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ABSTRACT

Since Fiber Reinforced Polymer (FRP) was introduced to the construction field,
strengthening of reinforced concrete beams using FRP laminates became a common
repair and retrofit technique. Traditionally, Reinforced Concrete (RC) beams are
strengthened by adhering FRP laminates to the tension side of the beam to work as an
additional tensile reinforcement. Although this technique has been proven as an efficient
strengthening technique, in many cases reaching the tension side of the beam is
challenging due to the existing of ducts, pipes or cables underneath the beam in buildings.
This challenge is magnified in bridges crossing water canals or major highways where

expensive scaffolding is needed to reach the underside of beams.

This research investigates a flexural strengthening system for T-beams that avoids the
need to reach the tension underside. In this technique, the top 51 mm cover of the beam is
removed, and Carbon Fiber reinforced polymer (CFRP) laminates are attached to the
existing concrete surface after which an Ultra High performance Concrete (UHPC)

overlay is then cast on top of the CFRP. The hypothesis of this technique is that the very

Vi



high compressive strength of the UHPC overlay will push the neutral axis up and allow
the CFRP laminates to be under tension. Four RC beams were cast and tested under four-
point bending until failure. The proposed strengthening technique showed an increase in
the load capacity while strengthening beam with only UHPC overlay had no significant
effect on the load capacity of the beam. Unlike the expected, replacing the UHPC overlay
with Latex Modified Ultra High Performance Concrete (LMUHPC) overlay did not
increase the bond between the overlay and the T-beam and resulted in low load capacity.
These results indicate that the proposed technique might be beneficial for shallow to

medium T-beams and slabs.
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CHAPTER 1. Introduction

1.1. Motivation and problem statement

Concrete is the most used material in construction and holds the second highest
consumption rate of a material after water [1]. The estimation of the value of concrete
used in 2012 is $41 billion [2]. Concrete used in construction purposes is normally
reinforced with steel rebars due to its weak tensile strength. Reinforced Concrete (RC) is
a favorable construction material due to its relatively long life cycle. During its lifetime, a
concrete structure most likely will need to be repaired or strengthened. Deterioration of
concrete, corrosion of steel rebars, and the increase of the expected loads on structures

are the main causes for the need for concrete strengthening [3-5].

Traditionally, flexural strengthening of a reinforced concrete beam is used to mean
increase its cross section area and add additional steel reinforcement. Additional
reinforcement is arranged at the tension side and additional concrete is cast to increase
the beam’s cross section area. Since Fiber Reinforced Polymer (FRP) was introduced to
the construction industry, a flexural strengthening technique using FRP laminates has
gained wide acceptance. High strength to weight ratio and corrosion resistance has made
FRP a more favorable strengthening material than steel. FRP laminates are attached to the
tension side of the beam using flexible adhesive, typically epoxy, to work as additional

tension reinforcement [6-9].

Although flexural strengthening of RC beams by applying FRP laminates at the tension

side is an efficient technique of strengthening, in many cases reaching the tension side of



the beam is a challenge in building. This challenge is attributed to obstacles by existing
ducts, pipes, or electrical wires and cables underneath the beam. Special expensive
arrangements are typically needed to reach the tension side of the beam. Moreover, in
bridges crossing water canals or major highways, access to the underside of the beams
requires large and typically very expensive scaffolds. These special arrangements or
scaffolds make this strengthening technique very expensive [4, 5]. Thus, an innovative

flexural strengthening technique is required to overcome this challenge.

1.2. Contribution

A composite flexural strengthening system for beams without the need to reach the
tension side based on the work done by [3, 4, and 5] is suggested and investigated in this
thesis. The proposed system is a combination of Ultra High Performance Concrete
(UHPC) and Carbon Fiber Reinforced Polymer (CFRP). In this technique, the top 50 to
75 mm cover of the RC beam is removed and CFRP laminates are attached to the existing
concrete surface using epoxy. Afterward, the top cover is replaced with UHPC overlay.
The very high strength of UHPC overlay will make the area of the compression zone
required for equilibrium smaller than that in normal concrete. Therefore, using UHPC
will push the neutral axis up causing the CFRP to be under tension. This will allow the
CFRP to work as an additional tension reinforcement and increase the moment capacity

of the beam.

To investigate the efficiency of the technique in strengthening T-beams in flexure, four
T-beams were made and tested. Many factors including reinforcement arrangement,

distance between the supports and properties of the concrete affect the capacity of the



beam. Thus, very high precision was adopted to normalize all the factors that could affect
the results to ensure that an absurd change in behavior or capacity of the T-beam is due to
the modifications made intentionally in the strengthened system. Moreover, the possible
modes of failure in beams were a challenge to investigate this technique. A flexure failure
in all beams was favorable to evaluate the efficiency of the proposed flexural

strengthening technique.

The proposed strengthening technique was investigated on simply supported slabs by [3]
and on continuous slabs by [4 and 5]. The strengthening technique showed very
promising results in strengthening slabs. However, the efficiency of the proposed system
with T-beams was never investigated. Moreover, many arguments were raised on the
benefits of incorporating CFRP laminates in the strengthening technique and the potential
enhancement in the capacity of the flexural elements could be due to the UHPC overlay.
Thus, four T-beams were cast and tested to validate the suggested strengthening
technique. The first T-beam is a control beam to compare results. The second beam is
only strengthened with UHPC overlay with no CFRP laminates. This second beam will
validate contribution of the CFRP laminates to flexural strengthening. The third beam is
strengthened with CFRP and UHPC overlay to investigate the efficiency of the proposed
system in flexural strengthening of T-beams. In the fourth beam, the UHPC overlay was
replaced by Latex Modified Ultra High Performance Concrete (LMUHPC) to investigate
the effect of adding SBR polymer latex to UHPC on the bond between the overlay and
existing concrete surface. Our hypothesis was that using LMUHPC will overcome the

potential debonding issue appeared in strengthening slabs [3].



Testing observations and analysis showed that strengthening beams with only UHPC
overlay had almost no effect on the flexural capacity of the T-beam. The increased
flexural capacity of the beam strengthened with only the UHPC overlay is less 1%. On
the other hand, the contribution of the CFRP laminates in the strengthened beam was able
to increase the load capacity, but this increase was limited to 9.2%. The limitation in the
load capacity increase was due to the change of failure mode to be governed by shear
failure instead of flexure governed failure. Failure was governed by shear due to the
additional tension demand of the shear force and the insufficient developing length of the
tension rebars at the support area. Unlike the expected, the T-beam strengthened with
CFRP and LMUHPC failed earlier due to debonding between the LMUHPC overlay and
the normal concrete surface. This was due to the low Young’s modulus of elasticity of
MLUHPC. From this research and the work done by [3, 4, and 5] it can be concluded that
this technique is efficient with slabs and shallow, like ribbed T-beams, and medium depth
T-beams. As the depth of the beam increases, the efficiency of the strengthening
technique decreases due to the limited moment arm of CFRP compared to the beam

depth.

1.3. Outline of the thesis

Chapter 2 of the thesis presents a literature review on strengthening techniques of RC
flexural elements. Moreover, a brief literature review on Ultra High Performance

Concrete (UHPC) and Latex Modified Concrete (LMC) is provided.

Chapter 3 describes the experimental methods for this research. The chapter begins with

explaining the experimental program. Then, information for the materials used is



presented. Next, the dimensions of the beams, casting of concrete, applying CFRP
laminates and shear dowels, mixing and casting UHPC and LMUHPC, and curing
process are described. Finally, the test setup and information on test preparation are

discussed.

A comparison between normal concrete, UHPC, and LMUHPC is presented in Chapter 4.
After that, detailed calculations for the expected behavior of the four beams are
presented. This is followed by an analysis of the test results. The chapter ends with a
comparison and discussion of the analyzed results of the four T-beams. Finally,
conclusions are drawn and a set of recommendations for future research is presented in

Chapter 5.



CHAPTER 2. Literature Review

2.1. Strengthening RC beams

Traditionally, flexural strengthening of a reinforced concrete beam used to mean
increasing its cross section area and adding additional steel reinforcement. Additional
reinforcement is arranged at the tension side and additional concrete is cast to increase
the beam’s cross section area as shown in Figure 2.1. In 1960s, strengthening of RC
beams using externally attaching steel plates to the tension side of the beam was
presented in South Africa [10]. Although externally attaching steel plates to the tension
side of the beam proved effective in flexural strengthening, external exposure of a steel
plate outside the beam makes it more prone to environmental deterioration mechanics
such as corrosion. Furthermore, the heavy weight of steel made installation of these
plates difficult and relatively expensive. Thus, an alternative strengthening technique was

required [6, 10].
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Figure 2.1: Schematic for traditional strengthening technique



2.2. Convention strengthening technique for RC beams with FRP

Since FRP was introduced to the construction industry, flexural strengthening technique
using FRP laminates gained wide acceptance. Using FRP laminates in repairing and
strengthening beams and slabs was presented in 1980s [8]. The concept of FRP
strengthening technique is to attach the FRP laminates to the tension side of the beam to
work as additional tension reinforcement [11-12]. This technique showed high efficiency
and was able to increase the load capacity of the beams above 100% [7]. Strengthening
beams with externally attached FRP laminates showed no change in the mechanics of the
beam. Stress and strain distributions on strengthened section are presented in Figure 2.2
[11]. For the purpose of estimating the load capacity of the strengthened section, it was
assumed that FRP is perfectly bonded to the concrete surface, relative deformation in the
adhesion is negligible, and the FRP behavior is linear-elastic until failure [3]. Guidelines
were developed worldwide to enable economical and safe design of FRP strengthening

systems [11].
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Figure 2.2: Stress and strain distribution for strengthened section [26]



2.3. Fiber Reinforced Polymer (FRP)

Fiber Reinforced Polymer (FRP) is a composite material made of polymer (typically
epoxy) matrix reinforced with certain types of fibers. FRP laminates can be categorized
according to the type of fiber reinforcement used. Carbon, glass, kevlar or aramid are the
main types of fibers used to fabricate FRP laminates [3]. Another way of classifying FRP
laminates is the orientation of the reinforcement fibers inside the polymer matrix.
Unidirectional FRP is that FRP that all its reinforcement fibers are oriented in the same
direction. On the other hand, FRP is defined as bi-directional when the reinforcement

fibers are oriented to two orthogonal directions.

