FRC #3 at 0.35% drift ratio.
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Figure 101. UHP-FRC #3 at 0.5% drift ratio.

Figure 102. UHP-FRC #3 at 0.75% drift ratio.
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Figure 103. UHP-FRC #3 at 1.0% drift ratio.

Figure 104. UHP-FRC #3 at 1.4% drift ratio.
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Figure 105. UHP-FRC #3 at 1.75% drift ratio.

Figure 106. UHP-FRC #3 at 2.2% drift ratio.

80

Figure 107. UHP-FRC #3 at 2.75% drift ratio.

Figure 108. UHP-FRC #3 at 3.5% drift ratio.
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Figure 109. UHP-FRC #3 at 4.0% drift ratio.

Figure 110. UHP-FRC #3 at 5.0% drift ratio.

82

Figure 111. UHP-FRC #3 at 6.0% drift ratio.

Figure 112. UHP-FRC #3 at 7.0% drift ratio.
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Figure 113. UHP-FRC #3 at 8.0% drift ratio.

Figure 114. UHP-FRC #3 at 9.0% drift ratio.
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Figure 115. UHP-FRC #3 at 10.0% drift ratio.

5.4. UHP-FRC #4
A maximum moment of 1430 kip-in. (162 kN-m) was recorded at a drift ratio of 8%. Moment
versus drift ratio relationship of beam UHP-FRC #4 showed large cyclic without significant
damage to the UHP-FRC material. Stable cyclic behavior was observed up to 8% drift ratio
after which the moment started to decrease. From the Figure 116, it can be seen that there is
minor residual deformation. Despite having a shear span to depth ratio of 4.25, flexural
cracking was seen to be the governing mode of cracking during the test similar to specimen
UHP-FRC #3. Flexural reinforcements remained elastic throughout the testing. Strain data of
flexural reinforcements are presented from Figure 117 and 118. The test pictures of the
specimen for different values of drift ratio can be viewed from Figure 119 to 137.
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UHP-FRC #4
Shear span-depth ratio = 4.25
8 - #8 BFRP bars
Total reinforcement ratio = 14.8%
Micro steel fiber
(Vf = 3%)

Figure 116. Moment vs drift ratio for UHP-FRC #4 with steel fibers (BFRP bars).

(Vf = 3%)

Figure 117. Moment vs reinforcement strain for UHP-FRC #4.
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(Vf = 3%)

Figure 118. Moment vs reinforcement strain for UHP-FRC #4.

Figure 119. UHP-FRC #4 at 0% drift ratio.
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Figure 120. UHP-FRC #4 at 0.2% drift ratio.

Figure 121. UHP-FRC #4 at 0.25% drift ratio.
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Figure 122. UHP-FRC #4 at 0.35% drift ratio.

Figure 123. UHP-FRC #4 at 0.5% drift ratio.

89

Figure 124. UHP-FRC #4 at 0.75% drift ratio.

Figure 125. UHP-FRC #4 at 1.0% drift ratio.
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Figure 126. UHP-FRC #4 at 1.4% drift ratio.

Figure 127. UHP-FRC #4 at 1.75% drift ratio.
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Figure 128. UHP-FRC #4 at 2.2% drift ratio.

Figure 129. UHP-FRC #4 at 2.75% drift ratio.
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Figure 130. UHP-FRC #4 at 3.5% drift ratio.

Figure 131. UHP-FRC #4 at 4.0% drift ratio.
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Figure 132. UHP-FRC #4 at 5.0% drift ratio.

Figure 133. UHP-FRC #4 at 6.0% drift ratio.
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Figure 134. UHP-FRC #4 at 7.0% drift ratio.

Figure 135. UHP-FRC #4 at 8.0% drift ratio.
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Figure 136. UHP-FRC #4 at 9.0% drift ratio.

Figure 137. UHP-FRC #4 at 10.0% drift ratio.
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The test pictures of the specimens at different values of drift ratio can be viewed from Figure
138 to Figure 140.

(a)
(b)
Figure 138. Cracking in: (a) UHP-FRC #1 with high-strength steel at 5% (top) and 8% drift ratio (bottom) and (b)
UHP-FRC #2 specimen with GFRP bars at 5% (top) and 10% (bottom) drift ratio.

Figure 139. Cracking in UHP-FRC #3 specimen (PE fibers) with BFRP bars at 5% drift ratio(left) and 10% drift ratio
(right).

Figure 140. Cracking in UHP-FRC #4 specimen (steel fibers) with BFRP bars at 5% drift ratio (left) and 9% drift ratio
(right).

