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Abstract

Ultra-High Strength Concrete (UHSC) reinforced with High Strength Steel (HSS) bars is a
composite material utilized as a structural member that reduces cross-sectional dimensions
causing the reduction of the structure’s self-weight and cost. To avoid the shear failure of
reinforced concrete beams, it is important to investigate the shear behavior of a structural
member. Shear failure is considered a major structural problem because it usually occurs without
warning. Hence, the aim of this thesis is to study the shear behavior of (UHSC) reinforced with
(HSS) bars without web reinforcement.

In this study the shear behavior of UHSC reinforced with HSS is investigated experimentally
and numerically. Three groups of beams were examined, three for each group with nine beams,
combined with three cubes as a control specimen for each beam. The beams have been
experimentally tested, numerically compared using the analysis tool ANSYS, and theoretically
compared to international codes ACI 318, BS 8110, and Eurocode 2.

The span-to-depth ratio (a/d), flexural reinforcement ratio (p), and compressive strength of
concrete (fc,) are the main variables investigated in this study. The values for the first variable (a/d)
in G1 taken as 2.62, 3.16 and 4.21 with p equal to 0.041 (= 1.088 pp) and fz, Grade C110. On the
other hand, the values for the second variable (p) in G2 taken as 0.019, 0.031, and p = 0.041 (=
0.521 pv,0.838 pv,and 1.088 py respectively) with a/d = 4.21 and fo, Grade C110. While the values
for the third variable (fcx) in G3 are 76.8 MPa, 102.2 MPa and 112.8 MPa with a/d =2.63, and p =
0.041 (= 1.088 py). All the beams were casted without stirrups to investigate (a/d), (p), and (f.)
respectively. The behavior of the tested beams was studied in terms of crack pattern, failure

mechanisms, load deflection relationships, and shear strength of beams.
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The experiment results indicate that at the same load level, as (a/d) ratio increases, deflection
increase and shear strength decreases. Further, as p or fex increases, deflection decrease and shear
strength increases. The experimental study on shear strengths of ultra-high strength concrete
reinforced with high strength steel bars without web reinforcement was compared with ACI 318,
BS 8110, and Eurocode 2 equations. The results show that the measured shear strength was larger
than those predicted by code equations by varying the amount depending on (a/d), (p) and (fz);
hence, these codes were underestimated in this investigation and instead increase for the identified
type of concrete.

The Finite Element Analysis (FEA) results show a linear relationship for the beams with
higher steel ratio (p / pvr > 1) and lower (a/d < 4.21), where the relationship shows linear up to 60
to 80% then non-linear for lower steel ratio (p / pv < 1) and higher (a/d > 4.21). The FEA results
also indicate that for the same load level, increasing the (a/d) ratio increases the deflection and
decreases the shear strength. Furthermore, increasing (p) or (fo) decreases the deflection and
increases the shear strength. This is consistent with experiment results. The shear strength of FEA

is about 6% higher than the experiment results.
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Chapter 1
Introduction

1.1 General

Reinforced concrete is a combination of two materials referring to plain
concrete possessing high compressive but with little tensile strength and reinforcing
steel rods embedded in the concrete that support and strengthen concrete under
tension. Buildings, dams, tanks, reservoirs, viaducts, retaining walls, tunnels,

conduits, marine are structures built out of reinforced concrete.

Concrete is a universal building material. It has a high fire and weather
resistance. The constituent materials for concrete are available locally at the
construction site at a low cost. A concrete of high compressive strength is suitable

for structural members subjected to compression such as columns and arches.

Concrete is a brittle material whose tensile strength is minor compared to its
compressive strength and this prevents its economical use in structural members that
are subject to tension over all or over a part of their cross sections such as beams or
other flexural members. Reinforcement steel with its high-tensile strength is used in
those places where its small-tensile strength would limit the carrying capacity of the
member. The reinforcement has a round shape with appropriate surface deformation
to provide interlocking. Reinforced Concrete members are subjected to axial force,
bending moments, shear, torsion, or a combination of these forces. On the one hand,
beams are structural elements that transport transverse external loads causing

bending moments and shear forces along their length.

Most reinforced concrete beams’ failure is caused by one of the two

mechanisms, either the effect of internal flexural moment or the effect of internal
2




shear force. The proportion of beam, placement of load, and the presence of
transverse and longitudinal reinforcement also generally play a significant role in

failure mechanism.
1.2 Ultra-High Strength Concrete

The word high is a relative term. Sixty years ago, 40 MPa (5800 psi) concrete
was considered of high strength. High strength concrete has been defined as having
a compressive strength ranging from 41 to 83 MPa (6000 to 12000 psi). Nowadays,

high-strength concrete is used in cast-in-place and precast constructions.

Concrete is established to be a universal building material because of its high
compressive strength and its adaptability to take any form and shape. Reinforced
concrete (RC) is being used extensively in the construction industry all over the
world. The concrete in which common ingredients such as aggregate, water, cement
is used is known as normal-strength concrete (NSC) and has a compressive strength
ranging from 20 to 60 MPa. The adoption of high-strength concrete (HSC) has
increased to its obvious advantages: Increased modulus of elasticity, chemical
resistance, freeze thaw resistance, lower creep, lower drying shrinkage, and lower
permeability, to name a few. UHSC is usually proportioned with a low water-to-
cementitious material ratio and has a high compressive strength ranging from 83 to
150 MPa. The supplementary cementitious materials may include blast furnace slag,
fly ash, or silica fume, which is used either as cement replacement or as additive to

the concrete mixture.

In the recent decades, concrete is the most extensively used building material
and many researchers show interest in it by innovating its material design material,
examining its behavior, and solving some of its limitations such as large cross-

section, low tensile strength, and low resistance to aggressive environment attacks.
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Such innovation led to the production of a new type of concrete called Ultra-High-
Performance Concrete (UHPC), a cement composite with an average compressive
strength of 150 MPa (21,570 psi). According to Khaksefidi, et al. (2021), UHPC was
pioneered by Richard and Cheyrezy in the early 1990s in France and several types
were later introduced by other researchers. UHPC as compared to NSC has unique
mechanical features that contribute to new techniques in construction, repair, and
renovation of concrete structures. It is durable and creative in design. But design
standards are often based on NSC; thus, being challenged in UHPC and for this
reason, further research is required to understand the performance of the structures

in this material.