FRP was presented and accepted as a construction material in the construction industry
due to its high strength/weight ratio and its high corrosion resistivity. Among the three
types of FRP, Carbon Fiber Reinforced Polymer (CFRP) has higher modulus of elasticity
and ultimate tensile strength than Glass Fiber Reinforced Polymer (GFRP) and Aramid
Fiber Reinforced Polymer (AFRP). On the other hand, the rupture strain of CFRP is
lower than both GFRP and AFRP [11]. Although, FRP is able to carry compression
forces, its fibers are prone to buckle. This makes compression not a favorable stress state
for FRP [4]. The absence of the plasticity in the stress-strain behavior of FRP resulted in
its sudden failure. Although FRP has very high corrosive resistance, its polymer matrix
makes it sensitive to some environmental conditions like change in temperature and
humidity. These disadvantages necessitated developing special design provisions to

provide ductility and durability in RC structures strengthened or reinforced with FRP [3].



2.4. Innovative strengthening technique

Although flexural strengthening of RC elements by applying FRP laminates at the tension
side is an efficient technique of strengthening, in many cases reaching the tension side of
the flexure element is a challenge in buildings and bridges crossing water canals or major
highways. Special arrangements and large scaffolds are typically needed to reach the
tension side of the element. These special arrangement or scaffolds make this
strengthening technique very expensive [3-5]. Thus, an innovative flexural strengthening
system was proposed by Mosallam, et al to overcome this challenge [4, 5].

A composite system was made of CFRP and High Performance Concrete (HPC) for
strengthening continuous one way RC slabs without the need to reach the tension side of
the slab. The CFRP laminates were applied to the top side of the slab. Afterwards, a thin
layer of HPC is cast on the top of the CFRP laminates [4, 5]. The system is modified by
Garner by replacing the HPC overlay with UHPC overlay [3]. Cross section of the

strengthened slab with the proposed system by Garner is presented in Figure 2.3.
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Figure 2.3: Strengthened slab cross-section [3]

The concept of the proposed technique is that using a high strength of UHPC overlay will

push the neutral axis up making CFRP to act under tension. This will allow CFRP to



work as additional tension reinforcement and increase the moment capacity of the slab.
The proposed strengthening technique showed increase of the nominal capacity of one

way slabs by 41% [3].

2.5. Latex Modified Concrete (LMC)

The definition of Latex Modified Concrete (LMC) according to ACI is mixing the
concrete components with organic polymer dispersed in mixing water [15]. Polymer latex
has a very high using rate among concrete polymer admixtures [16]. Adding polymer
latex to concrete mix to produce LMC was first patented in 1924. Since the first patent,
many patents and researches of LMC system were conducting until now [17]. LMC

systems are mainly used as a repair material or as overlays in bridges [16 — 21].

Adding polymer latex to concrete mix forms elastic membranes in the concrete and
reduces the formation of voids and cracks and increase the impermeability of concrete
[21, 22]. This improvement increases LMC durability and makes it more suitable to serve
in extreme condition than normal concrete [18, 22]. Moreover, polymer latex gives LMC
high bond strength making it preferable alternative for application requiring high
adhesion [23]. LMC required deferent curing conditions than normal concrete to allow
forming polymer inside concrete. LMC need to be cured in water for 2days followed by

air curing.

2.6. Ultra High Performance Concrete (UHPC)

UHPC was first produced in early 1980s. To be able to consider concrete as Ultra High
Performance Concrete (UHPC), its compressive strength have to be at least 125 MPa

(18,000 Psi) [3]. The high cement content, low water/cement ratio, silica fume, and well
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graded materials are main factors contributing in the UHPC high strength. Silica fume
has two roles in UHPC mix as it works as filler and as pozzolanic material [24-26]. The
nominal size of the aggregate used in UHPC mixes is small and typically in the range of

5 mm [24].

To achieve the very high compressive strength in UHPC, very low water/binder ratio is
needed. Typically, the water/binder ratio in UHPC mixes is less than 0.2 [3, 24. 25]. To
keep UHPC workable with this low water/binder ratio, large amount of superplastisizers
is required. With this low water content, mixing procedure and time of the normal
concrete is not suitable for mixing UHPC. Although mixing time of UHPC depends on
the mixer type and the energy supplied by mixer, 15 minutes is the average time required
to obtain homogeneous UHPC mix [24, 25, 27]. Although fresh UHPC is workable and
can be cast, it loses workability very quickly after casting [28, 29]. Moreover, curing
conditions has major effect of UHPC properties and it can gain very high early strength
with hot water or steam curing [24, 29]. In the last decade, UHPC has been used in

construction projects in USA, Canada, and South Korea [3, 30].
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CHAPTER 3. Experimental Methods

This chapter describes the experimental methods for the research starting with the
experimental program. Then, the properties of the materials used are discussed.
Afterwards, dimensions of the beams, casting of concrete, applying CFRP laminates and
shear dowels, and curing process are described. Finally, test setup and preparation is

discussed.
3.1 Experimental program

This research program included testing of four flexural T-beams under static bending.
The first beam is the control beam (Beam-C). This beam is used as reference beam to
investigate the effect of the strengthening system and modifications on the flexural
capacity of T-beams. Beam-C only contains regular concrete and steel reinforcement.
The second beam is the beam in which the top 51 mm layer was replaced by Ultra-High
Performance Concrete (UHPC) overlay and called (Beam-U). This beam is tested to
investigate the effect of UHPC overlay only on the flexural capacity of the beam. The
third beam is the beam strengthened with the Carbon Fiber reinforced Polymers (CFRP)
laminates and UHPC overlay denoted (Beam-UF). This beam was tested to investigate
the effect of new proposed strengthening system on the flexural capacity of the T-beam.
The forth beam has the same strengthening system as Beam-UF with the UHPC overlay
replaced with Latex Modified Ultra-High Performance Concrete (Beam-MUF). This
beam it was tested to investigate the effect of incorporating polymer latex with UHPC on
the bond between the LMUHPC and the regular concrete. All the four beams were tested

at age of 10 weeks (70 days).
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3.2 Materials

The regular concrete used is a ready mix concrete obtained from a local ready mix plant
in Albuquerque, New Mexico. The concrete has a maximum nominal aggregate size of
12.7mm. The slump of the concrete was 164 mm and it had a 28 days compressive
strength of 33 MPa. Further discussion on the concrete properties is presented in Chapter
4. For the reinforcement of the four beams, steel rebars with diameters of 13 mm and 10
mm were used. The yield strength of the steel is 414 MPa. For Beam-UF and Beam-MUF
unidirectional Carbon Fiber Reinforced polymer (CFRP) laminate sheets provided by
Graphtec LLC were used. The laminates have a thickness of 1.14mm and width of
51mm. The tensile strength of the laminates is 2689 MPa and the young’s modulus of
elasticity (E) is 131.3 GPa. Figure 3.1 shows the stress-strain curve for the CFRP

laminates.
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Figure 3.1: Stress-strain curve for CFRP laminates
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For attaching the CFRP sheets and the shear dowels to the concrete, a low viscosity
epoxy system manufactured by Euclid Chemical Company was used. The epoxy system

has a resin to hardener mixing ratio of 3:1.

3.3 Beams dimensions and reinforcement

All the four T-beams were identical in dimensions. The beams had a total length of 2438
mm and the span between the supports is 2290 mm. The beams were loaded under two
concentrated loads spaced at 914mm. Each beam was reinforced with two longitudinal
number 4 bars (D = 13mm) with cover of 50 mm and number 3 stirrups (D = 10mm)
spaced at 127 mm. Two number 3 bars was place 75 mm from the top of the beam to
ensure the stability of the reinforcement cage during casting the concrete. These rebars
were intentionally interrupted at mid-span to eliminate their contribution in beam’s
moment capacity. Figure 3.2 shows a longitudinal section of the beam illustrating the

reinforcement arrangement.

P/2 P/2
914 mm
2 # 3 rebar (D =10 mm)
305 mm
2 #4 rebar (D =13 mm)
—é- Stirrups # 3 @127 mm 74;’
2290 mm
2438 mm

Figure 3.2: Longitudinal section and reinforcement arrangement

The total height of each beam is 305 mm and the web width is 152 mm. The flange of the

beam has a thickness of 102mm and its width is 457mm. Beam-U has a top layer of
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UHPC with a thickness of 51mm. Beam-UF has two CFRP laminate sheets with width of

51mm and thickness of 1.14 mm attached to the regular concrete and a 51 mm layer of

UHPC on top of the CFRP sheets. Beam-MUF is the same like Beam-UF but the UHPC

layer was replaced with a LMUHPC layer with the same thickness. Figure 3.3 shows the

cross section for the four beams.
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Figure 3.3: Cross section for (a) Beam-C (b) Beam-U (c) Beam-UF (d) Beam-MUF

3.4 Strain gauges location

To monitor the strain in the beams, two types of strain gauges manufactured by Vishay

Inc. were used. “C2A-06-125LW-120/C-33F” strain gauges were used to monitor the

15



strain in the steel rebars and “N2A-06-40CBY-350/P” strain gauges were used to
measure the strain in the CFRP sheets and the concrete. For Beam-C and Beam-U, four
strain gauges were used. One strain gauge was installed at the center of each steel rebar to
monitor the maximum strain in the steel and two strain gauges were installed at the top of
each beam at mid-span at both sides of the beam to measure the maximum strain in
concrete. Figure 3.4 and Figure 3.5 shows the strain gauges installed on the rebars and

concrete respectively.