A comparison between the maximum moment and the nominal moments are presented in
Table 11. Figure 141 shows the combined Moment vs. drift ratios for all the specimens for
comparison.
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Table 11. Comparison between the calculated design nominal moment and the maximum recorded moment values.

Specimen

UHP-FRC
#1
UHP-FRC
#2
UHP-FRC
#3
UHP-FRC
#4

f c′ a

Mn b

f cm′ c

M n′ d

ksi
(MPa)

kip-in.
(kN-m)

ksi
(MPa)

22
(152)
22
(152)
20
(138)
22
(152)

792
(89)
1128
(116)
1271
(144)
1336
(151)

18.7
(129)
20.9
(144)
15.2
(105)
19.8
(137)

kip-in.
(kN-m)

Maximum
moment
kip-in.
(kN-m)

Design nominal
moment vs.
maximum moment

Modified nominal
moment vs.
maximum moment

768
(87)
1060
(120)
1103
(125)
1263
(143)

840
(95)
1050
(119)
1470
(166)
1430
(162)

6% higher

9% higher

7% lower

1% lower

16% higher

33% higher

7% higher

13% higher

a

Target compressive strength
Design nominal moment
c
Actual compressive strength
d
Modified nominal moment
b

UHP-FRC #4
Shear span-depth ratio = 4.25
8 - #8 BFRP bars
Total reinforcement ratio = 14.8%
Micro steel fiber
(Vf = 3%)

Figure 141. Combined moment vs. drift ratio for all the four specimens.
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6. CONCLUSIONS
This pilot research investigated a new type of structural members made with ultra-highperformance materials including ultra-high-performance fiber-reinforced concrete (UHPFRC), high-strength noncorrosive FRP rebars, and high-strength high corrosion resistant
MMFX steel rebars. Two phases of experimental tests were carried out: Four specimens were
prepared and tested under fully reversed cyclic loading. These beams were designed based on
a newly developed design concept–the ductile-concrete strong-reinforcement (DCSR), in
which UHP-FRC serves as the ductile component and reinforcement serves as the elastic
components. Specimen designs followed the DCSR concept, and these design procedures are
described in Sections 4.1.1, 4.1.2, 4.1.3, and 4.1.4.
The four UHP-FRC specimens represent reduced scale columns—one with corrosion resistant
MMFX high-strength steel rebars (100 ksi as per ASTM A1035, 2016), one with non-corrosive
high-strength GFRP (90 ksi) rebars, and two with non-corrosive high-strength BFRP (147 ksi)
rebars—all of which were tested at UT Arlington under large displacement reversals to prove
the proposed new DCSR design concept. All columns had a reinforcement ratio of 14%. The
last two specimens were designed to have a smaller length-to-depth ratio to increase the shear
force demand. UHMW polyethylene fibers (13 mm in length with a diameter of 0.0015 mm
and a tensile strength of 375 ksi) were used for Specimen 3 while micro steel fibers (13 mm in
length with a diameter of 0.2 mm and a tensile strength of 399 ksi) were used for Specimens
1,2, and 4.
Test results clearly indicated that the proposed structural members have a much larger stiffness,
strength, and damage resistance compared to conventional reinforced concrete members. The
proposed flexural members can also sustain very large cyclic displacements without major
damage to the UHP-FRC material, which provided ample shear strength and confinement to
the reinforcement throughout testing. Even with the high amount of reinforcement, UHPFRC’s superior ductility provided a very stable cyclic behavior up to very large drift ratios.
The specimens also exhibited a self-centering ability, which considerably reduces the residual
displacement after being subject to large displacements. The strain gauge reading of the
flexural reinforcement shows, at a very large drift ratio, rupture occurred near the beam-support
block interface along with the spreading of the elongation along the length of the rebar due to
FRP’s low axial stiffness. This makes the use of FRP reinforcements more suitable to UHPFRC as it permits the distribution of deformation throughout the flexural reinforcement. This
helps to avoid the regions of strain concentration and localized failure leading to the premature
failure of specimens that can happen in UHP-FRC members with steel rebars. This premature
rebar failure due to the strong bond between reinforcement and UHP-FRC has been observed
in other research. From the test results, it is observed that the recorded maximum values of
moment correspond to the design nominal moment beam specimens (Table 11). The test results
(Figures 143, 144 and 145) also show that the high damage resistance and self-centering
characteristics of the proposed UHP-FRC columns can provide excellent resilience for future
infrastructures. Further analytical study is warranted to investigate the structural responses of
building and bridge structures using the proposed structural members under severe ground
motions.
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