UHPC and NSC differ in composition. UHPC has ultra-high strength, high
toughness, and durability. It is now considered as an alternative to NSC due to its
shear performance with steel bars. It is popularly used in the field of engineering,
particularly in the construction of bridge structure, airport runway, high-speed
railway, repair work, etc. UHPC is preferred than NSC due to its excellent properties

that has an economic benefit (Wang et al., 2021).

According to Tibea et al. (2020), UHPC surpasses the performance of a normal
or high-strength concrete due to slenderer and more efficient RC structures.
However, UHSC in a building offers an advantage because of the reduction in beam
and column size allowing the increase in building height and stories. With UHSC,
construction cost of a building is reduced resulting to extra space and greater span
for the beam. UHSC gains increased interest for practical reasons; hence, further
research is necessary to determine the possibilities of producing these concretes and

identifying their properties.




1.3 High Strength Steel

In the United States, the Reinforced Concrete (RC) structures’ design for
seismic applications using deformed steel bars with specified yield strength, f,, of
415 MPa (60 ksi) dominated for many years. The use of steel bars with fy greater
than 415 MPa (60 ksi) allows designers to reduce the amount of required
reinforcement, which results to savings on material, shipping, and handling costs. A
reduced amount of reinforcement also enables concrete placement and improves

construction quality (Tavallali et al., 2014).

The HSS’s definition is dependent on the country’s codes. In Canada and
Germany, the recent limitation of yield stress f; for reinforcement bars is equal to
500 N/mm? while 550 N/mm? is the code limit in the USA, and 600 N/mm? is
permitted in some European countries. High-strength reinforcement satisfies all
reinforcement requirements including high ductility, good bond behavior, low
relaxation, and low stress corrosion risk and surpasses the common reinforcement’s
strength parameters. Bond strength of high-strength reinforcement is significantly
higher compared to common reinforcement in normal strength concrete and is
slightly higher than UHPC. In fact, the qualities of high ductility and post-failure
load capacity are the advantages of using high-strength reinforcement (Florian et al.,

2018).
1.4 Ultra-High Strength Reinforced Concrete Beams

RC is a concrete that includes reinforcing bars or other types of reinforcement
to enhance one or more properties of the concrete. Cracking occurs when the tensile
stress of concrete in a member reaches its tensile strength due to external loads,

temperature changes, or shrinkage. Concrete members without any type of -




reinforcement usually fail suddenly after the first tension cracks form as there is

nothing to prevent the cracks from spreading throughout the members.

According to Rewers (2019), buildings are being designed more boldly;
therefore, materials with higher strength parameters need to be used such as the

reinforced concrete structures, both high strength concrete and high strength steel.

UHSC or UHPC is formulated by adding fibers to the HSC mix; thus,
represents a major step when compared to the conventional NSC and HSC due to

the achievement of extremely high strength and extremely low permeability.

Beams are known as horizontal members carrying lateral loads. The loads on
the beams produce a significant bending effect as opposed to twisting or having axial
effect. Bending moments produce bending strains on the beam and consequently
compressive and tensile stresses. Under positive moments (as is normally the case),
compressive stresses are produced on top of the beam and tensile stresses are
produced at the bottom; bending members must resist both compressive and tensile
stresses. In a reinforced concrete beam, three different failure modes may occur, and

these are compression, tension, and shear failures.

In general, UHSC can be applied in tall building, long-span bridge, marine
structure, elevated structure, precast and pre-stressed products, and construction
where durability is critical; thus, the performance of structural elements made with

such type of concrete can be a major concern.

In Bahrain, as in many other countries, UHSC is still not in use. Before using
such material in construction in the future, it is essential to study and understand the

behavior of members made from this type of material.

This study entitled “Shear Behavior of Ultra-High Strength Concrete Beams
Reinforced with High Strength Steel Bars without Stirrups” deals with the
6




experimental and theoretical application of numerical technique through Finite
Element Method (FEM) and the comparison of the experimental results with

analytical formulas using the codes of ACI-3182019 and BS 8110-1-97.
1.5 Finite Element Method

FEM is a numerical analysis method where the structural element divides into
smaller parts and simulates static loading conditions to evaluate concrete response.
With tremendous advances in engineering and technology, this method is being used
increasingly. This method also responds well to non-linear analysis as each
component possesses different stress-strain behavior. Each element’ response is
indicated through a finite number of degrees of freedom specified at a set of nodal

points.

The method in evaluating structures as well as predicting the component's
response subjected to different structural loads refers to the Finite Element Analysis
(FEA). FEA 1is the common preference used in studying concrete behavior because
results are shown faster, and it is cheaper as compared to the experimental method.
On the other hand, FEM, an advanced numerical analysis tool, allows to model the
reinforced concrete beams’ complex behavior using finite element modeling. The
common problems encountered in concretes are non-linear in nature; hence, non-

linear analysis can be used in obtaining precise problem solutions (Badiger, 2017).

1.6 Research Problem

UHSC is a composite and new material used as structural element reinforced
with high strength steel. The behavior of UHSC is different from the NSC due to its
brittle behavior and crushing through the aggregate, which is different when normal

strength steel 1s used as a reinforcement for the element.




The main problem in this study deals with the shear behavior of UHSC beams
reinforced with HSS bars. It intends to apply the common best practices for the study
of shear behavior through beam cracking patterns, failure modes, shear-load
deflection relationships, shear strength experiment, and comparison of numerical
results using finite element analysis in addition to the comparison of the results of

shear strength with the code equations.
1.7 Research Question

The study seeks to answer the following questions:

* How do the UHSC beams reinforced with HSS bars behave due to shear?