For Beam-UF and Beam-MUF, six strain gauges were used to monitor the strains. Four
strain gauges were installed on the steel rebars and concrete as in Beam-C and Beam-U in
addition to one strain gauge installed at the center of each CFRP sheets to monitor the
strain in the CFRP laminates. To attach the strain gauges to rebars, CFRP, or concrete,

surface preparation procedure following Vishay Notes was applied [31, 32].

Figure 3.4: Strain gauge installed on steel rebar
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Figure 3.5: Strain gauge installed on top of the concrete

3.5 Concrete casting

For casting, four wooden forms were fabricated with inner dimensions equal to the beams
dimensions. The steel cage was erected and then moved to the wooden form. Plastic
chairs were used to provide the 50 mm cover required for the reinforcement. Before
placing the reinforcement cage in the forms, form oil was used to oil the four forms to
prevent the wood from sticking to the concrete. Figure 3.6 shows the four wooden forms

before placing the steel cage. Figure 3.7 shows the steel cage placed in the wooden form.

17



Figure 3.7: The steel cage placed in the oiled wooden form
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After the steel cages were placed in the wooden forms, the concrete was poured in the
four forms. For Beam-C, the concrete was casted for the whole height of the beam (305
mm). Thereafter, the top surface of Beam-C was finished. For the other three beams, the
concrete was casted to height of 254 mm not including the top 51 mm layer. During
concrete casting, a mechanical vibrator was used to ensure compaction of concrete and
prevent any cavitation. Figure 3.8 shows vibrating the concrete. Figure 3.9 shows the

four beams after casting the regular concrete.

Figure 3.8: Concrete vibrating
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Figure 3.9: The four beams after casting the regular concrete

After 5 hours, the surfaces of Beam-UF and Beam-MUF were slightly roughened prior to
attaching the CFRP laminates to ensure good bond between the concrete and the CFRP

sheets as shown in Figure 3.10.

Figure 3.10: The roughened surface of Beam-UF
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3.6 CFRP and shear dowels application

After 3 days of concrete casting, shear dowels were installed in the flange of Beam-U to
provide shear transfer between the UHPC layer and the regular concrete. 26 holes with 10
mm diameter and 25.4 mm depth were drilled in the already casted concrete. The epoxy
was poured in the holes to fill about two third of the holes’ depth then, 9.5 mm diameter
51 mm length steel dowels were implanted into the holes filled with epoxy. Figure 3.11

shows the shear dowels installed in Beam-U.

Figure 3.11: Shear dowels installed in top surface of normal concrete in Beam-U

At the same concrete age, two CFRP laminates sheets with length of 1829 mm and width
of 51 mm were attached to each beam using epoxy. Any excessive amount of epoxy was
removed to provide rough surface before applying the UHPC or the LMUHPC. After

applying the CFRP sheets, the shear dowels were installed in the flange of both beams
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with the same dimensions and procedure in Beam-U. Figure 3.12 shows Beam-UF after
installing CFRP sheets and shear dowels. The CFRP laminates were provided from the
manufacturer with one roughened surface and one smooth surface. Thus, the smooth
surface of the CFRP sheet was sand-plasted before it was attached to the concrete surface

to allow good mechanical bond between CFRP and concrete.

Figure 3.12: CFRP sheets and shear dowels installed in Beam-UF

As shown in Figure 3.12 and Figure 3.11, the stirrups of the reinforcement cage at the

web were exposed to provide shear transfer in the web area.
3.7 UHPC and LMUHPC layers
After the shear dowels were installed in Beam-U and shear dowels and CFRP laminates

in Beam-UF, a 51 mm thick layer of UHPC was casted on top of both beams. The UHPC
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has a mean compressive strength after 28 days of 140 MPa. For Beam-MUF, a 51 mm
thick layer of LMUHPC was casted on top of the beam after installing the shear dowels
and attaching the CFRP laminates sheets. The mean compressive strength after 28 days
for the LMUHPC was 62.1 MPa. Further investigation of the UHPC and LMUHPC is
presented in Chapter 4.

To produce the UHPC and the LMUHPC, a Sicoma planetary shear mixer was used.

Figure 3.13 shows the shear mixer used to mix the UHPC and the LMUHPC.

(@) (b)

Figure 3.13: (a) Planetary shear mixer (b) inside view

To be able to achieve this very high strength, a very low water to binder ratio of 0.17 was
used for the UHPC mix. The maximum nominal size for the aggregate used for the mix
was 5 mm. For the LMUHPC the mix used for the UHPC was modified by adding SBR
polymer latex. The latex was adding as ratio of the cement content. The polymer latex to
cement ratio used for the LMUHPC mix was 0.15. As the polymer latex is 50% water,

the amount of water added to the mix in the latex was subtracted from the water amount
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in the mix. Table 3.1 and Table 3.2 show the mix design for the UHPC and LMUHPC

respectively.

Table 3.1: Mix proportions of 1 m* of UHPC

Cement 1029 kg/m®
Water 227.5 kg/m®
Aggregate 910 kg/m®

Silica Fume 306.6 kg/m®

Superplasticizer
26.7 kg/m®
(Glenium 3030 NS)

Table 3.2: Mix proportions of 1 m* of LMUHPC

Cement 1029 kg/m®

Water 146.3 kg/m®

SBR Polymer Latex 154.3 kg/m®

Aggregate 910 kg/m®

Silica Fume 306.6 kg/m®

Superplasticizer
26.7 kg/m®
(Glenium 3030 NS)

For mixing the UHPC and the LMUHPC, a specific procedure was used [3]. The
following procedure for mixing the UHPC was slightly modified than Garner used in
2011.

e The aggregate was placed in the shear mixer and the mixer was turned on.
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e The cement and the silica fume were added slowly while mixing each over two
minutes.

e All the dry components were allowed to mix for five minutes.

o 45% of the water and superplasticizer were added over one minute.

e The components were allowed to mix for five minutes.

e Another 45% of water and superplasticizer were added over one minute.

e The components were allowed to mix until the cement accumulates and forms
small balls.

e The remaining 10% of water and superplasticizer were added and the concrete

was mixed until the desired consistency was achieved.

For mixing the LMUHPC the following procedure was used.

e The cement and the silica fume were added to the aggregate slowly while mixing
each over two minutes and allowed to mix for 5 minutes.

e 50% of the water, superplasticizer, and polymer latex were added over one minute
and mixed for five minutes.

e More 30% of the water, superplasticizer, and polymer latex were added over one
minute and mixed for five minutes.

e Another 10% of the water, superplasticizer, and polymer latex were added over
one minute.

e The components were allowed to mix until the cement accumulates and forms

small balls.
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e The remaining 10% of water and superplasticizer were added and the concrete

was mixed until the desired consistency was achieved.

3.8 Curing of the beams

After casting the regular, the four beams were immediately covered with plastic sheets to
keep water inside the beams and eliminate any water evaporation from the beams. After
five hours, the beams were covered with wet burlap to provide water for cement
hydration process and covered with the plastic sheets. The burlap was watered twice a
day for three days. Figure 3.14 shows Beam-C covered with wet burlap and plastic sheet.
Afterwards, Beam-C was moved to the curing tank and submerged in hot water for 28
days. The water temperature during the curing process was 55 +3 °C. Three electrical
heaters were used to heat and circulate water in the tank. Then the tank was covered with
thick fume boards to keep heat inside the tank and reduce water evaporating rate. Figure
3.15 shows the curing tank used. The same curing conditions were used for Beam-U and

Beam-UF after casting the UHPC layer.

Figure 3.14: Beam-C covered with wet burlap and plastic sheet for curing
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For Beam-MUF, a deferent curing procedure was used because the polymer latex in the
LMUHPC needs to be air cured. The beam was covered with wet burlap and plastic sheet
for three days after casting the LMUHPC as in the other three beams. Afterwards, the
beam was moved to the curing tank and submerged in the hot water for 7 days only.
Then, the beam was removed from the curing tank and it was allowed to be air cured until

testing.

