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Abstract

The main goal of this study is to investigate the behavior of high strength concrete beams
reinforced with various reinforcement under monotonic loading with various shear span-to-
depth ratios and to compare the measured load-deflection history with the available
prediction equations. In this study, eight high strength concrete (HSC) beams were prepared
and cast using a concrete strength of 10 ksi. All beams spanned 7 ft. and were 12 inches
deep and 6 inches’ wide. Some of beams were reinforced with conventional #5 steel and
others were reinforced with carbon fiber (CF) and glass fiber grids. Three beams were
reinforced with #3 stirrups at 8 inches spacing and one beam was reinforced with #3 stirrups
at 3-inch spacing. The beams were simply supported under monotonic four-point bending
load using a servo-valve actuator with a capacity of 75 kips under three shear span-to-depth
ratios. The data collected in this study included load-displacement-history at midspan, steel
and carbon fiber strains, mode of failure and crack patterns. The experimental results were
compared to analytical models from the literature. The models are very commonly used to
predict the effective moment of inertia of reinforced concrete beams and consequently

predict the deflection at the cracking and at the ultimate loads.

The study concluded that the behavior of the HSC beams was dependent on the type of
reinforcement and on the shear span-to-depth ratio as well as the availability of transverse
reinforcement. The analytical models, predictions of failure ultimate loads and mode of
failure were in good agreement with the experimental results. For the HSC beams reinforced
with steel bars, Branson’s deflection equation highly overestimated the deflection. For

beams reinforced with CFRP and GFRP grids, the analytical equations underestimated the



v
deflection at the midspan, which suggests the need to modify the existing deflection

equations when HSC is reinforced with carbon fiber grids.

Keywords: Reinforced Concrete, High Strength, Carbon Fiber Grids, Deflection, Effective

moment of Inertia
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CHAPTER 1: INTRODUCTION

1.1 PROBLEM STATEMENT

The goal from the study is to investigate the behavior of high strength concrete beams
reinforced with various reinforcement tested under shear span-to-depth ratios, and to
validate the applicability of ACI deflection equations in predicting the deflection under
service loads. To better understand the response of high-strength concrete beams failing in
flexure and shear with and without shear reinforcement, eight reinforced concrete beams
were tested under monotonic loads until failure. The beams were reinforced with various
shear and carbon, and glass fiber grids. The concrete compressive strength of the tested
beams was 69 MPa on average. The primary design variables were the amount and type of
shear and longitudinal reinforcement. The load-displacement history of the tested beams was
compared to the load-deflection equations in the literature and the results were compared.
This study is part of a current project that is expected to test more beams under different
parameters such as using hybrid reinforcement (steel bars and fiber reinforcement together).
The study will be useful for researchers to report the behavior of HSC beams reinforced with
fiber grids under various shear span-to-depth ratios and how applicable the existing ACI
equations are to such beams. The test results are presented and discussed, and the influence

of each design parameter is studied.

1.2 OBJECTIVE OF RESEARCH

The primary objective of this study is to investigate the shear and flexure behavior of high
strength concrete beams reinforced with various reinforcement types, and under multiple

shear-to-span depth ratios. The load-strain, load displacement, mode of failure, and midspan



deflection’ histories were observed and compared with the current ACI design code to
conduct a validity study. The second goal is to evaluate the HSC beams deflections using

available empirical and code equations.



CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

Many structures suffer from premature structural decay because of steel reinforcement
corrosion. The physical evidence of this problem is certainly visible in the form of rust,
major cracking and spalling concrete. The projected design life of conventional reinforced
concrete structures is frequently shortened due to corrosion of the steel reinforcement. Some
structures such as bridge decks are vulnerable to direct exposure of high concentrations of
chlorides and deicers used for snow and ice removal. Typically, state departments of
transportation (DOT) reinforcement cover and epoxy rebar specifications do not prevent the
predictable penetration of deicers into the concrete. Extensive efforts have been reported in
the literature to protect steel from corrosion, such as decreasing concrete permeability,
reinforcing structures with epoxy-coated steel bars, increasing reinforcement cover
requirements, and cathodic protection procedures. Typically, these methods are more
successful at delaying the corrosion process than eliminating it. An alternative strategy to
protecting the steel reinforcement is direct replacement of corrosion resistant steel. In this
context, fiber-reinforced polymer (FRP) materials have significant potential. Corrosion
resistant reinforcement steel (FRP materials) possess three important physical properties: (1)

high tensile strength; (2) low elastic modulus; and (3) elastic-brittle stress-strain behavior.

To date, various studies have been published characterizing the behavior of FRP-
reinforced concrete beams and slabs (Goodspeed et al. 1990; Brown and Bartholomew 1993;
Banthia et al. 1995; Benmokrane et al. 1996; Bank et al. 1997; Masmoudi et al. 1998).
However, strength and deflection prediction of steel-reinforced concrete beams is, in part,

dependent on empirical performance constants. The empirical component reflects the



material specific composite behavior of steel and concrete. Therefore, where FRP is used in
lieu of steel, the measured load-strain and load-displacement histories may well be altered
beyond that predicted according to traditional concrete theory using simple substitution of
reinforcement material properties such as the elastic modulus, the yield strength, and the
failure strain. FRP grids are available in several geometric shapes including deformed
circular bars and various 2D and 3D grids and cages. The FRP grid reinforcement used in
this study is a rigid 2D grid commercially known as NEFMAC (NEFCOM Corp., Tokyo).

More details about NEFMAC will be introduced later in Chapter 2.

In the following sections, a summary of the up-to-date literature on the behavior of

concrete members reinforced with carbon fiber grids will be introduced and discussed.

2.2 HIGH STRENGTH CONCRETE

In 1984, the high strength concrete classification system was created by the American
concrete institute (ACI) and define as the concrete mix with compressive strength greater
than 6000 psi (41 MPa). However, The ACI found that this value might change depending
on various factors such as the environments of concrete placement and location of structures
site. For example, some areas have high temperature climates, which make the concrete dry
quickly, which weakens compressive strength. Classification system was developed by Prof.

J. Francis Young of the University of Illinois at Champaign-Urbana, (see Table 2.1).



Table 2.1: Concrete Strength Classifications

Conventional High-strength Very-high- Ultra-high-
concrete concrete strength concrete strength concrete

Strength, MPa (psi) < 50 (7250) 50-100 (7250-14,500) | 100-150 (14,500-21,750) > 150 (21,750)

Water-cement ratio > 045 0.45-0.30 0.30-0.25 <0.25
Chemical admixtures Not necessary WRA/HRWR* HRWR* HRWR*

Mineral admixtures Not necessary Fly ash Silica fume** Silica fume**

Permeability coefficient (cm/s) > 10% 10 10 <10

Freeze-thaw protection Needs air entrainment | Needs air entrainment | Needs air entrainment No freezable water

* WRA = Water reducing admixture; HRWR = high-range water reducer
** Also may contain fly ash

2.3 CFRP GRIDS: NEFMAC

NEFMAC is the commercial name of 2D FRP grid that was used in this study. (‘‘New”’
1988; ‘“Mechanical’’ 1990). NEFMAC produced using pin-winding process that involves
layering separate fiber-resin laminations, (Yost et al. 2001). NEFMAC has a volume of fiber

about 40% (Yost el al. 2001). Figure 2.1 shows a typical 2D FRP grid.