= Can the code equations of ACI and BS be used for the design of UHSC beams

reinforced with HSS bars?
1.8 Research Objectives

The objectives of this study are as follows:

= Investigate the shear behavior of UHSC beams reinforced with HSS bars without
stirrups.

= Compare the simulation results conducted through FEA with the experimental
results and with other data from literature for analytical investigation.

= Evaluate the applicability of the current code equations of ACI and BS.

= Present recommendations in designing UHSC beams reinforced with HSS bars

for shear.




1.9 Research Significance

UHPC is described as a cement composite with an average compressive
strength that reached about 150 MPa. As cited by Khaksefidi et al. (2021) the
distinctive mechanical features of UHPC are considered as chances for development
of new techniques in the repair, renovation, and construction of concrete structures.
However, the use of common design standards, often based on NSC, is being
challenged in this type of concrete. Therefore, further research is needed to

understand the performance of the structure of this material.

In this thesis, the shear behavior of UHSC beams reinforced with HSS bars is
studied experimentally to investigate the crack patterns in the UHSC, the mode of
failure of the beams, and the load deflection relationship. The results are compared

using code equations and numerical techniques through FEA.

1.10 Research Scope

The scope of the study included the casting of the UHSC beams at the Bahrain
Precast Concrete Company (BPC) yard and testing conducted at the University of
Bahrain laboratory where a large-scale experiment was performed to study the shear

behavior of UHSC beams reinforced with HSS.

1.11 Definition of Terms

Beams: Horizontal members carrying lateral loads.

Bending: The action of supporting an external load perpendicular to the longitudinal

axis of the beam (Nm. or 1b. ft.).

Compression: is the action, force, or state of being crushed (opposite tension).




Cracks: Refer to concrete shrinkage. Shrinkage is the decrease in volume of the

concrete after hardening.

Ductility: Refers to a structural feature dominated by fracture and depends on the

size of the structure.

Failure: Refers to the loss of structural integrity, i.e. is the loss of the load_carrying
the capacity of components and members of a structure, or of the structure itself.
Beam failure occurs when a material is stressed beyond its strength limit, resulting

to fracture or extreme deformations.
Failure Load: The magnitude of the load on the beam at the time of failure.

FEM: Finite Element Method is a numerical analysis method that divides the

structure's elements into smaller parts.

Flexure: It refers to bending.

Force: An action caused by the load (N or 1b.).
Load: The weights supported by the beam (N or 1b.).

Moment: The moment of force refers to a measure of its tendency that prompts a

body to rotate to a specific point or axis (= force multiply by its arm).

Ultimate Load: The maximum load that the beam reaches before failure.

Reinforcement: Refers to the addition of steel bars to the concrete.
Shear: It refers to the unbalanced vertical force on the right or left side of the beam.

Strain: Strain is defined as "deformation of a solid due to stress" and can be

expressed as change in length divided by the original length.

Stress: Stress is "force per unit area," the ratio of applied force (F) to the cross-

section area, described as the "force per area N/mm?"

10




Tension: It is the action, force, or state of being stretched up (Positive).

Workable: ASTM (American Society for Testing and Materials) defines it as the
"Property determining the effort required to manipulate a freshly mixed quantity of

concrete with minimum loss of homogeneity”.
1.12 Research outline

The thesis comprises of seven chapters. Chapter 1 presents the introduction of
the study, chapter 2 theoretical framework and literature review, chapter 3 refers to
the experimental works, chapter 4 deals with testing and results, chapter 5 exhibits
the finite element analysis, chapter 6 shows the data analysis and discussion, and
finally, chapter 7 presents the summary, conclusions, and recommendations of the

study.
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Chapter 2

Theoretical Framework and Literature Review

2.1 Introduction

RC beams are commonly subject to the combined effects of flexural and shear
loads. The current design philosophy requires an artificial detachment between the
shear resistance and moment capacity of the reinforced concrete beams. In fact, most

studies on shear and flexural behavior were carried out either separately or together.

The provisions for flexure and shear design specification were grounded on
experimental results through concrete with compressive strength of less than 41 MPa
(6000 psi), and with normal shear span-to-depth ratio (a/d<6). However, concrete of
higher compressive strength, both reinforced and prestressed concretes, has been
produced successfully and used gradually in different countries. With the recent
development of high-strength concrete, the behavior of structural members of this

type of concrete necessitates information dissemination.

Existing formulas are semi-empirical and are based on ordinary concrete. With
HSC and UHSC being brittle compared to NSC, it necessitates that the semi-
empirical models are to be developed through experiments. In current practice, many
calculation parameters and equations in the design codes are derived from
experimental research programs on concretes with compressive strength not
exceeding 40 MPa. Therefore, it is but logical that validity of these equations be
verified for concretes with strength above 40 MPa, just like HSC and UHSC
(Tahenni et al., 2022).
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2.2 Flexural Behavior of Reinforced Concrete Beams

Previous research on reinforced concrete beams under flexure indicated that
beams fail due to flexure failure, which is either tension or compression failure.
Tension failure takes place when moderate amount of reinforcement is used where
the steel starts to yield and stretch, and the tension cracks in the concrete widens and
propagates upwards with concurrent significant deflection of the beam then the
strength in the remaining compression zone of the concrete increases causing
concrete crushing. On the other hand, compression failure transpires when a large
amount of reinforcement is used. The concrete fails by crushing specifically when
the strain becomes large before the steel yields. Usually, compression failure through

concrete crushing is sudden and it occurs without warning.

The basic assumption of deriving a general theory for the flexure strength of

reinforced concrete sections are as follows:
1. Plane section stays the same before and after bending,
2. The stress-strain curve for the steel is known,
3. The tensile strength of concrete may be disregarded, and

4. The stress-strain curve for concrete, defending the magnitude and

distribution of compressive stress, is recognized (Park and Paulay., 2009).