B .
1

Figure 3.15: Curing tank used in the curing process
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3.9 Test setup and preparation

3.9.1. Four point bending setup

The four beams were tested and four point bending set-up. MTS load actuator attached to
steel reaction frame was used for applying the load on the beams. Figure 3.16 shows the
load actuator attached to the reaction steel frame. Two steel cylinders spaced at 914 mm
with a diameter of 100 mm were used as loading points. For equal distribution of the load
on the two loading points, a wide flange steel beam W 10 x 49 was attached to the load
actuator and rested on the two loading cylinders. More two steel cylinders rested on wide
flange steel beams W 12 x 40 were used as the supports of the beam. One of the
supporting steel cylinders was allowed to move horizontally to work as a roller support.
The second cylinder was welded to the wide flange steel beam to be restricted from the
horizontal movement to work as pin support for the beam. The two supports were placed
so that the distance between the center lines of the two supporting cylinders would be
2.29 m. The two supports were tied down as shown in Figure 3.17 to eliminate any

unexpected movement of the supports.
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Figure 3.16: Load actuator attached to the reaction frame

Figure 3.17: Support tie down
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Two lateral supports were used to support the flange of the beam at mid-span during
applying the load on the beams to restrict any lateral movement of the beam. More four
lateral supports were used to support the flange and the web at the supports to reduce the
possibility of any lateral torsional buckling instability. Silicon sheets and compressible
foam were placed between the concrete beam and the lateral supports to eliminate the any
friction between the concrete and the steel and allow the beam to move vertically at mid-
span and rotate at the supports without any restrictions. Two Linear Variable Deferential
Transducers (LVDTs) were used the vertical displacement at the mid-span. More two
LVDTs were used to monitor the vertical displacement at the supports. The LVDTSs used
to measure the vertical displacement at mid-span of the beams were continually adjusted
during conducting the experiment to keep the reading of the LVDTSs within their accurate
reading rang. Figure 3.18 shows the test setup for the beams. Figure 3.19 shows the
lateral supports of the beams at the supports area. Figure 3.20 and Figure 3.21 show

schematic diagram for lateral support setup.
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Figure 3.19: Beams lateral support at the support area
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Figure 3.22: Beam centered under the loading beam showing also leveling device

3.9.3. Loading rate and collecting data

To test the four beams, displacement control test was used with a loading rate of
Imm/min. After each 1 mm displacement, the loading was hold for 1 minute to allow
monitoring and marking the cracks propagate in the beams. After displacement of 25
mm, the holds were carried out each 3 mm displacement. When the displacement of the
actuator reached 40 mm, the loading step between the holds was increased to be 5 mm
and it was increased again to be 10 mm after actuator total displacement reaches 70 mm.
At the point of 100 mm total displacement, the loading rate was increased to 3 mm/min

and the step between the holds was increased to 30 mm until failure.
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To collect the date of the test, the load actuator and the LVDTs were connected to MTS
data accusation system which record the data simultaneously every 1 sec. As for the
strain gauges, they were connected to Vishay 2100 Signal Conditioning Amplifier system
was used to provide the excitation level required for the strain gauges. All the strain
gauges were excited to 5 Volts DC. The signal conditioning amplifier was connected to

the MTS data accusation system to record the data from the strain gauges.
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CHAPTER 4. Results and Discussion

In this chapter, a comparison of the properties of normal concrete, the Ultra High
Performance Concrete (UHPC), and the Latex Modified Ultra High Performance
Concrete (LMUHPC) is presented. Afterwards, the expected behavior of the four beams
is provided. This is followed by analysis of the experimental observations of the four
beams. Furthermore, we end this chapter by an in-depth discussion and comparison of the

experimental observations of the four beams.

4.1 Concrete properties

In this section, the fresh concrete properties and the mechanical properties for the normal
concrete, the UHPC, and the LMUHPC is presented. The stress-strain curves for the three

types of concrete are discussed.

4.1.1 Normal concrete

The normal concrete was obtained from a local ready mix concrete mixing plant in
Albuquerque, New Mexico. The maximum nominal size of the aggregate used in the
concrete was 12.7 mm. The slump of the concrete was 164 mm as shown in Figure 4.1.
The volume of the air entrained in normal concrete was 2.1% as shown in Figure 4.2.
The temperature of the concrete was measured immediately after it was discharged from

the mixing truck to be 10°C.
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Figure 4.2 Air entrapped device

36



While casting the beams, twelve concrete cylinders 100 mm x 200 mm were cast. After 7

days, the compressive strength was tested. After 28 days, the compressive strength, the

tensile strength, and Young’s modulus of elasticity were tested. Table 4.1 presents the

results of the normal concrete.

Table 4.1: Mechanical properties for normal concrete

Mean Value [MPa]

Standard Deviation [MPa]

Compressive strength (7 days) 24 0.4
Compressive strength (28 days) 33 1.8
Modulus of Elasticity 25,354 N/A
Tensile strength (28 days) 2.3 0.7

4.1.2 Ultra High Performance Concrete (UHPC)

The UHPC was mixed in the planetary shear mixer as discussed previously in Chapter 3.

Because the top layer in both Beam-U and Beam-UF were UHPC, two deferent mixes of

the UHPC were mixed. The first mix was used in Beam-U (UHPC1) and the second mix

was used in Beam-UF (UHPC). The fresh properties for both mixes is presented in Table

4.2

Table 4.2: Fresh concrete properties for UHPC1 and UHPC?2

UHPC1 UHPC2
Slump (mm) 229 216
Temperature (°C) 18.3 18.3
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Figure 4.3 Slump of UHPC1

The mechanical properties for both mixes are presented in Table 4.3. The stress-strain
curves for both concretes are presented in Figure 4.4. As shown in the stress-stain curve,

both mixes UHPC1 and UHPC2 were identical.

Table 4.3: Mechanical properties for UHPC1 and UHPC2

UHPC1 UHPC2
Mean Value S"’”?df%fd Mean Value Star_lda}rd
[MPa] Deviation [MPa] Deviation
[MPa] [MPa]
Compressive
114 145 120 14.9
Strength (7 days)
Compressive 133 16.9 140 21.1
Strength (28 days)
Modulus of 30,417 N/A 30,023 N/A
Elasticity
Tensile Strength 5 0.4 6.3 0.9

38



N N W W b b
o U o U1 o U

Stress [MPa]

Y
(%2}

10

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014
Strain [mm/mm]

——UHPC1 - — UHPC2

Figure 4.4 Stress-strain curves for both UHPC mixes

4.1.3 Latex Modified Ultra High Performance Concrete (LMUHPC)

The LMUHPC was mixed as discussed previously in Chapter 3. The slump of the
LMUHPC was 60 mm and the temperature was 17.2°C. Figure 4.5 shows the slump of
the LMUHPC. The compressive strength after 7 days and 28 days, modulus of elasticity
after 28 days, and tensile strength were tested. Table 4.4 shows the mechanical properties

of the LMUHPC.
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Figure 4.5 Slump of LMUHPC

Table 4.4: Mechanical properties for LMUHPC

Mean Value [MPa]

Standard Deviation [MPa]

Compressive strength (7 days) 62 15.1
Compressive strength (28 days) 74 0.6
Modulus of Elasticity 16,881 N/A
Tensile strength (28 days) 3.6 0.8

4.1.4 Stress-Strain curves

A 100 mm x 200 mm cylinder of each type of concrete was tested under compression

until 449 kN. During the loading, the strain at the middle third of the cylinders was

measured. Then, the stress was calculated and the stress-strain curves for each type were

plotted as shown in Figure 4.6. As shown in Figure 4.5, the stress-strain curves for both

UHPC1 and UHPC2 are identical. So, only one curve for the UHPC was used in

comparison.

40




45

—

Pa

= 25

Stress [

0 0.0005 0.001 0.0015 0.002 0.0025
Strain [mm/mm]

——— Normal Concrete = = UHPC LMUHPC

Figure 4.6 Stress-Strain curves for the three concrete types

As shown in Figure 4.6, the modulus of elasticity of the UHPC is 18% higher than
normal concrete. However, the compressive strength of the LMUHPC is 126% higher
than normal concrete, its modulus of elasticity is 33% less than normal concrete. This
decrease of the modulus of elasticity due to the polymer latex added to the LMUHPC.
Latex Modified Concrete (LMC) is well known to have a lower modulus of elasticity

than normal concrete (ACI 548. Report 2010).
4.2 Test Results

In this section, the expected behavior and the test observation for the four beams are
presented. As mentioned in Chapter 3, all the beams were tested under four point

bending. The advantage of the four point bending is that there are no shear forces
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between the two loading points. Flexural effect can be dominant in perform the four point
loads. Figure 4.7 shows schematic diagram for loading the beam. Figure 4.8 and Figure

4.9 show the shear force and the bending moment diagrams respectively.

PRl summ— P2

2290 mm

P/2 P/2

Figure 4.7: Schematic Diagram of the Beam Loading

0.3429P [kN.m]

Figure 4.8: Bending Moment Diagram

P/2

-P/2

Figure 4.9: Shear Force Diagram
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4.2.1. Hypothesis
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Figure 4.10: Schematic for beam cross section

The corresponding moment was calculated using equation 4.1. The estimated cracking

moment for the beams was calculated using equation 4.2.

M = 0.3429P (4.1)
Where:

M: Bending moment [KN.m]

P: Applied Load by the actuator [kN]

4.2.1.1. Service state behavior

f
Mcr :%10 ° (4.2)
t

Where:

M. Cracking moment [KN.m]
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fei: Tensile strength of the normal concrete [MPa]
l4: Gross moment of inertia [mm*]
y:: Distance from the neutral axis to the bottom of the beam [mm]

To calculate the gross moment of inertia for Beam-U, Beam-UH, and Beam-MUF, the
deference in Young’s modulus of elasticity between the normal concrete and the UHPC
or the LMUHPC and the existing of the CFRP laminates were considered. The distance
of the neutral axis from the bottom of the beam was calculated for the four beams as

following

For Beam-C

CAnYa tAYY +(ns _1)Asd\
o Afl + A\N + (ns _1)As

(4.3)

Where:

Aq: Area of beam flange [mm?]

yx: Distance between the centerline of the flange and the bottom of the beam [mm]
A.: Area of the beam web [mm?]

yw: Distance between the centerline of the web and the bottom of the beam [mm]

ns: Modular ratio between the modulus of elasticity of steel to the modulus of elasticity of

normal concrete.