In Yost and Schmeckpeper (2001) study of concrete bridge deck specimens
reinforced by various NEFMAC grids, seven specimens were prepared; three were
reinforced with H22 NEFMAC and three reinforced with C22 NEFMAC and a single
control slab were prepared. The H22 is the hybrid glass-fiber and C22 is only carbon grids
(Yost et al. 2001). The samples had a typical depth of 216 mm (8.5 in.) and span 2.44 m (8
ft.). All NEFMAC samples were reinforced with 11 longitudinal bars equally spaced at 100
mm (4 in.). The control steel sample was reinforced with 11 No. 5 Grade 60 bars equally
spaced at 112 mm (4.4 in.). The authors monitored the strain behavior of the samples using
conventional strain gages, where the gages were mounted on the FRP grid and on the
concrete surface. Deflection was measured using linear variable deflection transducers. All

slabs were tested under a constant shear span to depth ratio of 5.5 and the loads applied were



monotonic and cyclic loads. The study concluded that the results showed low working stress
levels in the reinforcement and a high degree of reserve strength and a greater cross-

sectional area of the NEFMAC grid, compared to steel reinforcements is required (Yost and

Schmeckpeper 2001).
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Figure 2.1: Typical NEFMAC 2D Grid (Yost et al. 2001).

Yost et al. (2001) investigated the flexural behavior of simply supported concrete
beams reinforced with FRP grids under four-point monotonic loading as shown in Figure
2.2. The key parameter studied were the percentages of longitudinal FRP reinforcement. The
beams were divided into three groups; balanced strain condition, under-reinforced and over-
reinforced sections. The experimental results included load-deflection, failure mode, and
cracking behavior. The strain in the reinforcing steel were compared with theoretical

predictions calculated per conventional steel-reinforced concrete procedures (ACI 318-16).

It was concluded the flexural capacity was accurately predicted, but shear strength
was not. It was observed that flexural stiffness was less than that predicted by Branson's
equation. The moment-curvature relationship was in good agreement with the experimental

results. The developed moment-curvature relationship was based on a bilinear (stress-strain



relationship) concrete model. It was also noticed that the fiber grid produced a transverse

force path throughout the tested beams (Yost et al. 2001). It was concluded that:

The flexural capacity of NEFMAC reinforced concrete beams could be accurately
predicted using ACI 318.

The shear capacity of NEFMAC-reinforced beams was overestimated by ACI 318,
based on the premature shear failure of under reinforced samples.

The authors (Yost el al. 2001) also concluded that there was an inverse correlation
between the magnitude of stiffness overestimation and the amount of longitudinal
NEFMAC reinforcement.

The authors calculated the reinforcement strain using a bilinear concrete model and
linear strain distribution, which was very accurate.

The authors recommended the flexural design of FRP-reinforced concrete beams
most likely requires over reinforcement to compensate for deflection tolerances and

the reinforcement’s elastic-brittle failure characteristic.
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Figure 2.2: Test Setup and Sample Details (Yost et al. 2001).

Yang et al. (2017) investigated the damage behavior of concrete beams reinforced
with glass fiber reinforced polymer (GFRP). The study was performed using finite element
modeling using ABAQUS with a full consideration of materials nonlinearity. The finite
element output was compared to experimental results with key parameters included such as
the effect of replacing steel reinforcement by different types of GFRP bars. The study
showed that the hybrid effect of reinforcement improved beam ductility and eliminated the
unfavorable brittle failure of the concrete beam. In addition, it was suggested to use

conventional compression steel bars in concrete beams with hybrid reinforcement. The study



also showed that in hybrid reinforced beams, a significant reduction in stiffness and a
noticeable increase in the beams' deflection after the initiation of first crack and yielding of
steel reinforcement were observed. On the counter part, in hybrid fiber/steel reinforced

concrete beams showed a better performance during cracking initiation and propagation.

Yang et al. (2017) reported that the cracking of GFRP beams was relatively small
and the maximum crack width, fractal dimension and deflections corresponding to the
ultimate loads were relatively large compared with the typical results for steel-reinforced
concrete beams. The finite element modeling accurately assessed the damage evaluation of
the tested beams at all loading stages. The energy dissipation of conventional steel and
GFRP were in very good agreement. However, GFRP and steel reinforcement bars exert
clearly different influences on the plastic dissipation energy and strain energy of concrete
beams, as demonstrated by the FE model as shown in Figure 2.3. Yang et al. 2015, defined
the plastic energy as the energy related to the residual deformation the member experience.
The plastic defamation is related to the type of loading and the rate where the load is

applied.

Mustafa et al. (2017), reported the behavior of concrete beams reinforced with
hybrid steel and FRP composites. The study was conducted using the nonlinear finite
element code ANSYS. The parameters were the types of CFRP and GFRP bars in addition
to conventional steel bars. The simulation was verified comparing the results with
experimental work published in the literature. Figure 2.4 shows the good agreement between
the experiments and the modeled beams in terms of cracking profile and yielding. The
hybrid effect increased the ductility of the modeled beams and the higher the percentage of

GFRP, the lower the rate of increase in the ultimate capacity and the lower the strength.
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Figure 2.4: Comparison between the tested beam and the finite element results (Mustafa et al.
(2017).

Goldston et al. (2017) experimentally investigated the flexural behavior of high strength
concrete (HSC) and ultra-high strength concrete (UHSC) beams reinforced with glass fiber

reinforced polymer (GFRP) bars. The compressive strength of HSC and UHSC were 80 and
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120 MPa (11 ksi and 17 .4 ksi), respectively. Beams of 2400 mm long, 100 mm wide and
150 mm high were tested under three-point loading. Three different bar GFRP sizes were
used; #2, #3 and #4. The longitudinal GFRP tensile reinforcement ratios were 0.5%, 1.0%
and 2.0% where all beams were reinforced in the tension and compression zones with GFRP
bars. The influence of reinforcement ratio and compressive strength of high strength
concrete (HSC) and ultra-high strength concrete (UHSC) on the load carrying capacity,
deflection, energy absorption, strains in the concrete and reinforcement, and failure modes
were investigated. The authors conducted materials testing to determine the GFRP
properties in tension. Figure 2.5 shows the stress-strain behavior of the tested specimens

with different diameters where explains the linear behavior of such glass fibers.

2000 -
1600 | /
II}'
& 1200 |
g
g 800 | 7 _
w V4 - ’a”
200 L ,," ’ ’,/ = == Specimen 3 (#2)
,q"' / g - e Specimen 4 (#3)
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0L 1 1 1 I
0 1 2 3 4
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Figure 2.5: Stress-strain curve of GFRP tensile test specimens (Goldston et al. 2017).

Goldston et al. (2017) reported that the failure behavior of under-reinforced high
strength and ultrahigh strength concrete glass fiber reinforced beams was ductile. Figure 2.6
shows the load-strain history for all beams. It can be seen that a drop-in strain when the

section started to crack. The post-cracking behavior was function of the percentage of glass
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fiber reinforcement. The strain in the glass fiber bars did not change with the change in
concrete compressive strength, and it was noted that the strain in the ultra-high strength
concrete was lower than the strain values in same beams made with high strength concrete at

the same load level. More details could be found in Goldston et. al. (2017).