2.2.1 Design Formulas for Rectangular Beams Using

American code (ACI 318-2019)

The current design specification of ACI 318-2019 is based on experimental
results using normal strength concrete. Figure 2.1A presents a rectangular singly

reinforced concrete beam with a width of b and effective depth of d.
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Figure 2.1B shows the distribution of internal strains and figure 2.1C displays
the distribution of internal stresses when the beam is about to fail. One desires a
method to calculate that moment M, (nominal moment) at which the beam will fail
either by tension yielding of the steel or by crushing of the concrete in the outer
compression fiber. The criterion for the first mode of failure is that the steel stress

equals the yield point (f; = f,).

According to Nilson et al. (2016), Whitney first proposed the American
Concrete Institute (ACI) code, which uses an equivalent rectangular stress
distribution to replace an actual shape of a concrete compressive stress block as
shown in figure 2.1C. The flexural strength, using the equivalent stress block

distribution is presented in figure 2.1D.
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Figure 2.1 Strain and stress distribution in rectangular reinforced concrete

beam by ACI-318 (Khalil et al., 2013)
The compression force € = 0.85 f'. b a - (2.1)

Where f'; is the compressive strength of concrete and b is the width of the beam,

further, a is the depth of compression zone.
The tension force T = A; f, ..(2.2)

Where A; is the area of steel reinforcement and fy 1s the yield strength of the

reinforcing bars
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The nominal flexural strength M, = A f, (d — g) . (2.3)

and the depth of compression zone (a) is

Ag fy
=" .. (2.4
=085 b (2.4)
While the balanced steel ratio found in tension zone is
f'« 600
= 0.85 —_—— . (2.
Noting that the minimum steel ratio
(1.38) 2.6)
Pmin =\~ o L4
f)’

Values of f; were shown in Table 2.1 for different concrete compressive

strengths.

Table 2.1 Values of B, as per ACI code

f'c MPa £27.6 34.5 41.4 48.3 D 55.2
Bi 0.85 0.80 0.75 0.70 0.65

ACI 318-2019 is the required ACI building code for reinforced concrete. ACI
proposes that the utmost usable strain of the extreme compression fiber of a concrete
at ultimate is 0.003. Furthermore, ACI recommends the utilization of an equivalent
rectangular concrete stress distribution for the reinforced concrete beams’ strength

prediction.
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2.2.2 Design Formulas for Rectangular Beams Using British

Code (BS 8110-1-1997)
British Standard BS 8110-1-1997 or BS 8110 used the following formulas for

the design of reinforced concrete rectangular beam (Limit State Design) based on

the simplified stress block as shown in figure 2.2.

K' = 0.156 where redistribution does not exceed 10 % (this implies a limitation of

the neutral axis depth to d/2); or
K' =0.402(B, — 0.4) — 0.18(B, — 0.4)2 .. (2.7)

where redistribution exceeds 10 %, and

,CU
0.0085 0.67 7~
i ‘
i
x 3
o
i
NY e _____.a
Strain Stress

Figure 2.2 Simplified stress block for concrete at ultimate limit state (BS 8110-
1-1997)

K = M/bd?f., .. (28)

Where, 4 = area of tension reinforcement, » = width of the beam, d = effective
depth of the tension reinforcement, M = design ultimate moment, x = depth to the

neutral axis, f,,, = the compressive strength of concrete, and
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(moment at the section after redistribution)

= the ratio —
ﬁb (moment at the section before redistribution)

For singly reinforced concrete beams K = K" and:
z=d (0.5+V(0.25 - K/0.9)) .. (2.9)
But not greater than 0.95d, where z refers to the lever arm,
x = (d — 2)/0.45 ... (2.10)
A =M/095f, z . (2.11)
Where f,, signifies the yield strength of the reinforcing bars

2.2.3 Design Formulae for Rectangular Beams Using

Eurocode 2 (EN 1992-1-2-2004)
European Standard EN 1992-1-2-2004 or Eurocode 2 applies the following

formulas in the design of reinforced concrete rectangular beam (Limit State Design)

based on the equivalent rectangular stress block presented in figure 2.3.

K =M/bd*f , <Kw=0167 .. (212)
Z=d[0.5+V(0.25 — K/1.134)] ... (2.13)
Ag=M/087f , z . (2.14)

Where fi) = the concrete’s compressive strength and f is the reinforcing bars’

yield strength
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Figure 2.3 Singly reinforced section with rectangular stress block (European

Standard EN 1992-1-2-2004)

2.2.4 Design Formulae for Rectangular Beams Using

Canadian Code (CSA-A23.3-2019)

Canadian Standards Association (A23.3-2019) design of concrete structures
used the following formulas for the design of reinforced concrete rectangular beam

based on the equivalent rectangular stress block in figure 2.4.

a; = 0.85 — 0.0015f '20.67 .. (2.15)

1 =097 — O.OOZSfC';0.67 .. (2.16)

A
a=Prisly . (2.17)
a1Pc fC b
. a
M= A f, (d - E) . (2.18)

Where ¢, = Concrete resistance factor and ¢, = Reinforcement resistance

factor
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Figure 2.4 Stress block parameters for rectangular sections (CSA-A23.3-2019)
2.3 Cracking Moment and Stresses in Reinforced Concrete
Beams

The cracks in reinforced concrete beams start below the applied service load
level. Flexural cracking due to loads is inevitable; thus, it is necessary to provide
reinforcement effectively. Prior to the flexural crack formation, the steel stress is no

more than # times the stress in the adjacent concrete.
n=— ..(2.19)

where n is the modular ratio, Es is the modulus of elasticity of steel, and Ec is the

modulus of electricity of concrete.

E. =4700\f,  ..(2.20)

Flexural cracks, also called hairline cracks, are usually fine and are invisible to

an observer. They permit little if there is any corrosion in the reinforcement. The
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number and the width of cracks increased with the increasing loads beyond the crack
loads. With further increase in loads, the number of cracks remained stable, but not

the width of the cracks which continue to increase observation (Nilson et al., 2016).