As: Cross section area of steel rebars [mm?]
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d": Distance between the centerline of the rebars and the bottom of the beam [mm]

For Beam-U

~Agyy +(nu _l)A.lyu + A Yu +(ns _1)Asd‘
T A A (0, -DA +(n, DA,

(4.4)

Where:

ny: Modular ratio between the modulus of elasticity of UHPC to the modulus of elasticity

of normal concrete.
Ay: Area of the UHPC layer [mm?]
yu: Distance between the centerline of the UHPC layer and the bottom of the beam [mm]

For Beam-UF

Ay +(n, —1)AY, +(nf _1)Af Vi + ALY, +(n DA’
L Ag+ A, +(n —DA +(n, —1)A, +(nf _1)Af

(4.5)

Where:

ns: Modular ratio between the modulus of elasticity of CFRP to the modulus of elasticity

of normal concrete.
As: Area of the CFRP laminates [mm?]
yr. Distance between the CFRP laminates and the bottom of the beam [mm]

For Beam-MUF
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_AgYy +(n, —DA, Yy, +(nf _1)Af Vi + ALY, +(n DA’
o Aq+A, +(n,—DA +(n, -1)A, +(nf _1)Af

(4.6)

Where:

nm: Modular ratio between the modulus of elasticity of LMUHPC to the modulus of

elasticity of normal concrete.
An: Area of the LMUHPC layer [mm?]

Ym: Distance between the centerline of the LMUHPC layer and the bottom of the beam

[mm].
4.2.1.2. Ultimate state behavior

Based on the reinforcement and the compressive strength for the three concrete types, the
expected flexural nominal capacity and the nominal shear capacity were calculated for
each beam. For the calculation the ultimate compressive strain in the normal concrete was
assumed to be -0.003 and -0.0039 for the UHPC and the LMUHPC [3]. The calculation

for the flexural capacity and shear capacity are listed below.

The Flexural Nominal Capacity for Beam-C and Beam-U:

Ce=Ts 4.7)
Where:

C.: Compression force in the concrete [KN]

Ts: Tension force in the rebars [KN]
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Equation 4.7 can be expected as following.
0.85f _aB=A fy (4.8)

Where:

fo . Compressive strength of the concrete in the compression zone [MPa]
a: Depth of compression block [mm]

B: Width of the beam flange [mm]

fy: Yield strength of the steel rebars [MPa]

Equation 4.8 can be reformed as following

__AT

a=
0.85f B (4.9)

After calculating (a) from equation 4.9, the value of compression block depth is checked
to be less than the thickness of the flange. Moreover, the tensile strain of steel rebars is
calculated using equations 4.10 and 4.11 to ensure that the strain in the rebars exceeds the
yielding strain. Then, the nominal flexural capacity (M) in KN.m is calculated from

equation 4.12.
C=— (4.10)

Where:

c. Depth of compression zone [mm].
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B1: Concrete stress block coefficient.

According to ACI 318, B1is 0.81 for normal concrete and 0.65 for UHPC and LMUHPC.

d-
& = —EC”(C °) (4.12)

Where:

& Tensile strain in steel.

€u: Ultimate compressive strain in concrete at failure.

d: Distance from the center line of the steel rebars to the top of the beam [mm].

M. =A fy(d —%)10—6 4.12)

The nominal flexural capacity for Beam-UF and Beam-MUF:

For both Beam-UF and Beam-MUF the equilibrium equations 4.7 and 4.8 are modified to

be equations 4.13 and 4.14 respectively to consider the force in the CFRP laminates.
Ce=Ts+Ts (4.13)
Where:

Ty Tensile force in the CFRP laminates [N]
0.85f . BcB=Af +Af, (4.14)

Where:
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fr: Tensile stress in the CFRP laminates [MPa]

The tensile stress in the CFRP is unknown so equations 4.15 and 4.16 are used to

calculate the stress of the CFRP as a function of the depth of compression zone (c).

f =¢/E; (4.15)
e\t —cC
8f — CU(U ) (416)
C
Where:

Er Tensile strain in the CFRP laminates.

Ef: Young’s modulus of elasticity of the CFRP laminates.
ty: Thickness of UHPC or LMUHPC overlay

From equations 4.15 and 4.16, equation 4.14 will be:

0.85°, fcB=AT, + AE, @ (4.17)

Equation 4.17 could be written in the quadratic equation formula:
Jci+J,c+J,=0 (4.18)
Where:

J,=085f" BB
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‘]2 :Af Ef‘gcu _A%fy

‘]3 :_tuAf Efgcu
_3,+J37-43,2,
C= 23 (4.19)
1

The depth of compression zone (c) is checked to be less than t,=51mm to ensure that the
CFRP laminates are under tension. Then, the depth of compression stress block (a) is
calculated from equation 4.20 and the nominal flexural capacity (M,) in KN.m is

calculated from equation 4.21

a=cp (4.20)

M. {AS fy(d ‘%)* A f, (tu —%ﬂlo-ﬁ (4.21)

The nominal shear capacity (V) in kN for the beams was calculated using the simplified

method [33] equation 4.22.
V, =V, +V, 107 (4.22)
Where:

V.: Concrete shear contribution following ACI 318.

Vs: Shear reinforcement contribution with the assumption of steel yields following ACI

318.
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V,=Y_°p.d
6
y AT
® S
Where:

bw: Width of the beam web [mm].

A,: Cross section area of the shear reinforcement [mm?].

s: Spacing between the stirrups [mm].

(4.23)

(4.24)

The above method known as the simplified method might overestimate the shear

capacity. Table 4.5 shows the cracking moment, the flexural moment capacity, and the

nominal shear force capacity for the four beams. Moreover, the load corresponding to the

cracking moment and the nominal moment capacity are calculated. All the values

reported in Table 4.5 represent load applied by the actuator only after deducting the

effect of the own weight of the beam.

Table 4.5: The expected capacity for the four beams

Beam-C Beam-U Beam-UF | Beam-MUF
l, [mm*] 616,221,840 | 649,892,717 | 651,085,908 | 546,926,828
Cracking moment [KN.m] 6.3 6.5 6.5 5.8
Cracking force [kN] 18.3 18.9 18.9 16.8
Nominal flexural capacity 26.4 96.7 36.8 319
[KN.m]
Maxmum_flexural load 76.9 779 107.3 93.1
capacity [KN]
Nominal shear capacity [KN] 167.6 173.1 173.3 169.4
Maximum shear load capacity 335.2 346.2 346.6 338.8

[kN]
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4.2.2. Experimental observations

4221 Beam-C

As the control beam was loaded, vertical cracks started to appear. The first crack
observed and was located near the loading point at load of 25.6 kN. corresponding to a
displacement at mid span of 2.2 mm. This is corresponding to a moment of 8.8 kN.m.

Afterwards, flexure shear cracks propagated over the beam span as shown in Figure 4.11.

Figure 4.11: Cracks propagated in Beam-C

Beam-C was able to carry maximum moment of 45.7 kN.m associated with a load of
133.2 kN. and failure displacement at mid span of 117.8 mm. the MTS actuator was used
to obtain the displacement at loading points. The failure displacement at the loading

points was 99.6 mm. Figure 4.12 shows Beam-C at failure.

Figure 4.12: Beam-C at failure
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Failure of Beam-C occurred by concrete crushing at mid-span as shown in Figure 4.13.

The compressive strain of the concrete reached 0.0043 at failure.

Figure 4.13: Crushing of Concrete at Beam-C

The load-displacement curve for Beam-C is shown in Figure 4.14. The curve shows that
the beam behavior was linear-elastic until the load reached 80.4 kN and a corresponding
displacement of 7 mm. At this point, the tension strain at the steel rebars reached 0.0021
and the rebars were just started to yield. Figure 4.15 shows the tension strain in the steel
rebars vs. the applied load on the beam. The curve shows that the rebars reached yield
strain of 0.002 at load of 77.2 kN and displacement of 6.7 mm. The strain gauges
connected to the rebars were able to read the tension strain up to 99.1 kN as shown in
Figure 4.15. After this point, the strain gauges got debonded from the rebars and stopped
reading. To calculate the stiffness of the beam, the linear part of the load-displacement

curve was used Figure 4.16. This part shows changing in beam stiffness.
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Figure 4.14: Load-Displacement curve for Beam-C
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Figure 4.15: Load vs. tension strain in rebars in Beam-C
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Figure 4.16: Linear part of load-displacement curve used for calculating Beam-C

stiffness

The curvature of the beam (W) was calculated using equation 4.25. To calculate depth of
compression zone (c), the strain distribution on the mid-span section was obtained using
the compression strain in the Figure 4.17 and the tension strain in the rebars Figure 4.15.
The strain distribution at different values of load is shown in Figure 4.18, Figure 4.19,

and Figure 4.20.

Y== (4.25)

Where
¥: Beam curvature [1/mm],

c. Depth of compression zone [mm],

€. Compressive strain in concrete.
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Figure 4.17: Load vs. compression strain in concrete top fiber in Beam-C

Figure 4.18: Strain distribution at mid-span section of Beam-C at different loads
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Figure 4.19: Strain distribution at mid-span section of Beam-C at different loads

(Cont.)
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Figure 4.20: Strain distribution at mid-span section of Beam-C at different loads

(Cont.)
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Using similar triangles, the depth of compression zone (c) was calculated from the strain
distribution using equation 4.26. The Moment-Curvature curve for the control beam is

shown in Figure 4.21.

c=—%-d (4.26)
Where
€. Compressive strain in concrete top fiber,

& Tensile strain in steel,

d: Depth of the steel bars from the top [mm].
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Figure 4.21: Moment-Curvature for Beam-C

59



As shown in Figure 4.21 the moment-curvature is only plotted until a moment value of
34 kN.m. This moment is corresponding to a load value of 99.1 kN. At this load, the
strain gauges were detached. The slope of the moment-curvature represents the flexural
stiffness (EI) of the beam following equation 4.27. The figure shows that the curvature
increased linearly with the applied moment until a moment value of 27.6 kN.m associated
to load of 80.4 kN which is the point at which the linear-elastic behavior of the load-
displacement ended. The curvature then started to increase nonlinearly with minimal
increase in moment. The initial and cracked flexural stiffness (EI) for the control beam

were 2860.6 kN.m*/m?and 2545.1 kN.m*/m? respectively.