As expected, the energy absorbed by the ultra-high strength concrete was higher than
the energy absorbed by the high strength concrete as shown in Fig. 2.6. Goldston et. Al.
(2017) concluded that the flexural strength of fiber-reinforced polymer was found to be

conservative, and un-conservative in the deflection calculations.
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Figure 2.6: Load-strain behavior of GFRP-RC beams under static loading. (Goldston et. al),
2017).

Fang et al. (2017) investigated the mechanical performance of concrete pavement
reinforced by CFRP grids for bridge deck application. This study is considered one of the
few studies that investigated the structural performance of concrete reinforced by CFRP

grids. The concrete pavement in the deck is steel fiber reinforced concrete (SFRC)
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reinforced by CFRP grids. The study included experimental, analytical, and finite element
investigations, where the slabs were tested under four-point bending at different locations of
CFRP grids in the depth direction. The slabs were tested under positive and negative
bending moments. Figure 2.7 shows a cross section of the tested slabs showing all the

elements implemented in the study.

Pavement

Steel deck plate

CFRP grid Adhesive

(@) (b)

Figure 2.7: llustration of a CPCG deck specimen (a) Pavement on an orthotropic steel

bridge deck and (b) CPCG deck specimen with different components (Fang et al. 2017).

It was found that the CFRP grid improved the ultimate capacity of the deck by
60.22%, reducing the risk of the steel slab cracking under positive moment. The CFRP grid

also reduced the ductility of the slabs under the negative moments.

This study compliments other experimental programs where FRP grid are
investigated for similar applications (Bank et al. 1997 and Yost et al. 2002). NEFMAC grids
have been implemented in concrete bridge decks and investigated by Benmokrane et al.
(1999) to comprehend on the flexural design of concrete decks with such fiber reinforced
polymer grids. The study also has included field monitoring of the NEFMAC being used as

a major bridge deck reinforcement in (Joffre Bridge (located in Sherbrooke, Que., Canada).
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Various other studies have been conducted on concrete members reinforced with fiber
reinforced polymers (FRP grids). Rizkalla et al. (2012) introduced numerous developments

in the implementation of the CFRP grids as reinforcement for precast concrete members.

Other researchers (Fang et al. 2004) have been studied the behavior of concrete slabs
reinforced with carbon fiber grids. Fang et al. (2004) recommended that sections with fiber
grids should be designed as over reinforced sections with an equivalent stiffness
corresponding to steel reinforcement. The fiber carbon grids might be a good reinforcing
tool to decrease the probability of shrinkage cracking to happen (Shao et al. 2007). Matthys
et al. (2000) reported that the behavior of concrete members reinforced with carbon fiber
grids are different that the conventional concrete beams reinforced with regular steel. The
fiber grids have an additional property where it can transfer loading the transverse direction,
which provides mechanical interlocking with concrete, (Engel et al. 1999). Other
recommendation of using carbon fiber grids in bridge superstructures have been reported by
Matta et al. (2005). The carbon fiber grids could be used in retrofitting in masonry walls as
well as reported by Yost and Schmeckpeper (2001). Finally, Bank et al. (1997)

demonstrated the usage of fiber grids on steel-concrete highway bridges.

2.4 DEFLECTION OF STRENGTH CONCRETE BEAMS

The utilization of high strength materials reinforcing together with high strength concrete
makes it possible to design shallower flexural members, thus increasing the importance of
estimating the deflections to satisfy serviceability limits of the codes (ACI 318-16). The
term serviceability usually refers to control of deflections and crack widths at service loads

for flexural members. Deflections of reinforced concrete flexural members were the focus of
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various research for many decades and, (Sherif et al. 1998) thus, different methods have
been proposed for deflection prediction under both short-and long-term loadings. The main
factors affecting the short-term deflections of a beam are the span length, type and
magnitude of loading, material properties, sectional dimensions and extent of cracks (Al-

Zaid et al. 1991).

In 1965, Branson developed a well-known equation for the average effective
moment of inertia over the entire length of a simply supported beam, subjected to uniform
load. The ACI building code adopted this equation since 1971. The effect of loading types
was not considered in this equation up to date. Various researchers developed equations for
normal and high strength concrete deflection prediction. Rangan et al. (1982) developed a
simple expression for controlling the deflection as a function of the span-depth ratio into
account. Al-Zaid et al (1991) modified Branson equation to include the effect of loading
type by considering the variations in the cracked length for each type of loading. Alsayed et
al. (1993) presented an experimental model for predicting the deflection of fiber reinforced

concrete beams.

In the next chapter, the experimental testing setup, the discussion of the results and

the conclusions will be presented.
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CHAPTER 3: EXPERIMENTAL PROGRAM

This chapter describes the testing setup, sample details, and the testing procedures.

3.1 MECHANICAL PROPERTIES OF HIGH STRENGTH CONCRETE (HSC)

Eight high strength concrete (HSC) reinforced beams were prepared and cast at the
structural testing laboratory at the University of Idaho. The concrete was provided by the
Pre-Mix Inc. located in Pullman, Washington. The target strength was 10 ksi with a slump
value of 3 in. and maximum aggregate size of % inch. All the concrete ingredients are shown

in Table 3.1.

Three concrete cylinders 4 x 8 inches for the compressive strength test, one cylinder
6 x 12 in for the split tensile strength test and one beam (6 x 6 x 21 in.) for the flexural
strength test were prepared from the batch. The compressive strength, split tensile strength
and the flexural strength tests were performed per the ASTM standards C39, C496, and C78,
respectively. According to ASTM C39, the average compressive strength of three specimens
was 10 ksi, and the average split tension strength was 0.65 ksi. Figure 3.1 shows the

compressive strength test.



Table 3.1 HSC Concrete mix proportions
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Material Batched Quantity Moisture (%) Actual Water (gl.)

3/4” CUBED 3020 1b. 0.10% M -
BLEND SAND 2640 Ib. 4.07% A 12 gl.
TYPE I-11 1490.0 Ib. - -
DARAVAIR (AIR 5.00 Oz - -
ENTRAIN.)
DARACEH (Con. 57.00 Oz - -
SUPERPLASTICISER)
WATER 45.0 gl. - -
WATER/CEMENT - -
RATIO 0.323

Figure 3.1: Compressive strength test

3.2 MECHANICAL PROPERTIES OF CARBON AND GLASS FIBER GRIDS

The 2D FRP grid used to reinforce the HSC beams is called NEFMAC and is manufactured

by Toray Industries of Tokyo (NEFCOM 1988; NEFCOM 1990). NEFMAC grid consists of

carbon fibers saturated in a vinyl resin with a rough fiber volume of 40%. For example,

glass carbon fiber grid has 5% carbon fiber, 39% glass fiber, and 56% resin by volume

(Schmeckpeper 1992; Yost et al. 2001). The fibers either pure carbon or hybrid (carbon and
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glass) are manufactured to form a 2D rectangular orthogonal grid with symmetrical

mechanical properties as shown in Figure 3.2, (Yost et al. 2001).
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Length

Figure 3.2: Fiber reinforced polymer grid (Schmeckpeper et al. 2001).

Bar identification as ‘‘longitudinal’’ or “‘transverse’’ is a function of orientation with
respect to bending. Longitudinal and transverse bars provide tensile reinforcement and force
transfer, respectively. The carbon fiber grid has a cross-sectional area of 80 mm? (0.124 in?).
The mechanical properties considered were the tensile strength, and elastic modulus. All
mechanical properties are shown in table 3.2. The submerged volumetric method was used
to determine the cross-sectional area while, and the mechanical properties were determined
from uniaxial tensile tests conducted on full cross section bar samples (Schmeckpeper

1992).