Calculation of the cracking moment through ACI code, SI units (ACI 318-
2019)

{a)

Figure 2.5 Un-cracked transformed beam (Darwin et al., 2016)

The rectangular section is revealed in Figure 2.5 with height (h) and width (b)

fr. Lun,er
My = W (2.21)
Where M, refers to the cracking moment, f,. represents the modulus
of rupture and I, 4 is the moment of inertia for uncracked section and
¥er 1s the calculated distance of the transformed section of concrete and

steel bars from the top of the beam to the neutral axis.

£ =072AF (2.22)

Where f', is the concrete’s compressive strength in MPa and A = 1
is the concrete’s normal weight
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The stresses in the concrete o, and steel o, before cracking are as follows:

o, = Mcr.lyi ..(2.23)
un,tr
.
Ops =1 Mcr.—li ..(2.24)
un,tr

Where d is the effective depth of the beam (h-concrete cover)

kd

i 3

f l
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L ja=d-%
NnAg
\ .fs
7 7 7 TR >T
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b —]
(&) (b}

Figure 2.6_Cracked transformed section and stresses on the section (Darwin et al.,

2016)

Figure 2.6 illustrates the stresses in the concrete o, and steel o; after cracking

as follows:
o, = M, 20t . (2.25)
crtr
d—7v
O =T Mcr.Ty"ﬁ ..(2.26)
cr.tr
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Where ., = kd is the calculated distance of the cracked section
from the top of the beam to the neutral axis, and I, 4 is the cracked

section’s moment of inertia.

2.4 Shear Behavior of Reinforced Concrete Beams

The design of reinforced concrete beams is protected against shear failure and
flexural failure. Shear failure happens only when shearing force and bending
moment are combined and if shear failure happens, it is expected to be quick and
brittle than flexural failure. Thus, beam strength is reduced below flexural capacity
and ductility of the element is lessened making it undesirable. Through the
occurrence of inclined cracks, shear failure of the beam is shown where in some
cases, inclined cracking is immediately followed by member failure and in other
cases, inclined cracks are stabilized, and more shear force is applied before the
member fails. Moreover, inclined cracks in the beam web are developed prior to a
flexural crack in the surrounding area or an extension of a previously developed
flexural crack. Inclined cracks are of two types: The web-shear crack and the flexural
shear crack. The flexural crack that causes the inclined cracks is referred to as the
initiating one. Besides the primary cracks including flexural and two types of
inclined cracks, is the secondary crack caused by the splitting forces from the
deformed bars especially when there is a slip between concrete and steel
reinforcement, or from the dowel action force in the longitudinal bars transferring
shear across the cracks (Meqdadi.,1993). Shear strength of beams depends partly on
tensile strength of concrete in which it is more variable and more difficult to measure
than compressive strength. Therefore, safety and care are important in the design to

withstand shear and flexure.
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2.5 Codes Prediction for Reinforced Concrete Beams in Shear

2.5.1 ACI 318-2019

Current specification beam refers to the sum of the shear that is carried by the
concrete V. and the web reinforcement that represents the sum of at least three
separate components including the Dowel action of longitudinal reinforcement,
aggregate interlock, and shear carried across the un-cracked concrete in the flexural
compression zone. The term Vrepresents the vertical component of the force carried
by shear reinforcement across an assumed 45° failure crack. The nominal shear
strength contributed by the concrete V. is computed using the ACI equation in SI
units (ACI 318-2019).

Ve =2x(0.16/f7, +17.2p, 2 byd  .(227)

Where A=1 for normal concrete

and the nominal shear strength contributed by shear reinforcement Vj is

computed by:

vV, = —2 ... (2.28)

w

The nominal shear strength of the reinforced concrete beam, V,, is expressed as
the sum of the individual contribution of the concrete V. and the shear reinforcement

Vs. (ACI 318-2019).
V, = V. + V, . (2.29)

V =0 for the beams without web reinforcement.
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To compare the analytical prediction with the experimental results, it is more
useful to express the above equation in terms of shear stress by dividing the shear

with the width of the web (by,) and the effective depth of the beam (d).

2.5.2 BS 8110-1-1997

In British specification BS8110 (BS 8110-1-1997), the design shear V. for

normal weight concrete is represented in SI units.

1(;;(;[15)% (420)% (]2%;‘)% N . (2.30)

v, = 0.79(

Where A is the area of steel, b refers to the breadth of the web, d deals with
the effective depth, f,,, is the characteristic concrete cube strength, which would not

exceed 40 Mpa, and Y,,, denotes the material partial safety factor taken as 1.25. The

1004
value of ( d s) should not be taken as greater than 3.

The ACI building code [ACI 318-2019] considers that the nominal shear
strength is proportional to (f'_)*/? while BS 8110 code [BS 8110-1, (1997)] and

some investigations concludes that the shear strength is proportional to (f-,)/3.

2.5.3 Eurocode 2 EN 1992-1-2-2004

The shear capacity of the concrete using Eurocode 2 European Standard (EN

1992-1-2-2004), Vgq  is exemplified through the empirical expression below:

1
Vade = [0.12 k(100p, f.1)3 ] byd  ..(231)
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with a minimum value of:

3 1
VRd’C=[0.0035 02(F)? |byd .. (232)

where:

VRa,c = design shear resistance of the section without shear reinforcement

k= (1 + %)4 2.0 ..(2.33)

With d expressed in mm

As1

b,,d

py = £0.02 (234

As1 = the area of tensile reinforcement extending beyond the section by at least
a full anchorage length and an effective depth (d) by, = the smallest width of the

section in the tensile area (mm).