VY=— (4.27)

Where
M: Applied moment on the beam [kKN.m].
4.2.2.2 Beam-U.

While conducting the test, the beam side was checked continuously to track crack
propagation. The first crack observed was located at the middle third of the beam near the
loading point as in Beam-C. The load was of 16.9 kN. corresponding to a mid-span
displacement of 0.5 mm while the first crack was observed. This is corresponding to a
cracking moment of 5.8 kN.m. As load increased, the cracks propagated over the beam

span as shown in Figure 4.22.
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Figure 4.22: Cracks propagated in Beam-U

The moment capacity of Beam-U was 45.7 kKN.m identical to the moment capacity of the
control beam. The load, displacement at mid-span, and displacement at loading point at
failure were 133.3 kN, 123.6 mm, and 100.3 mm respectively. Failure of the beam
occurred due to crushing of the UHPC top layer at mid-span. The compressive strain of
concrete at failure was 0.0031. Figure 4.23 and Figure 4.24 show Beam-U at failure and

the crushing of the UHPC respectively.

Figure 4.23: Beam-U at failure
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Figure 4.24: Crushing of UHPC top layer in Beam-U

Figure 4.25 shows the load-displacement for Beam-U. The figure shows that the beam
behavior was linear-elastic until the load reached 77.8 kN with corresponding
displacement of 7.4 mm. The tensile strain at the steel rebars was 0.0021 at the end of the
linear-elastic behavior of Beam-U. Figure 4.26 shows the tension strain in the steel
rebars vs. the applied load. The figure shows that the rebars reached yield strain of 0.002
at load of 75.1 kN and displacement of 7.0 mm. The strain gauges connected to the rebars
were able to measure the tension strain up to load of 94.1 kN. After this point, the strain

gauges were detached from the rebars and stopped reading.
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Figure 4.25: Load-Displacement for Beam-U
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Figure 4.26: Load vs. tensile Strain in rebars for Beam-U
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Beam stiffness of Beam-U was calculated similar to the control beam. Figure 4.27 shows

the linear part used to calculate beam stiffness.

90

H U1 OO N ®
O O O O o

Load [kN]

Displacement [mm]

Figure 4.27: Linear part of load-displacement used for calculating stiffness for

Beam-U

The curvature of the beam was calculated using equation 4.25. The depth of compression
zone (c) was calculated using the same procedure used in the control beam. Figure 4.28
shows the load vs compressive strain for Beam-U. Figure 4.29, Figure 4.30, and Figure

4.31 show the strain distribution on the mid-span section at different load values.
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Figure 4.28: Load vs. compression strain in concrete top fiber in Beam-U
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Figure 4.29: Strain distribution at mid-span section of Beam-U at different loads
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Figure 4.30: Strain distribution at mid-span section of Beam-U at different loads

(Cont))
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Figure 4.31: Strain distribution at mid-span section of Beam-U at different loads

(Cont.)
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The depth of compression zone (c) was calculated from the strain distribution using
equation 4.26. Figure 4.32 shows the moment-curvature for Beam-U. Unlike the control
beam, the linear part of the Moment-Curvature curve has two different slobs. The first
slope is from the start of the loading until moment of 4.9 kN.m corresponding to load
value of 14.2 kN. This load relatively small value is very close the first crack observed at
16.9 kN. The second slope is from 8 kN.m until 30 kN.m corresponding to load of 23.4
kN and 87.5 kN respectively. Afterwards, the curvature of the beam starts to increase
with no increase in moment. The uncracked and cracked flexural stiffness for Beam-U

were 15,306.9 kN.m*/m?and 2,687.5 kN.m*/m? respectively.
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Figure 4.32: Moment-curvature for Beam-U
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4.2.2.3 Beam-UF

As for Beam-UF, the first crack observed was near mid-span at load of 33.8 kN. The
mid-span displacement when the first crack was observed was 1.9 mm corresponding to a

cracking moment of 11.6 kN.m. As the load increases, more vertical cracks were

observed along beam span as shown in Figure 4.33.

Figure 4.33: Vertical cracks in Beam-UF

The maximum moment carried by Beam-UF at failure was 49.9 kN.m corresponding to a
load of 145.5 kKN.m. The mid-span displacement at failure was 109.2 mm and the

displacement at loading points was 90 mm. Figure 4.34 shows Beam-UF at failure.

Figure 4.34: Beam-UF at failure
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It was obvious that failure of Beam-UF occurred due to debonding between the UHPC
layer and the T-section concrete between the support and the loading point as shown in

Figure 4.35.

Figure 4.35: Debonding of UHPC overlay in Beam-UF at support area

The load-displacement for Beam-UF shows that the beam behavior was linear-elastic
until load and displacement of 84.7 kN and 8.6 mm respectively as shown in Figure 4.36.
The tension strain in the steel rebars at the end of linear-elastic region was 0.0022. The
linear region of the load-displacement curve shown in Figure 4.37 was used to calculate
the stiffness of the beam. Figure 4.38 shows the tensile strain in the rebars Vs. the
applied load. It was observed that steel reached the yield at load of 79.8 kN and
displacement of 7.8 mm. The strain gauges attached to the steel rebars were detached at

load of 98.8 kN.
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Figure 4.36: Load-Displacement for Beam-UF
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Figure 4.37: Linear part of load-displacement used for calculating Beam-UF
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Figure 4.38: Load vs. tensile strain in rebars in Beam-UF

The strain gauges attached to the CFRP laminates were able to read the strain in the
CFRP until failure of beam. Figure 4.39 shows the strain in the CFRP laminates. The
figure shows that the CFRP laminates was in compression until the load reached 107.7
kN corresponding to a mid-span displacement of 23 mm. The maximum tensile strain in
the CFRP at failure was 0.0031 and the tension force in the CFRP at failure of the beam
was 47.3 kN and no failure of CFRP took place. The calculation of the tension force is
based on the stress-strain of CFRP laminates observed in our lab (Section 3.2). Figure
4.40 shows the compressive strain in concrete at the top of the beam. The figure shows

that the ultimate compressive strain at concrete at failure was 0.0023.
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Figure 4.39: Load vs. strain in CFRP laminates in Beam-UF
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Figure 4.40: Load vs. compressive strain in concrete top fiber in Beam-UF

73



The curvature of the beam was calculated using equation 4.25. The strain distribution at
mid-span section was obtained using the strain in the concrete, CFRP laminates, and the
steel rebars. The depth of compression zone (c) was calculated using equation 4.28 until

the load reached 98.8 kN and equation 4.29 until failure.

(h _tu) &y _tugs

C =
. (4.28)
t ¢
C — u C
ez, (4.29)

Figures 4.41 to Figure 4.43 show the strain distribution on the mid-span section at

different values of loads.

Figure 4.41: Strain distribution at mid-span section of Beam-UF at different loads
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Figure 4.42: Strain distribution at mid-span section of Beam-UF at different loads

(Cont))
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Figure 4.43: Strain distribution at mid-span section of Beam-UF at different loads

(Cont))
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The Moment-curvature for Beam-UF is presented in Figure 4.44. The linear part is
divided to two parts. The initial stiffness of the beam is calculated from the start of the
loading until moment of 8.1 kN.m. The cracked stiffness of the beam was calculated from

moment of 8.1 kN.m to moment of 33.9 kN.m. The uncracked and cracked flexural

stiffness were 13,937.6 is kN.m*/m? and 2,926.2 kN.m*/m? respectively.
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Figure 4.44: Moment-curvature for Beam-UF
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4.2.2.4 Beam-MUF

The first crack observed in Beam-MUF was in the middle third of the beam near loading
point. The load and the mid-span displacement when the first crack occurred were 32.1

kN and 2.0 mm respectively. The corresponding cracking moment was 11.0 KN.m. As the

loading continue, more vertical cracks were observed as shown in Figure 4.45.

Figure 4.45: Cracks propagated in Beam-MUF at early loading

The flexural capacity of Beam-MUF was 42.4 kN.m associated with a load of 123.5 kN.
The mid-span displacement and the displacement at the loading point at failure were 77.7

mm and 67.5 mm respectively. Figure 4.46 shows Beam-MUF at failure.

Figure 4.46: Beam-MUF at failure
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As shown in Figure 4.47, the failure of the beam occurred due to the debonding of the

LMUHPC overlay at the mid span of the beam.