The fiber grid bars used in this study are identified as CFRP and GFRP. The CFRP
grid is a mixture of glass and carbon fibers and the GFRP grid is composed of glass fibers.
Typical fiber materials has linear-elastic stress-strain behavior up to ultimate load at which
brittle tensile failure usually arises as shown in Figure 3.3. Figure 3.4 shows the CFRP and

the GFRP grids used to reinforce the beams in this study.
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Figure 3.3: Fiber reinforced polymer grid (Yost et al. 2001).

Table 3.2 Properties of NEFMAC
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Grid Carbon Glass Resin  Depth  Width  Area Ju E
content fiber (%) (mm) (mm) (mm?) (MPa) (MPa)
(10%) (10%)
CFRP 36 0 64 21.25 21.25  451.61 1230 85000
9 9 81 635 41300

GFRP 5 39 56
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Figure 3.4b: GFRP grid

3.3 BEAM DETAILS

Testing was intended to evaluate flexural/shear behavior of high strength concrete beams
strengthened with CFRP and GFRP grids. Eight beams were designed according the ACI

318-16 and tested under monotonic loading using a four-point bending test. The eight beams
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were divided into three groups; the first group consisted of three beams having the same
conventional flexural reinforcement steel, but different shear span-to-depth ratios without
shear reinforcement. The second group consisted of three beams reinforced with same
flexural reinforcement of group one shear reinforcement (stirrups) at different spacings and
tested under different shear span-to-depth ratios. The third group was reinforced with the

CFRP and GFRP grids without shear reinforcements.

The beams abbreviations were named as follows: Beam Number-Reinforcement-
Loading-Type-Stirrups-Spacing-shear span. For example, 2CONT-MN-2 means beam
number 2 as a control specimen (CONT)-monotonic loading (M) with no stirrups (N) and
with a shear span of 2 feet. 8 CF-M8-2.5 stands for beam number 8 reinforced with carbon
fiber (CF) under monotonic loading with 8-inch stirrup spacing and a shear span of 2.5. All
beams have a total span of 7 feet and a clear span of 6.16 feet, and were tested as simply
supported. The tension concrete cover was 1 inch and all the top and side covers were 0.50
inches. After 24 hours of casting, all forms were removed and all beams were covered with
wet towels and cured for 28-days after they were kept at room temperature until the day of
testing. Table 3.3 shows all beams’ dimensions with all the reinforcement details. Figure 3.5
shows the formwork and the reinforcement cages of one of the tested beams, and Figure 3.6
shows all beams after casting. The cross sections of the tested beam are shown in Fig. 3.7

with all reinforcement details.
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Figure 3.5: Beam 4 CONT-M8-2 formwork and reinforcement cage (left), and 8CF-M8-2.5

(right)

Figure 3.6: Beams after casting
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Table 3.3 Beams Reinforcement Details

Beams Group Length Clear b d a  Bottom Stirrups
no. (ft.) Span (in.) (in.) (in.) Reinforcement
(ft.)
2Cont-MN-2.5 7 6.16 6 11 25 2#5 Steel bar None
1

3Cont-MN-2 7 6.16 6 11 3 2#5 Steel bar None
4Cont-M8-2 7 6.16 6 11 2 2#5Steel bar #3 @ 8"
SCont-M8-2.5 ) 7 6.16 6 11 25 2#5 Steel bar #3 @ 8"
6Cont-M8-3 7 6.16 6 11 3 2#5 Steel bar #3 @ 8"
7Cont-M3-2.5 3 7 6.16 6 11 25 2#5 Steel bar #3 @ 3"

8CF-MN-2.5 7 6.16 6 11 25 CFRP grid None

10GF-MN-2.5 7 6.16 6 11 25 GFRP grid None
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12.0in.

8CF-MN-2.5

11.0in.

Figure 3.7: Beams cross sections with reinforcement details

3.4 BEAM TESTING SETUP

All beams were considered simply supported under four-point loading (Fig. 3.8). Span of all

beams were 7 ft. (2133.6 mm), with a variable shear span and overhang of 0.5 ft. (152.4)

mm on each side. One support was considered a hinge and the other support was considered

a roller and the load was applied monotonically. A 220 kN servo-valve hydraulic actuator

was anchored to a closed-loop steel frame, and the load was applied to the HSC beams

through a steel spreader beam placed on the top of the concrete beam at the mid-span. All

beams were tested under displacement controlled loading at the rate of 1 mm/min until

failure or steel yielding, which happens first. Two strain gages were attached at the bottom

two flexural reinforcement bars at the mid span, or in some other cases they were attached to
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the first stirrup close to the beam ends (Fig. 3.9). An LVDT was positioned at the mid span
of the beam to measure the deflection-time history. Cracks were marked and the
corresponding loads were recorded during all beams testing. Data including load, mid-span

deflection and strain were recorded using a high-speed data acquisition system

il

|
|
|
12.0in. |
|
|
|
|

37.0 in.

Figure 3.8: Schematic shows beams setup (a), and actual beam setup
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3.4.1 Data Logger
A Delphin EL200 Expert Logger (32) Analog Input Channels Up to with a 1 kHz Sample

Rate, 4/8 Digital Inputs/Outputs. USB and Ethernet 2Gb Internal Storage was used to collect
the displacement of the beams. The data logger can process up to 46 analog input channels
at both and high rates sampling rates (3 groups
per 1000 Hz) with a resolution/input impedance of 24Bit/1GQ. Figure 3.9 shows the data

logger.

Figure 3.9: Expert logger 200

3.4.2 Strain Gages

Foil strain gages (CEA-06-125UN-350/P2, Vishay Inc.) were installed on tension bars to
measure and investigate strains during beam testing, as shown in Figure 3.10. The surface of
steel/fiber bars were cleaned with grinder without affecting the total cross-sectional area of

the bars. The strain gages were glued to the bar surface using epoxy and then left 24-hous to
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dry. The Self-fusing tape was used to protect the gages from moisture and other potential
external distress. Strain conditioners were attached to all the gages to magnify the millivolt
output of the gages and the gage factors for each gage was input to the data logger as

specified by the manufacturer.

Figure 3.10: Strain gages installed at the bottom reinforcement.

3.4.3 Linear Variable Displacement Transducer
A linear displacement transducer (LVDT) was used and it has active 350-ohm strain-gage
bridge to sense the movable rod displacement. The LVDT had a stroke range of 2 in (100

mm). Figure 3.11 shows the LVDTs used in this study.
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Figure 3.11: Strain gages installed at the bottom reinforcement
In Chapter 4, the results and discussion of eight HSC beams reinforced with conventional

and fiber reinforcement grids will be discussed in details.
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CHAPTER 4: RESULTS AND DISCUSSIONS

4.1 INTRODUCTION

In this chapter, the results and discussion of testing eight high strength concrete beams
reinforced by conventional steel and fiber reinforced grids will be presented. The load
displacement history and the strain in the main flexural and web steels are measured and
presented. The results include the mode of failure; the load capacity, and the longitudinal
steel/fiber strain profile. Special attention was paid to the selected parameters to gain a
deeper understanding of the shear behavior and the fiber reinforced grid effect on the overall
beam failure under monotonic loading. The beams were divided into three groups, the first
group has no shear reinforcement and is reinforced on the tension side with 2#5 bars, the
second group was reinforced with same main steel as group one with steel stirrups spaced at
8 inches, the third group was same as group two with stirrups spacing of 3 inches, and the
final group were reinforced with CFRP and GFRP grids with no shear reinforcements. All
beams had the same overall span length (7 ft.) and cross section of 6 x 12 inches as

discussed in chapter 3.