2.5.4 Canadian Code CSA S6-09 Addendum

The shear capacity of the concrete using Canadian Standards Associations

(CSA S6-09 Addendum), V. is illustrated in the following expressions:

Ve=25B¢cfrbd, . (2.33)
for = 25\/; . (2.34)
d, 2 {0.9d ... (2.35)
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{0.72h

5= 0.4 y 1300 5 36

~ (1+1500€,) " (1000 + s,,) - (2:36)
My

€ = £0.003 ..(2.37)

2(Er1451)

Where . is a resistance factor for concrete = 0.75, ferrefers to the cracking
strength of concrete, f'c is the compressive strength of concrete, Sz represents the
effective crack spacing for members without stirrups = 300 mm, &y stands for the
longitudinal strain at mid-height of the cross section, My is the bending moment, V¢
expresses the shear load, Ny is the factored axial load normal to the cross-section
occurring simultaneously with V7 including the effects of tension due to creep and
shrinkage (taken as positive for tension and negative for compression), E; indicates
the modulus of elasticity of longitudinal reinforcement, and Af; is the area of

longitudinal reinforcement.
2.6 Shear Behavior of Ultra-High Strength Concrete Beams

The following search platforms such as Science Direct, Engineering Village,
ASCE Journal, and ACI Journal stipulate research data on the shear behavior of
UHSC beam. Numerous investigations carried out and literature published are
focused on shear behavior of normal strength and high-strength concrete using the
experimental and analytical model through the codes but there is dearth of research

on UHSC.
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Further, an extensive body of literature is available on the shear behavior of RC
beams, from both analytical and experimental stand points; however, there is no

methodological study previously conducted on calculation.

Hung et al. (2021) presented a review of developments and challenges for
UHPC in structural engineering and summarized the developments, analysis, and
design approaches of reinforced ultra-high-performance concrete (R/UHPC)
elements under axial forces, shear forces, and bending moments with emphasis on
the shear behavior of ultra-high strength concrete beams using high strength steel
bars without stirrups. Further, they highlighted the advantages and limitations of
these approaches for different structural elements including beams, slabs, columns,
joists, shear wall, and bridge system using normal and high strength concrete with

high tensile yield strength of steel.

The current design codes for RC stipulate that slender R/'UHPC beams without
stirrups can attain a shear strength greater than the concrete design shear strength.
To resolve an unfavorable behavior or failure modes such as excessive crack width,
splitting failure, pre-mature concrete crushing, and buckling of steel bars, that occur
when high-strength steel rebars are used in normal-strength concrete members,

combined high-strength steel reinforcing bars and UHPC are feasible to be used.

Using UHPC resulted in less steel reinforcement ratio and flexural failure only
occurs when using minimum steel ratio. In addition, using a high amount of
reinforcement kept small deformation in the bars while using high-steel

reinforcement ratio gave low tension control behavior.

As stated by Yousef et al. (2018) increase in the concrete strength results to
increase in the shear strength using R/UHPC. On the one hand, the majority of the

codes in shear equations were underestimated.
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Tahenni et al. (2021) conducted an experimental study of 16 RC beams made
of NSC and HSC under shear using a four-point loading. In their study, the shear
capacity of the tested beams was evaluated, diagonal cracking behavior was
examined, numerical analysis of shear and diagonal cracks were performed through
ANSYS to show the effect on the behavior of RC beams made of NSC and HSC,
with and without transverse reinforcement, and results were compared with the
different models from other studies. The beams without web reinforcement made of
HSC demonstrate brittle behavior while the mode of failure of the tested beams
changed from shear to flexure, particularly with web reinforcement. Moreover, the

ultimate load capacity of the beams increased.

The experimental investigation and the theoretical values presented in literature
on the comparison of ultimate shear strength of the beams without web
reinforcement can be considered acceptable. The FE predicted results of the load—
deflection response, the ultimate load, the cracking load, the ultimate deflection, and
the maximum diagonal crack widths coincided with the data as a result of the

experiment.

In the study of Wang et al. (2020) on the shear performance of reinforced
UHPC (eight without web reinforcement and four with web reinforcement)
rectangular section beams with different shear span ratio, stirrup ratio, steel fiber
volume ratio, reinforcement ratio, and longitudinal reinforcement strength, the
results demonstrate that increase in the beams’ shear span ratio at a certain range
resulted in the decrease of the beams’ shear capacity. Moreover, increase in the
beams’ stirrup, reinforcement ratios and the longitudinal reinforcement strength at a
certain range resulted to the slight increase in the beams’ shear capacity while beams

without web reinforcement display diagonal compression failure with less shear

29




span-to-depth ratio and shear compression failure with higher shear span-to-depth

ratio.

Another study using experimental performance of Ultra-High-Performance
Steel Fiber-Reinforced Concrete (UHPSFRC) beams where the concrete parts of the
beams were modelled using eight-node solid element was conducted by Tibea et al.
(2020). They tested six beams that were subjected to loads at low shear span-to-
depth ratios. The test results showed that a higher fiber content caused an increase
in ultimate capacity and some enhancement in ductility. The findings further
provided an understanding of the ultimate response including shear strength and

failure mode of structural elements that integrate various fiber contents.

The experimental and numerical results revealed that the shear strength and
failure mode of such members are influenced by the flexural reinforcement ratio,

fiber content, and location of loading.

With the goal of building a numerical model, Rewers (2019) describes a four-
point bending test of a beam with steel reinforcement with created model from
ABAQUS software using the Concrete Damage Plasticity (CDP) material model for
concrete. However, the beam failed due to concrete crushing and top reinforcement
buckling. Specifically, the experiment failed due to bending, concrete crushing, and
steel yielding. The numerical model serves as a duplicate with the assumed dilation
angle of not less than 25 degrees. Those with smaller angles of dilation have failure

mode that does not correspond with reality.

Hence, it is also shown that the shear strength and failure mode of such
members is dependent on the fiber content, flexural reinforcement ratio, and location

of loading as indicated in the experimental and numerical results.
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Wakjira et al. (2020) experimented on the effect of the shear span-to-depth (a/d)
ratio in the shear behavior of Steel Reinforced Grout (SRG) and strengthened RC
beams. During the experiment, there were 12 beams that were casted in four series
of three specimens where each was tested as part of the support system. The findings
showed the intensified efficacy of SRG for deficient beams in shear. In particular,
the SRG significantly increased with an increase in a/d. Hence, it was recommended
that an analytical model for predicting the shear capacity of SRG strengthened beams

be used to record the effect of the a/d ratio.