Figure 4.47: Debonding of the LMUHPC layer in Beam-MUF

Figure 4.48 shows the load-displacement for Beam-MUF. The Figure shows that the
beams behavior was linear-elastic until the load reached 78.6 kN. The corresponding
mid-span displacement was 8.2 mm. The linear elastic part of the load-displacement
curve shown in Figure 4.49 was used to calculate Beam-MUF stiffness. The strain in the
steel rebars at the end of the linear-elastic behavior of the beam was 0.0026. The applied
load vs the tensile strain in the rebars is presented in Figure 4.50. The figure shows that

the rebars reached yield at a load of 65.8 kN corresponding to a displacement of 6.5 mm.
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The strain gauges attached to the rebars were able to read the strain until they were

detached at a load of 100.5 kN.
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Figure 4.48: Load-displacement for Beam-MUF
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Figure 4.50: Load vs. tensile strain in rebars in Beam-MUF
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Load vs the strain in the CFRP laminates is presented in Figure 4.51. The strain gauges
attached to the CFRP laminates were able to read the strain until failure. The figure
shows that the CFRP was in compression and then turned to be under tension at a load of
85.1 kN corresponding to a mid-span displacement of 13.4 mm. The tension strain and
the tension force in the CFRP at failure of the beam were 0.0016 and 30.5 kN
respectively and no failure of CFRP took place. The maximum compressive strain of the
concrete top fiber at failure was 0.0021. Load Vs. compressive strain in top concrete fiber

in Beam-MUF is presented in Figure 4.52.
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Figure 4.51: Load vs. strain in CFRP laminates in Beam-MUF
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Figure 4.52: Load vs. compressive strain in concrete top fiber in Beam-MUF

The curvature of the beam was calculated using equation 4.25. The strain distribution at
the mid-span section was obtained using the strain in the concrete, CFRP laminates, and
the steel rebars. The depth of compression zone (c) was then calculated using equation
4.28 until the strain in the CFRP reversed from compression to tension at a load of 85.1
kN. The calculation was then performed using equation 4.29 until failure. Figures 4.48 to

4.50 show the strain distribution on the mid-span section at different loads values.
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Figure 4.53: Strain distribution at mid-span section of Beam-MUF at different loads

84



Figure 4.54: Strain distribution at mid-span section of Beam-MUF at different loads

(Cont.)
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Figure 4.55: Strain distribution at mid-span section of Beam-MUF at different loads

(Cont.)

The moment-curvature curve for Beam-MUF is shown in Figure 4.56. The flexural
stiffness of the beam was calculated following equation 4.27. Similar to Beam-U and
Beam-UF, the flexural stiffness of Beam-MUF changed when the beam cracked. Initial
and cracked flexural stiffness for Beam-MUF were 19,536.7 kN.m? and 1,809.5 kN.m?

respectively.
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Figure 4.56: Moment-curvature for Beam-MUF

4.3 Comparison and Discussion

In this section, comparison between the control beam and the three beams is presented to
show the effect of the modification in each beam on its mechanics and capacity.
Moreover, a comparison between Beam-UF and Beam-MUF to shows the deference
between the behavior of UHPC and LMUHPC overlays. Table 4.6 shows the summary

of the results for the four beams.
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Table 4.6: Summary of the results for the four beams

Beam-C Beam-U Beam-UF | Beam-MUF
Failure
Mode Crushing in | Crushing in | Debonding Debpnding
concrete concrete at support | at mid-span
Load [KN] 133.2 133.3 145.5 123.5
Moment [kN.m] 45.7 45.7 49.9 42.4
Mid-span displacement [mm] 117.8 123.6 109.2 7.7
Capacity increase N/A +0.07% +9.2% -7.3%
Loading points displacement 99.6 100.3 90 675
[mm]
Strain in concrete top fibers -0.0043 -0.0031 -0.0023 -0.0021
Strain in CFRP laminates N/A N/A 0.0031 0.0016
Force in CFRP laminates [kN] N/A N/A 47.3 24.4
First observed crack
Load [KN] 25.6 16.9 33.8 32.1
Mid-span displacement [mm] 2.2 0.5 1.9 2
Linear-elastic limit
Load [KN] 80.4 77.8 84.7 78.6
Mid-span displacement [mm] 7 7.4 8.6 8.2
Strain in CFRP laminates N/A N/A -0.003 -7.5x10°
Strain in steel rebars 0.0021 0.0021 0.0022 0.0026
Yield of steel rebars
Load [KN] 77.2 75.1 79.8 65.8
Mid-span displacement [mm] 6.7 7 7.8 6.5
Strain in CFRP laminates reverse point
Load [KN] N/A N/A 107.7 81.5
Mid-span displacement [mm] N/A N/A 23 134
Stiffness (6P/6A)
Initial [KN/mm] 19.8 43.7 30.1 41.5
Cracking [KN/mm] 11.6 8.4 7.1 7.8
Flexural stiffness (El)
Initial [KN.mm*mm?] |  2860.6 15306.9 13937.6 19536.7
Cracking [kN.mm*mm?] 2545.1 2687.5 2926.2 1809.5
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Beam-U vs Beam-C

Beam-U was tested to investigate the influence of UHPC overlay only with the CFRP
laminates on the behavior of the beam. The behavior of Beam-U was similar to the
behavior of Beam-C. The increase of the load capacity associated with strengthening the
beam with UHPC overlay only is limited to 0.07%. As presented in Figure 4.57, the
failure in both beams occurred due to crushing in the concrete top fibers. This proves that

UHPC overlay only has a limited effect on the beam capacity.

(b)
Figure 4.57: Failure in (a) Beam-C (b) Beam-U

The mid-span displacement at failure in Beam-U was 4.9% higher than the mid-span
failure displacement in Beam-C. Load-displacement for both Beam-C and Beam-U are
presented in Figure 4.58. The toughness for both beams was calculated as the area under
the load-displacement curve. The toughness for Beam-C and Beam-U were 13.3 KN.m

and 15.4 KN.m respectively.
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Figure 4.58: Load-displacement for both Beam-C and Beam-U

After yielding of the beams, both beams behaved in the same manner. However, the

effect of the UHPC overlay is observed on the linear-elastic part of the load-displacement

curve shown in Figure 4.59. The initial stiffness (?—;j of Beam-U was increased by

120.7%. Unlike the initial stiffness, the cracked stiffness of Beam-U was decreased by
27.6%. First part of moment-curvature of both beams up to curvature of 0.02 m™ is
presented in Figure 4.60. This curvature is corresponding to compressive strain in

concrete top fiber of -0.0007 in both beams.
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Figure 4.59: Linear-elastic part of the load-displacement for both Beam-C and
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Figure 4.60: First part of moment-curvature for both Beam-C and Beam-U
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The change in flexural stiffness (EI) for Beam-C after cracking is very limited and cannot
be observed in the moment-curvature curve. Calculations show that the cracked flexural
stiffness of Beam-C is 12.4% less than the initial flexural stiffness. For Beam-U, the
initial flexural stiffness was increased by 435% due to the UHPC layover. The cracked
flexural stiffness for Beam-U is calculated to be 5.6% higher than the cracked flexural
stiffness of Beam-C. Moreover, the curves show that Beam-U vyielded at a moment 9%
higher than the yielding moment of Beam-C. After yielding, both beams behaved in the
same manner. A yielding plateau was observed where the curvature of both beams started
to increase with no increase in the moment value until the curvature reached 0.18 m™.
Afterwards, the curvature increase was corresponding to a minimal increase in the

applied moment.
Beam-UF vs Beam-C

Beam-UF was tested to investigate the new proposed strengthening technique. The beam
was strengthened with CFRP laminates and 51 mm UHPC overlay. The load capacity for
Beam-UF was 145.5 kN. The increase of the beam capacity associated with the
strengthening technique was 9.2%. The mid-span failure displacement was decreased by
7.3%. As shown in Figure 4.61, the failure in Beam-UF was associated with shear failure
unlike the failure in Beam-C which was associated with flexural failure. The change in
the failure mode form crashing concrete top fiber in Beam-C to debonding at the support
area associated with shear cracks in Beam-UF proves that Beam-UF was successfully
strengthened in flexure and the failure of the beam was due to shear not flexural.
Although the calculated shear capacity for Beam-UF was more than 300 kN, the shear

failure occurred at a relatively low load due to the tensile demand of the shear force and
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the insufficient developing length for the rebars at the support following equation 4.30

[39].

M 3
Af > W+(vn ~0.5V, )cot & 10 (4.30)
Where

fs: Allowed stress in steel rebars [MPa].
M: Bending moment at distance (d) from the support [KN.m].
Vn: Nominal shear force at distance (d) from the support [KN].

0: Angle of inclination of the principal diagonal compressive stresses (taken 45°).

|
=1, (431)

Where

| : Actual provided developing length [m].

I, : Required developing length [m].

The actual shear force on the beam (Vmax) at failure was calculated using equation 4.32
Vmax = Vp + Vs + Vietp (4.32)
Where

Vp: Shear force due to applied load = P/2 [kN].

Vsw: Shear force due to beam self-weight [KN].

Veerup: Shear force due to loading setup weights [KN].
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The nominal shear capacity calculated from equations 4.30 and 4.31 was75.1 kN. The
actual shear for on the beam calculated using equation 4.32 was 75.2 kN. The beam failed
just after the maximum shear force passed the nominal shear capacity. This proves that
failure was governed by shear and the beam would have been able to carry more load if
the steel rebars were will detailed and developed. This observation sheds light on a fact
reported by other researcher which is related to potential change in failure mode [5].
From a practical point of view, the development length of rebars in almost all old codes is
shorter than current required by ACI 318. Designers might need to pay attention to that
fact that flexural strengthening of RC beams might shift the failure mode to be governed
by shear. The amount of shear stirrups might not be the critical issue but rather the
tension demand on the longitudinal bars. Further research is needed in that area to

formulate consecutive load capacity for flexure strengthened RC beams.