4.2 TEST RESULTS

4.2.1 Group 1

The first group of beams had no shear reinforcement and was only reinforced with 2#5
longitudinal steel reinforcing bars. This group consisted of two beams and was tested under
shear spans of 2.0 and 2.50. The concrete used in all beams were high strength concrete with
a 28-day strength of 10 ksi. The test was stopped either when the concrete fails or the steel
yields whichever reached first. Figures 4.1 and 4.2 show the failure mode of the two beams

in groupl (3CONT-MN-2 and 2CONT-MN-2.5). The two beams failed under shear as
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expected and the failure was sudden once the ultimate shear strength was reached. Flexural
cracks started at the mid span at loads around 7.5 kips flexural cracks extended the depth of
the beam until suddenly an inclined shear crack extended from one of the supports (left
support as shown in Figure 4.1) to reach the top compression surface of the beam under the

point load (shear span).
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Figure 4.2: Beam 2CONT-MN-2.5 failure mode (shear failure).

The load-strain relationship is also captured during testing as shown in Figure 4.4. Two
strain gages were attached to the main bottom reinforcement’s bar and the average strain
was plotted as shown. As the load increases, tension strain in the bottom reinforcement
increases with sudden failure of the beams has occurred. The bottom tensile strain of the two
beams did not reach the yield strain (2069 micro strain). Both beams failed suddenly due to
inclined major shear crack extending from the left support to the location where the point

load was applied.
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Figure 4.3: Load-Deflection of 2CONT-MN-2.5 and 3CONT-MN-2.
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Figure 4.4: Load-Strain history of 2CONT-MN-2.5 and 3CONT-MN-2.

4.2.2 Group 2

The second group of beams had 3 identical specimens made with shear reinforcement. The
stirrups were #3 spaced at 8 inches for all beams with 2#5 bottom reinforcement bars. This
group of beams was tested with shear spans of 2.0, 2.50, and 3.0. Figures 4.5a shows the
crack pattern of beam 4CONT-MS8-2 where the first crack started at the bottom-middle of
the beam at a load of 5 kips. While the load was increased, the cracks started to propagate
toward the neutral axis of the beam at different load steps until a major shear crack suddenly
occurred at a load of 21 kips, when the ultimate capacity of the beam was reached. Beam
S5CONT-MS8-2.5 was tested under a monotonic load with a shear span of 2.5, where the first
crack initiated under load of 4 kips. The cracks propagated in a similar way to the previous

beam. In this test, the beam did not reach the ultimate capacity due to a sudden displacement
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that occurred to the spreader beam during testing. The third beam in this group was designed
exactly similar to the previous two beams; however, it was tested under a shear span of 3.
The first crack has started at a load level of 7 kips on the tension side of the beam and under

continuous loading, cracks propagated until a flexural failure concluded under a load of 30

kips. No sign of shear failure was observed however; some shear cracks observed.

Figure 4.5c: Failure mode of 6Cont-M8-3
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The load-displacement of the three beams was recorded and is shown in Figure 4.6. Beam
S5CONT-MS8-2.5 did not reach the ultimate capacity due to testing malfunction, However the

other two beams reached their ultimate capacities.

35

30

6 Cont-M8-3
25 5 Cont-M8-2.5
4 Cont-MS8-2

10

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Displacement (in)

Figure 4.6: Load-displacement of group?2.

The load-strain history of the three beams in group 3 recorded and is discussed in the

following section. Strain gages were placed on the bottom reinforcement and the stirrup to
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capture the behavior under the monotonic load. Figure 4.7a shows the load-strain history of
beam 4CONT-MS-2. It can be concluded that the stirrup strain did not reach the yield strain
but at a load level of 25 kips, the strain was almost constant and started to decrease when the
ultimate load was reached around 29 kips. The strain response of the main reinforcement

was increasing as the load was increased until the it reached the ultimate load.
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Figure 4.7a: Load-Strain history of 4CONT-MN-2.5

Figure 4.7b shows the load-strain history of beam SCONT-MS-2.5, where the stirrup strain
did not reach the yield strain. The strain response of the main reinforcement was increasing
as the load was increased until the it exceeded the yield strain and the test was stopped due

to a malfunction.
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Figure 4.7b: Load-Strain history of SCONT-MN-2.5 and 3CONT-MN-2.
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Figure 4.7c: Load-Strain history of 6CONT-MN-3.
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4.2.3 Group 3

This group consists of one beam (7Cont-M3-2.5) that has the same characteristics as the
previous beams except that it has more stirrups distributed across the beam span (3@3”).
The beam was tested under one shear-span-to-depth ration of 3.0. Figure 4.8 shows the
failure mode where the beam has reached the ultimate capacity without shear failure, and
Figure 4.9 shows the load-displacement response. The cracks were started at a load level of

6.7 kips which the cracks extended until the bottom steel yielded as shown in Figure 4.10.

Figure 4.8: Failure mode of 7Cont-M3-2.5
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Figure 4.9: Load-displacement of group 3.
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Figure 4.10: Load-Strain history of 7Cont-M3-2.5.
4.2.4 Group 4

Beam 8CF-MN-2.5 beam reinforced with the carbon fiber grid without any shear
reinforcement. Two strain gages were attached to the CFRP grid in the tension side. Figure
4.11 shows the expected shear failure mode. The first crack on the tension face occurred at a
load level of 5 kips and with increasing the loads, a sudden shear crack occurred close to
29.75 kip. At a load level of 19 kips, a major shear crack started and consequently strain
hardening stage started as the load increased. It can be seen in Figure 4.13 that the CRFP
grid did not reach the ultimate rupture strain of 14000 micro strain and the concrete failed

under shear stresses before the strain reached to ultimate value.
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Figure 4.11: Failure mode of 8 CF-MN-2.5
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Figure 4.12: Load-displacement of group 4.
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Figure 4.13: Load-Strain history of 8Cont-MN-2.5.
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Figure 4.14: Failure mode of 10Cont-MN-2.5.

4.2.5 Group 5
The 10Cont-MN-2.5 beam was reinforced with a glass fiber grid. The beam was tested

under a shear span-to-depth ratio of 2.5. The beam started to crack around a load level of 4
kips; the crack was a flexural crack at the mid-span of the beam as seen in Figure 4.14. As
the load was increased, the displacement was increased until a sudden shear failure occurred

as shown in Figure 4.15. Figure 4.16 shows the load-strain history.
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All test beams showed significant flexural cracking before inclined cracks joined flexural
cracks. Table 4.1 shows the summary of cracking, ultimate loads for all beams and shows
also the failure mode and maximum midspan deflection. Table 4.1a shows the summary of

the results obtained from the experimental study discussed above.