Ahmed et al. (2019) studied the shear behavior of UHPC beams reinforced with
HSS bars and investigated the effects of key structural parameters on the shear
behavior of non-pre-stressed UHPC beams passively reinforced with high-strength
steel bars taking into consideration several parameters (steel-fiber volume ratio V7,
compressive strength of concrete fc', longitudinal reinforcement ratio p, stirrups
spacing s, and shear span-effective depth ratio a/d). Under a four-point loading
configuration, ten beam specimens with cross-section were quasi-statically loaded
to failure on a simple span. The researchers found that the shear capacity increased

with an increase in both V; and p, but with a decrease in a/d.

All beams failed in pure shear, and the longitudinal steel bars did not yield
during beam failure. At the time of failure, concrete crushing did not occur at the top
of UHPC beams. At a higher shear span to effective depth ratio (a/d), the shear load
capacity and mid-span deflection were found to be lower. The findings further
exhibit that decrease in shear load capacity and mid-span deflection with increase in

ald was more at a lower longitudinal reinforcement ratio.

The shear strength of UHPC beams without stirrups showed that its shear
capacity increased with the expansion of the steel bars’ compressive strength and

volume ratio while the failure mode is altered from shear tension to shear
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compression. In addition, research on the use of steel fibers as shear reinforcement
in High Strength Concrete (HSC) beams revealed that the HSC beams’ shear

strength improved with the addition of steel fibers to the HSC mixture.

Another study by Nikbakhta et al. (2019) is focused on the shear and flexural
behavior of High-Performance Self-Compacting Concrete (HPSCC) beams with no
coarse aggregate and compressive strength of above 100 MPa. They experimented
on the casting of six HPSCC beams of different longitudinal reinforcement ratios
and shear span-depth ratios for both casted and experimented cases using three-point
loads (simply supported beam with concentrated load at the center of beam). It was
found that beam specimens without transverse reinforcement were designed; thus,

they fail in shear.

The experiment results showed that in the beam specimens without transverse
shear reinforcement, the beams with Hooked Steel Fibers (HSF) had a greater
ultimate load and deformation capacity. Moreover, it was proven that specimens
with HSF and a lower longitudinal reinforcement ratio displayed greater shear
strength and deformation capacity. Nikbakhta et al. (2019) further indicated that the
influence of the type of steel fiber is more evident than that of the longitudinal
reinforcement ratio in HPSCC beams, which were set to shear loads. The results
showed that increase in the longitudinal reinforcement causes an intensified strength

of the beams and reduction in the deformation capacity.

The shear behavior of fiber-reinforced ultra-high-performance concrete beams
was examined by Meszoly et al. (2018) through an experiment. Twenty I-shaped
beams made of (UHPC) of different steel fiber content and with varying degrees of
shear reinforcement (with or without stirrups) were tested in shear with the mean
compressive strength of the concrete at 170 MPa. The study examined the traditional

transverse shear reinforcement, the fiber reinforcement effects on the shear behavior
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as well as the interaction of both parameters such as shear capacity and breakdown

mechanisms. The results showed that all tests failed in shear.

Twenty UHP(FR)C beams reinforced longitudinally with high-grade steel bars
were tested in for the shear behavior of UHP(FR)C beams; however, all tests ended

up with shear failure.

Kodur et al. (2018) analyzed the failure characteristics of Ultra High-
Performance Fiber Reinforced Concrete (UHPFRC) beams without stirrups under
flexural and shear loading. Four large scale beams with low tensile reinforcement
ratio and with no shear reinforcement were tested to check on the structural behavior
of UHPFRC members. Two tested under flexural loading while the other two under
shear loading. The findings showed that UHPFRC beams exhibit a cracking pattern,
specifically multiple microcracks at the initial stages and scattered single
macrocrack at the critical section with increased loading at the later stages. The
comparison of results also revealed the absence of shear reinforcement in UHPFRC
beams in which the beam's ductility or moment capacity under dominant shear

loading did not reduce.

Bae et al. (2016) conducted a study on the flexural strength of reinforced
concrete members, specifically models made up of compression and tension stress
blocks with steel fiber reinforced ultra-high strength concrete using ACI code
formulas. On the compression side, rectangular stress block, triangular stress block,
and real distribution shape of stress were utilized. The rectangular stress block was
used in the partial and whole area of tension side. The comparison of results showed
that the triangular compression stress block and strain-softening type tension stress
block models can be used as solution for UHPC on the other hand, the modified
rectangular stress block model can be utilized with strain softening type tension

stress block.
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The structural behavior of Ultra-High -Performance Fiber Reinforced Concrete
(UHPFRC) with Normal Strength Concrete (NSC) or High Strength Concrete (HSC)
composite member was experimented by Hussain et al. (2015). The test results
showed that the bond strength between concrete material layers of UHPFRC and
NSC/HSC was significantly high and hence revealed that the performance of the
proposed composite system, in terms of flexural and shear capacity, was successfully

enhanced.

Hawileh (2015) constructed a Finite Element (FE) model of reinforced concrete
beams with a hybrid combination of steel and aramid reinforcement of 30 MPa
(NSC) and 65 MPa (HSC) using ANSY'S program for UHSC. In the study, there are
21 3D non-linear FE models developed to simulate the response of concrete beams
reinforced with a hybrid combination of Fiber Reinforced Polymer (FRP) and steel.
Six models were used to validate the accuracy of the results through the comparison
of the predicted load against the mid-span deflection response values with the
experimental results obtained from a previous study while the remaining 15 models
were used to analyze the effect of AFRP bar size, FRP reinforcement material type,
reinforcement bond-slip action, and concrete compressive strength on the

performance of the RC beam specimens.