(a) )
Figure 4.61: Failure mode for (a) Beam-C (b) Beam-UF

Figure 4.62 shows that the debonding in Beam-UF was between the UHPC overlay and

the lower concrete part not between the CFRP laminates and the concrete.
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Figure 4.62: CFRP laminates in Beam-UF after failure

Figure 4.63 shows the load-displacement curves for both Beam-UF and Beam-C. The
toughness for Beam-UF was 13.1 kN.m. The toughness of Beam-UF was 1.5% less than
the toughness of Beam-C. The curves show that Beam-UF was gaining more load after
yielding more than in Beam-C. The linear-elastic parts of load-displacement curves
shown in Figure 4.64 show the change in the initial and cracked stiffness of the
strengthened beam. The initial stiffness of Beam-UF was increased by 52% and the

cracked stiffness was decreased by 38.8%.
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Figure 4.63: Load-displacement curves for both Beam-C and Beam-UF
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Figure 4.64: Linear-elastic part of the load-displacement curves for both Beam-C

and Beam-UF
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First part of moment-curvature curves for Beam-C and Beam-UF up to curvature of 0.032
m™ in both beams are presented in Figure 4.65. This curvature is corresponding to
compressive strain in concrete top fiber of -0.001 and -0.0012 for Beam-C and Beam-UF
respectively. The curves show that the initial and cracked flexural stiffness of Beam-UF
were increased by 447.6% and 15% respectively. Moreover, the curves show that Beam-
UF yielded at a moment 22.8% higher than yield moment of Beam-C. After yield, Beam-
UF behavior was slightly deferent than the behavior of Beam-C. The applied moment on

Beam-UF continue to increase with the increase of the curvature with lower rate without

yielding plateau.

40

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Curvature [1/m]

= = Beam-UF ——Beam-C

Figure 4.65: First part of moment-curvature for both Beam-C and Beam-UF
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Beam-MUF vs Beam-C

Beam-MUF was tested to investigate the influence of the SBR polymer latex on the
bonding between the LMUHPC overlay and the normal concrete. The LMUHPC was
expected to have more bonding strength than the UHPC and debond at higher load than
the UHPC overlay. Despite the expected, the LMUHPC overlay debonded at lower load
than the UHPC. Failures of both beams are presented in Figure 4.66. Beam-MUF was
able to carry a maximum load of 123.5 kN. The load capacity for Beam-MUF was 7.3%
less than the control beam. The mid-span failure displacement was decreased by 34%.
Figure 4.67 shows the load-displacement curves for both Beam-C and Beam-MUF. The

toughness of Beam-MUF was 40.1% less than the toughness of the control beam.

®
Figure 4.66: Failure mode for (a) Beam-C (b) Beam-MUF
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Figure 4.67: Load-displacement curves for both Beam-C and Beam-MUF

The linear-elastic parts of load-displacement curves shown in Figure 4.68 show the
change in the initial and cracked stiffness of the strengthened beam. The initial stiffness

of Beam-UF increased by 109.6% and the cracked stiffness decreased by 32.8%.
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Figure 4.68: Linear-elastic part of the load-displacement curves for both Beam-C

and Beam-MUF

Moment-curvature for both Beam-C and Beam-MUF up to curvature of 0.032 m™ in both
beams is presented in Figure 4.69. This curvature is corresponding to compressive strain
in concrete top fiber of -0.001 and -0.0014 for Beam-C and Beam-UF respectively. The
curves show that the initial flexural stiffness of Beam-MUF was increased by 667.6% and
the cracked flexural stiffness was decreased by 28.9%. Moreover, the curves show that
Beam-MUF yielded at a moment 4.7% less than the yielding moment of Beam-C. After

yielding, Beam-MUF behavior was similar to the behavior of Beam-UF.
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Figure 4.69: First part of moment-curvature for both Beam-C and Beam-MUF

Beam-MUF vs Beam-UF

Contradicting our hypothesis, LMUHPC overlay in Beam-MUF debonded at load 15%
less than the failure load of Beam-UF and 7.3% less than the control beam. This low
value of debonding load in LMUHPC is due to its relatively low Young’s modulus of
elasticity and its high deformability. In addition to that, LMUHPC has a higher Poisson's
ratio than the normal concrete and UHPC [10, 33]. Equation 4.33 is used to calculate the

vertical strain in LMUHPC and UHPC overlays.

Vv

P 13
- 10
£ 1 (4.33)

101



Where
ev: Vertical strain under loading point.
P: Applied load at each loading point = P/2 [KN].

A: Effective area of load distribution at the surface between the overlays and the normal

concrete [mm?].

The horizontal strain at the bottom surface of the overlay is related to the vertical strain as

shown in equation 4.34.

&, =Ve, (4.34)
Where

en: Horizontal strain at the bottom surface of the overlay.

v: Poisson’'s ratio = 0.17 for UHPC and 0.2 for LMUHPC [15, 33]

Substituting equation 4.34 in equation 4.33, horizontal strain can be calculated using

equation 4.35.

Ep = alog (4.35)

To calculate the effective area in equation 4.33, a load distributing slope 2 (vertical): 1

(horizontal) in the UHPC and LMUHPC overlays was assumed as shown in Figure 4.70.
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Figure 4.70: Load distribution in UHPC and LMUHPC overlays

A comparison between Beam-UF and Beam-MUF shows the vertical and horizontal
strains under loading point in both beams is presented in Table 4.7. The comparison is
held at the same load corresponding to the load at which the LMUHPC overlay in Beam-
MUF started to debond. The high value of horizontal strain in Beam-MUF resulted in
premature debonding between the LMUHPC overlay and the normal concrete section.
Afterwards, debonding cracks propagated horizontally until the LMUHPC overlay was
completely separated from the normal concrete section below as shown in Figure 4.71.
The T-beam was no longer working as a composite section. On the other hand, the
horizontal strain in UHPC overlay in Beam-UF is less than one half of the horizontal
strain in LMUHPC overlay in Beam-MUF. This low value of horizontal strain is due to
the relatively high modulus of elasticity and its relatively low Poisson’s ratio. This

deference in the horizontal strain explains why the LMUHPC overlay debonded early
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while the UHPC overlay did not debond. A LMUHPC with elastic modulus than used
here and with sufficient bond strength might resulted in further improvement in system

load carrying capacity

Table 4.7: Vertical and horizontal strains in Beam-UF and Beam-MUF

Beam-UF Beam-MUF
P [kN] 122 122
p [kN] 61 61
Ev 8.7x10° 1.6x10™
€n 1.5x107” 3.1x10”

Figure 4.71: Debonding of LMUHPC overlay in Beam-MUF

Service Load

According to ACI 318, the service bending moment of Beam-C and Beam-UF were
calculated to be 25.7 kN.m and 28.1 kN.m corresponding to applied load of 74.9 kN and
81.8 kN respectively. The curvatures for both beams were calculated at service loads to
be 0.0088 m™ and 0.001 m™ for Beam-C and Beam-UF respectively as shown in Figure
4.65. Although the UHPC overlay was able to reduce the curvature of the beam at service
load, the effect of the overlay on the curvature of the beam was limited to 12%. This

limited effect is due to the non-significant difference in the modulus of elasticity between
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the UHPC and the normal concrete. The modulus of elasticity of the UHPC is only 18.4%

higher than the modulus of elasticity of the normal concrete.
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CHAPTER 5. Conclusions and Recommendations

In this research, a new proposed technique for strengthening RC T-beam in flexure was
proposed and investigated. The new system is a combination of Carbon Fiber Reinforced
Polymer (CFRP) laminates with Ultra High performance Concrete (UHPC) overlay
applied on the compression side of the beam. Four T-beams were cast and tested under
flexural loading to validate the proposed strengthening technique. In this chapter,
conclusions based on the experimental observations and analysis are drawn followed by

some recommendations for future work.

5.1. Conclusion

The experimental observations show that the proposed strengthening system was able to
increase the load capacity of the strengthened T-beam. A combination of the UHPC
overlay and CFRP allowed a flexural capacity increase of 9.2%, which pushed the neutral
axis up and made the CFRP laminates act under tension. Although the increase in the
load capacity was limited to 9.2%, it was observed that the failure mode of the T-beam
was changed from flexural failure to shear failure. It was shown that this very limited
increase was due to the limited anchorage length of the rebars at the supports and thus the
shears capacity of the beam. The system would have been more effective if the beam had

more shear capacity than what was used.

Moreover, strengthening the beam with a UHPC overlay only without CFRP had almost
no significant effect on the T-beam capacity. The behavior of the T-beam with only
UHPC was similar to the behavior of the control T-beam. The failure of the beam was

due to crushing of the concrete top fibers and the increase in the load capacity was less

106



than 1%. This proves that the CFRP laminates had a major contribution in increasing the

flexural capacity in the strengthened beam using the presented system.

When the UHPC overlay was replaced with Latex Modified Ultra High Performance
Concrete (LMUHPC) to improve the bond strength between the LMUHPC overlay and
the normal concrete section, the experimental observations showed that the behavior of
this T-beam was opposite what was expected. The T-beam strengthened with CFRP and
LMUHPC failed at load 7.3% less than the control beam. The premature failure of the
beam was due to debonding between the LMUHPC overlay and the normal concrete
surface at the two loading points. This debonding propagated horizontally until the
LMUHPC overlay was fully separated from the normal concrete section. Modifying
UHPC with Styrene-Butadiene Rubber (SBR) polymer latex resulted in reducing the
modulus of elasticity and increasing Poisson’s ratio of concrete overlay. The LMUHPC
became very deformable compared with the normal concrete underneath. This resulted in
high shear stresses that resulted in debonding of the LMUHPC overlay from the normal

concrete T-beam.

Finally, it was concluded that the proposed strengthening system is efficient with slabs
and shallow and medium depth T-beams. As the depth of the T-beam increases, the
efficiency of the strengthening technique decreases due to the limited moment arm that

becomes available to the CFRP laminates.

5.2. Recommendations

Further investigation on the efficiency of the strengthening technique is required. It is

recommended to investigate the strengthening technique on beams with higher shear
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capacity or combine the flexure strengthening with shear strengthening. Moreover,
investigating the effect of the strengthening technique on beams with different
dimensions and different reinforcement ratios is also recommended. Furthermore,
investigating the effect of using LMUHPC with low SBR polymer content (5-7%) is also

recommended.
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