Table 4.1a: Summary of the results obtained from the experimental study

Flexural . R Max.
. Reinforcement Cracking  Ultimate Deflection  Failure
Specimen Ratio (%) load, Load, A mode
Po(Kips)  (Kips) e
2Cont-MN-2.5 0.85 6.0 27.6 0.23 Shear
3Cont-MN-2 0.85 7.5 21.5 0.41 Shear
4Cont-M8-2 0.85 9.0 29.9 0.18 Shear
5Cont-M8-2.5 0.85 4.0 22.2 0.17 Shear-
flexure
6Cont-M8-3 0.85 7.0 29.6 0.62 Shear-
flexure
7Cont-M3-2.5 0.85 6.7 29.6 0.20 flexure
8CF-MN-2.5 1.0 5.0 29.7 0.68 Shear
10GF-MN-2.5 0.17 4.0 10.5 0.44 Shear

Table 4.1b shows the differences between the cracking moments predicted by the
experiments and the values obtained from two codes; ACI 318-16 and ACI 363R-97. The
modulus of rupture (f,) from both codes is not a true indicator of the cracking moment.
Cracking moments obtained by f,, overestimates the actual cracking moment by more than 3

times.
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Table 4.1b: Cracking Moment Comparisons

Specimen Experimental ACI 318- 3 61;1(’3-197 ACI 318- ACI 363-
pecime (k.ft.) 16 (k.ft.)" (k)" 16/Experiment  16/Experiment
2Cont-MN-2.5 6.88 9.0 13.8 1.50 2.30
3Cont-MN-2 6.88 9.0 13.8 1.20 1.84
4Cont-M8-2
8.25 9.0 13.8 1.00 1.53
5Cont-M8-2.5 4.58 9.0 13.8 2.25 3.45
6Cont-M8-3 9.63 9.0 13.8 1.29 1.97
7Cont-M3-2.5 7.68 9.0 13.8 1.34 2.06
8CF-MN-2.5 5.73 9.0 13.8 1.80 2.76
10GF-MN-2.5 4.58 9.0 13.8 225 3.45

*ACI 318-16: f. = 7.5,/f/
**ACI 363R-97: f. = 11.5,/f/

4.3 ANALYTICAL PROCEDURES

4.3.1 Stress-Strain Relations

Flexural stress-strain relations are analyzed using the idealized material models as shown in
Fig. 4.17. Using Fig. 4.17, the compression zone depth (c), is function of concrete strain ¢,

from strain compatibility and internal force equilibrium as follows:

c=d (ﬂ) (1)

0.003+¢&;

where: €, is concrete strain &, is the steel strain,and d is the beam depth
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Figure 4.17: Materials models (Yost et al. 2201)

ACI 318-16, the ultimate moment strength can be calculated using a rectangular stress block

of constant magnitude 0.85 f’¢ acting over a depth a (ACI 2016).

0.85 for ' < 4,000 psi
B, = 1.05 = 5x107> f'_ for 4,000 psi <f’_ <8,000psi  (2)
0.65 for ' _> 8,000 psi

Where, a= 31c and ;= 0.65 for this study based on equation (1) (ACI 318-16)

Finally, the nominal moment strength for beams reinforced with steel bars and
corresponding load are calculated using a as shown in (3) through (5). For the FRP grid,
equation (7) was used to calculate the FRP stress and equation 8 was used to calculate the

nominal moment capacity of beams reinforced with the FRP grids.

As fy
=085/ .b )
= 0.85 e Eeu for Steel 4
pp = 0. Bl f’y c n Sy or stee ( )

All the tested beams were designed as under reinforced sections.
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p, = 0.858, {J{u}{e;: eu} for FRP (5)

And final the ultimate moment flexural load was calculated based on the below equilibrium

equation 6 (ACI 2016).

M, =085 ba{d—}; Pl = Za_"fn 6)
fr = ( (Eficu)z + 0.8i[;1fc' Ereey — 0_5Ef€w> < fru )
M, =085f{d—5}; Biex= o 8)

Where M, is the nominal flexural strength (kN.m), a is the depth of equivalent rectangular
stress block (mm), f f is the stress in the FRP bar in tension (MPa), f}u is the design tensile
strength of the FRP bar (MPa), E r 1s the design or guaranteed modulus (MPa), £¢,, is the
ultimate strain in concrete (0.003), 31 is an empirical factor, f, is the specified compressive

strength of concrete (MPa), Py is the FRP reinforcement ratio, and py, is the balanced FRP

reinforcement ratio as given by ACI Committee 440.

For this study, the nominal concrete shear strength of high strength concrete is calculated
according to ACI 318-16 and ACI 363R-92. This together with the nominal load at shear

failure is given as follows:
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1 . d ,
VC — g ’f’c bd and Vyx = (0157 f’c + 172pba> <0.3 f,C’ (9)

Asw
Vus = b.s fy (10)

pehear = 2, (11)

The modulus of elasticity was calculated based on ACI 363R-92

E. = 40,000,/f". + 1,000,000 psi (12)

Table 4.2 shows the ultimate flexural and shear loads calculated using the ACI 318-16 and
compared to the results obtained from the laboratory testing. The maximum difference of
24% between the failure and predicted loads was observed in beam 6Cont-M8-3 and the

minimum difference of 3% was observed in beams 4Cont-M8-2 and 7Cont-M3-2.5.

Table 4.2 Comparisons of test results

Sample number  Predicted Strength (kips) Test Results Comparison

pilex Ppshear Failure Pri Proit/Ppyredicted
2Cont-MN-2.5 28.79 26.1 Shear 27.6 1.06
3Cont-MN-2.0 28.8 26.1 Shear 21.5 0.82
4Cont-M8-2.0 28.79 62.0 Shear 29.9 1.03
5Cont-M8-2.5 28.1 62.0 Shear-flexure 22.2 0.80
6Cont-M8-3.0 23.9 123 Shear-flexure 29.6 1.24
7Cont-M3-2.5 28.8 62.0 flexure 29.6 1.03
8CF-MN-2.5 64.5 26.1 Shear 29.7 1.13
10GF-MN-2.5 12.13 26.1 Shear 10.5 0.86

4.3.2 Deflection Prediction

The elastic bending theory, load-point flexural deflection A, for the test setup in is

calculated from:
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1 M
A, = —{3L% — 4q? ( “) 13
a= 77t i Vr (13)

Where M ,=applied moment; E =concrete elastic modulus calculated as per ACI 318-16
(equation 12), and I, =effective moment of inertia specified in ACI 318-16 based on the

Branson equation (1965), as follows:

1, = (%Z)Ig i+ {1 — (Z:)B}Icr (14)

In (14), I, and I, are the cracked and gross moment of inertia respectively, and M, is the

cracking strength determined for gross section properties and rupture strength from ACI
318-16, Note that I represents the parabolic ‘‘Branson’’ equation and is assumed constant
over the beam length L. Equation 10 was used to predict the deflection at the midspan of all
beams including the those reinforced with FRP grids. Other equations such as were used
such as Benmokrane et a. 1996, ACI-440-15 and ACI-440-06 to compare the deflection

calculated of beams reinforced with FRP grids. The equations used are 15 to 17.

Benmokrane et a. 1996 equation (11) modified the main Branson equation to make it

suitable for FRP-reinforced concrete beams and it is based on experimental data.

M. N\3 1 M
Ie=( Cr) *ﬁ+a[1—( CT)
M, B M,

The noticeable difference lies in the modification of @ and fB. a reflects the reduced

3

Ier =1

<1, (15)

composite action between the concrete and FRP bars. However, f has no physical

significance because there was no justification for reducing Ig. a and f were 0.84 and 7,
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respectively.

ACI 440.1R-06 recommended an equation for the effective moment of inertia based on
Branson’s model. There was an additional factor for considering the reduced tension
stiffening of FRP-reinforced concrete members. This model has been commonly used to
calculate the moment of inertia of FRP-reinforced concrete members, so that the deflection

of the cracked section can be calculated:

3

M M
o= e - ()
= \,) Parlet [\,

Where [q is the reduction factor related to the reduced tension stiffening exhibited by R/C

3

Iy <1y, (16)

member with FRP bar, B4 = (1/5) (pf/pfp) < 1.0), pris the reinforcement ratio of the FRP

bar, and py» is the balanced reinforcement ratio of FRP grid.

ACI 440.1R-15 suggested an equation for calculating the effective moment of inertia for
reinforced concrete beams with FRP bars. This equation is based on Bischoff’s proposed
approach, which represents a weighted average of flexibility along beam span (1/E), as
shown in (13 and 14). It was reported that the equation works equally well for both steel-and

GFRP-reinforced concrete members with no empirical parameter [Bisscoff 2005].

I
I, = M CZr < Ig ’ (17)
cr
1-y (M_a) [1 - Icr/Ig]

where y is the parameter to account for the variation in stiffness along the length of the

member for four-point bending. Hence,
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ay M\ (a)? a
@)@ @) .

3(0) ()

44 COMPARATIVE STUDY FOR THE PREDICTION OF DEFLECTION
BEHAVIOR

4.4.1 Group 1

In this study, the effective moment of inertia of eight high strength concrete beams
reinforced with various reinforcements were compared and analyzed. The comparative study
of the effective moment of inertias was based on Branson’s equation 1965, Benmokrane et
a. 1996, ACI 440.1R-15, and ACI 440.1R-06 and compared to the experimental tests. Some
studies showed that the evaluation of structural capacity of FRP bar-reinforced concrete
beam using only one representative specimen for each reinforcing group was successfully

done, Barris et al. (2009), and Noe et al. (2014).

Figure 4.18a shows of the applied moment versus the effective moment of inertia of group 1
using Branson’s equation. Group 1 is reinforced with conventional steel bars (2#5) with no
shear reinforcement and the only difference was the shear span-to-depth ratio (a/d) (2.0 and
2.5). It can be seen that (a/d) showed a negligible effect in predicting the effective moment
of inertia. Figure 4.18b shows a comparison between the load-displacement history of group
1. Both analytical and experimental results showed relatively good agreement in terms of the
ultimate load and maximum displacement for beams 2CONT-MN-2.0 and 3CONT-MN-2.5.
As expected, Branson’s analytical model showed more overall stiffness behavior before and
after the cracking moment for beam 2CONT-MN-2.0; however, that was not the case for
3CONT-MN-2.5, where Branson’s equation underestimated the displacement at the same

load level.
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Figure 4.18: a) Effective moment of inertia of group 1, b) moment-displacement of group 1.
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4.4.2 Group 2

Figure 4.19a shows the results of the applied moment versus the effective moment of inertia
of group 2 using Branson’s equation. Group 2 is reinforced with conventional steel bars
(2#5) with #3 stirrups spaced equally at 8 inches. The shear span-to-depth ratio (a/d) was
20, 2.5, and 3.0 for beams 4CONT-MS8-2, 5CONT-MS8-2.5, and 6CONT-MS8-3,
respectively. The (a/d) ratio has a noticeable effect on the effective moment of inertia
results as shown in Fig. 4.18a. The behavior of all three beams were same when the applied
moment was zero and up to the cracking moment (9 k.ft.). When the applied moment
exceeded the cracking moment a sudden drop in the effective moment of inertia was
observed. The beam with (a/d) = 2.5 showed the highest decrease in the effective moment of
inertia while the beam with (a/d) =3.0 showed the lowest decrease in effective moment of
inertia. In figure 4.18b, the beam with a/d=3 (6CONT-M8-3) showed the highest ultimate
moment (79.41 k.ft. for the analytical model and 81.5 k.ft. for the experimental results),
however as shown; Branson’s equation over- predicted the deflection due to the lower
stiffness behavior. For example, at an applied moment of 70 k.ft, the deflection values were
0.187 in. and 0.348 in for the analytical and experimental results, respectively with an
overestimation percentage of 86%. Same behavior was observed in beams 4CONT-M8-2,
SCONT-MS8-2.5 where the analytical solution overestimated the deflection at the same
moment applied. For beam 4CONT-MS8-2, the ultimate deflection obtained from the
analytical model was 39.6% compared to the experimental deflection, while for beam
SCONT-MS8-2.5, the ultimate deflection obtained from the analytical model was 61.6%

compared to the experimental deflection.
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Figure 4.19: a) Effective moment of inertia of group 2, b) load-displacement of group 2.
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4.4.3 Group 3

Group 3 consisted of two reinforced concrete with one beam reinforced with #3
stirrups spaced equally at 8 inches and the other beam reinforced with #3 stirrups
spaced at 3 inches. The two beams SCONT-MS8-2.5 and 7 CONT-M3-2.5 had the
same (a/d) ratio of 2.5. The (a/d) ratio has a significant effect on the effective
moment of inertia results as shown in Fig. 4.20a. The behavior of the two beams
were same when the applied moment was zero and up to the cracking moment (9
k.ft.). When the applied moment exceeded the cracking moment, a sudden drop in the
effective moment of inertia was observed. Beam SCONT-M8-2.5 showed a higher
decrease in the effective moment of inertia compared to beam 7 CONT-M3-2.5 with

the heavier shear reinforcement.

In figure 4.20b, beam 7CONT-M3-2.5 showed higher ultimate moment (68.1 k.ft. for
the analytical model and 67.6 k.ft. for the experimental results), however as shown in
Fig. 4.20b, Branson’s equation over predicted the deflection. The ultimate deflection
values of 7CONT-M3-2.5 were 0.337 in. and 0.197 in. for the analytical and
experimental results, respectively with an overestimation percentage of 71%. The
same behavior was observed in beams SCONT-MS-2.5 where the analytical solution
overestimated the failure deflection by 71.5% (0.175 inch from the analytical versus

0.102 inch from the experiment).
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Figure 4.20: a) Effective moment of inertia of group 3, b) load-displacement of group 3.
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4.4.4 Group 4

Group 4 consisted of one reinforced concrete beam (8CF-MN-2.5) reinforced with
CFRP grid without stirrups. Some studies showed that the evaluation of structural
capacity of FRP bar-reinforced concrete beam using only one representative
specimen for each reinforcing group was successfully done [Barris et al. (2009), and Noe
et al. (2014)]. The beam had an (a/d) ratio of 2.5. The deflection of the beam was
predicted using four different analytical models (Branson et al. 1965, Benmorkane et
al. 1996, ACI 440.1R-06, and ACI 440.1R-15). Figure 4.21a presents the effective

moment of inertia versus the applied moment for the four models.

The behavior of the beam using the four models were the same when the applied
moment was zero and up to the cracking moment (9 k.ft.). When the applied moment
exceeded the cracking moment a sudden drop in the effective moment of inertia was
observed. The models developed by Benmorkane et al. 1996, and ACI 440.1R-06
showed the same behavior and as shown to differentiate between the two-model’s
response in Figure 4.21a. The ACI 440.1R-15 model showed a different decrease in
the 7, especially when the applied moment reached a value of 11.58 k.ft., where the /,
increased suddenly and then maintained a constant value up to the beam failure. The
Branson et al. 1965 model showed very different behavior where the model showed
higher effective moment of inertia compared to the other three models at the same

applied moment level.

In figure 4.21b, beam 8CF-MN-2.5, all the four models under-predicted the load-
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displacement history compared to the experimental results. There was no significant
difference in the load-displacement values between the four models themselves. At
the ultimate load, the experimental deflection value was 0.68 in. compared to almost

0.26 for the four analytical models, which shows an overestimation of 261%.
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Figure 4.21: a) Effective moment of inertia of group 4
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Figure 4.21: b) load-displacement of group 4.
4.4.5 Group 5

Group 5 consisted of one reinforced concrete beam (10GF-MN-2.5) reinforced with
GFRP grid without shear reinforcement. The beam had a (a/d) ratio of 2.5. the
deflection of the beam was predicted using four different analytical models (Branson
et al. 1965, Benmorkane et al. 1996, ACI 440.1R-06, and ACI 440.1R-15). Figure
4.22a presents the effective moment of inertia versus the applied moment for the four

models.

The behavior of the beam using the four models were the same when the applied

moment was zero and up to the cracking moment (9 k.ft.). When the applied moment
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exceeded the cracking moment a sudden drop in the effective moment of inertia was
observed. The models developed by Benmorkane et al. 1996, and ACI 440.1R-06
showed similar in behavior as shown in 4.22a. The ACI 440.1R-15 model showed
different decrease in the /,. The Branson et al. 1965 model showed very different
behavior where the model showed higher effective moment of inertia compared to
the other three models at the same applied moment level. The oscillations in the
experimental data shown in Figure 4.22 is attributed to the concrete failure and GFRP

delamination during testing.

In figure 4.22b, all four models under-predicted the load-displacement history
compared to the experimental results. There was no significant difference in the load-
displacement values between the four models themselves. At the ultimate load, the
experimental deflection value was 0.673 in. Compared to almost 0.174 for the four

analytical models, which shows an overestimation of 387%.
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Figure 4.22: a) Effective moment of inertia of group 5, b) load-displacement of group 5.
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4.5 Comparative Study between the Steel, CFRP, and GFRP Reinforcement

Figure 4.23a shows the analytical and experimental load-deflection history for beam
2CONT-MN-2.5 and 8CF-MN-2.5. As predicted the carbon fiber grid showed lower
stiffness compared to the steel bars due to the lower modulus of elasticity of the CF grid

compared to the steel bars. Therefore, CF grid showed more deflection at the ultimate load.
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Figure 4.23a: Comparison between the steel and CF grid behavior

Figure 4.23 b shows the analytical and experimental load-deflection history for beam
2CONT-MN-2.5 and 10GF-MN-2.5. The stiffness of the glass fiber grid is lower than the
corresponding value of steel reinforced beams. Additional research is necessary to establish
appropriate service stress limits, strength reduction factors. Finally, the greater cross-

sectional area of the CF and GF grids, compared to steel reinforcements, requires that



reinforcement anchorage provisions be considered. design details.

70.01

60.01

Applied Moment (k.ft.)
=
=

10GF-MN-2.5-Analytical
— 10GF-MN-2.5-Experimental
——2CONT-MN-2.5-Analytical

2CONT-MN-2.5-Experimental

/

0.00 0.10 0.20 0.30 0.40 0.50 0.60
Midspan Displacement (in.)

Figure 4.23b: Comparison between the steel and CF grid behavior

0.70

65



66

CHAPTER 5: SUMMARY AND CONCLUSIONS

The main goal of this study is to investigate the behavior of high strength concrete beams
reinforced with various reinforcement under monotonic loading with various shear span-to-
depth ratio and to compare the measured load-deflection history with the available
prediction equations. In this study, eight high strength concrete (HSC) beams were prepared
and cast using a concrete with a strength of 10 ksi. All beams were 7 ft. span and 12 inches
depth and 6 inches width. Some of beams were reinforced with conventional #5 steel bars
and others were reinforced with carbon fiber (CF) and glass fiber grids. Three beams were
reinforced with #3 stirrups at 8 inches spacing and one beam was reinforced with #3 stirrups
at 3 inch spacing. The beams were simply supported and subjected to a monotonic four-
point bending load using servo-valve actuator with a capacity of 75 kips under three shear

span-to-depth ratio.

The data collected in this study included load-displacement-history at midspan, steel
and carbon fiber strains, mode of failure and crack patterns. Limited data were found on the
literature on the behavior of high strength concrete beams reinforced with carbon and glass
fiber grids. The experimental results were compared to analytical models from the literature.
The models predict the effective moment of inertia of reinforced concrete beams and

consequently predict the deflection at the cracking and at the ultimate loads.

The study concluded that the behavior of the HSC beams was dependent on the type of
reinforcement and on the shear span-to-depth ratio as well as the availability of transverse
reinforcement. The analytical models, predictions of failure ultimate loads and mode of

failure were in good agreement with the experimental results. For the HSC beams reinforced
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with steel bars, Deflections calculated using Branson's effective moment of inertia

overestimated the deflection and for beams reinforced with CFRP and GFRP grids, the

analytical effective moment of inertia equations developed by ACI 440.1R-06, ACI 440.1R-

15, and Benmorkane et al. 1996) under estimated the deflection at the midspan and that

concludes the need to modify the existing deflection equations when HSC reinforced with

carbon fiber grids.

The following specific conclusions were drawn from the present study:

It is feasible to use the CFRP and GFPG as a reinforcement in high strength concrete
beams.

The modulus of rupture from both codes is not a true indicator for the cracking
moment. Cracking moments obtained by the modulus of rupture, overestimates the
actual cracking moment by more than 3 times.

A maximum difference of 24% between the failure and predicted loads was observed
in beam 6Cont-M8-3 and a minimum difference of 3% was observed in beams
4Cont-M8-2 and 7Cont-M3-2.5.

The shear span-to-depth ratio showed a negligible effect in predicting the effective
moment of inertia for beams having the same steel reinforcement ratio and sectional
properties.

Both analytical and experimental results showed relatively good agreement in terms
of the ultimate load and maximum displacement for all beams.

Branson’s analytical equation presented either higher or lower stiffness before and
after the cracking moments. Which shows some discrepancy using the equation in

predicting the load-deflection history of HSC beams reinforced with no stirrups.
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For HSC beams reinforced with same size and number of stirrups, and tested under
variable shear span-to-depth ratio, Branson’s equation over- predicted the deflection
due to the lower stiffness behavior.

When the applied moment exceeds the cracking moment a sudden drop in the
effective moment of inertia was observed. Beams with lower shear reinforcements
showed a higher decrease in the effective moment of inertia compared to beams with
the heavier shear reinforcement.

Branson’s analytical model showed more overall stiffness behavior before and after
the cracking moment for beam 2CONT-MN-2.0 however that was not the case for
3CONT-MN-2.5, where the Branson’s equation underestimated the displacement at
the same load level.

Beams with same shear reinforcement (#3@8 in.), and with (a/d) = 2.5 showed the
highest decrease in the effective moment of inertia while the beam with (a/d) =3.0
showed the lowest decrease in effective moment of inertia.

The deflection of HSC beams reinforced with carbon and glass fiber grids, predicted
by four different empirical equations was underestimated at the ultimate stage by

38%, and 26%, respectively.
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