Moreover, Hawileh (2015) developed three-dimensional (3D) FE models that
predicted the load versus mid-span deflection response of tested RC beams with a
hybrid combination of steel and AFRP bars. The FE models account for the
constituent material non-linearities and bond-slip behavior between the reinforcing
bars and adjacent concrete surfaces. Based on the findings, it was concluded that the
developed models can accurately capture the behavior and predict the load-carrying

capacity of such RC members.
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A study was conducted by Badiger et al. (2017) on the reinforced concrete beam
(NSC) by finite element analysis using ANSYS 13.0 for formal Strength Concrete.
A four-point bending analysis was implemented using reinforced concrete beam.
Results were based on the analysis of the beam with reference to mesh density,
varying depths, use of steel cushions for support and loading points, effect of shear
reinforcement on flexure behavior, and impact of tension reinforcement on the

behavior of the beam.

Xia et al. (2011) conducted a shear failure analysis, particularly the mechanism
of the deck strip shear failure on ultra-high-performance concrete beams reinforced
with high strength steel. Experiments with material characterization, tests on bond
strength, small-scale prism, and full-scale beam were conducted and specimens with
traditional shear strengthening techniques were tested. Results were compared and
the researchers concluded that in UHPC beams reinforced with passive HSS rebar,
shear failure is more critical if there is no transverse reinforcement. Further, the
actual flexural load capacity based on the ultimate tensile strength of HSS rebar
surpassed the design value, which was predicted on the nominal yielding stress of
HSS based on the 0.2% offset rule. A considerable amount of shear reinforcement
was required to increase the shear resistance that is higher than the actual flexural
capacity to avoid the domination of shear failure in UHPC-HSS beams. The addition

of transverse reinforcement is not practical and economical.

Xia et al. (2011) further pointed out that like normal reinforced concrete, shear
failure of UHPC-HSS beam does not indicate any brittle response or catastrophic
load reduction. Therefore, this shear failure mode is regarded as acceptable but
additional shear resistance due to localized deformation of the longitudinal

reinforcement is not proposed for design capacity formulas.
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Choti et al. (2009) studied the shear strength of a slender reinforced concrete
beams without web reinforcement and found that a reliable shear strength model for
slender reinforced concrete beams without web reinforcement is described based on
fuzzy set theory. A fuzzy-based model was developed to deal with the interaction
between the shear modeling parameters and the random and non-random
reservations on these parameters. The compressive strength, effective depth, and
tension reinforcement ratio are essential parameters to determine the modeling shear
strength in slender reinforced concrete beams without web reinforcement. The shear
strength predicted by the fuzzy-based model is compared to that predicted by current
shear strength model suggested by design codes such as the Eurocode 2, EC2;
American code, ACI 318-05; and Canadian code, CSA A23.3-04.

Hamrat et al. (2009) in their study presented the shear behavior of RC beams
without stirrups made of normal strength and high-strength concretes and covered

the compressive strengths at the range of 40 MPa to 104 MPa.

Sixteen reinforced concrete beams without transverse stirrups were
experimented for failure to investigate the influences of the shear-span/depth ratio
(a/d), longitudinal steel ratio (p), and compressive strength of concrete (f',) on the
global behavior in shear for beams made of NSC as well as HSC. Using a digital
video recording, crack development and propagation were monitored for shear
cracking and results showed that the shear capacity depends more on the shear-
span/depth ratio (a/d) and the longitudinal steel ratio (p) and less on the compressive
strength (f') in the case of HSC. Based on the findings and data collected from other
studies, a shear formula was proposed for the computation of the shear strength of
concrete beams without stirrups. Comparison between different models in the design
codes to present the contribution of concrete to the shear resistance of beams and to

show that the beams without stirrups was made through the proposed formula. The
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findings revealed that those made of HSC exhibit a brittle behavior and with the
increase in strength capacity the compressive strength of the concrete also increases.
The increase in longitudinal steel ratio also increases the ultimate shear capacity but
reduces the deflection at mid-span where the steel percentage increases and the
ultimate load decreases as a/d increases. In the same manner, mid-span deflections
at ultimate load increase as the values of a/) increase. The tests also demonstrated

that as the ratio Pu/) decreases, a/d increases.

Hassan et al. (2008) conducted a study on the shear behavior of large concrete
beams reinforced with high-strength steel by testing six large-size concrete beams
reinforced with either conventional or high-strength steel and further tested up to
failure. The beams were built without web reinforcement to ensure the evaluation of

the nominal shear strength provided by the concrete.

The influence of the shear span-to-depth ratio, concrete compressive strength,
and the type and amount of longitudinal steel reinforcement were investigated. The
study showed that using high-strength steel alters the failure mode from diagonal
tension to shear compression failure and resulting in higher shear strength compared
to using conventional steel. Moreover, the influence of the shear span-to-depth ratio
a/d and the type and amount of longitudinal steel reinforcement were also examined.
The findings showed that high-strength steel strongly influenced the shear behavior
of the concrete beams tested in the current study and constructed without web
reinforcement, the diagonal cracking strength is the measure of the concrete
contribution at ultimate for members reinforced with conventional steel and
constructed without web reinforcement. Such relationship is inappropriate for high-
strength steel as the behavior is strongly influenced by the a/d and the stress level in
the bars, concrete beams reinforced with Grade 420 MPa (60 ksi) steel and

constructed without web reinforcement exhibited a very brittle failure due to
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yielding of the longitudinal steel reinforcement. Shear failure occurred shortly after

the initial shear crack.

The ACI 318-05 simplified expression for the shear contribution of concrete is
unconservative for large-size concrete beams without web reinforcement. The

expression needs to account for the size effect and the reinforcement characteristics.

From the above review, it can be observed that most of the data focused on the
discussion of the shear behavior of normal strength and high strength concrete using
experiments and comparison of analytical model through codes. There are
insufficient studies on the behavior of high strength concrete using numerical
methods. There are also limited investigations related to ultra-high strength concrete
reinforced with high-strength steel bars without stirrups, and these studies have not
used the numerical method either. With these observations, the researcher intends to
examine the shear behavior of ultra-high strength concrete beams reinforced with
high-strength steel bars without stirrups using experimental and numerical

approaches.

38




Chapter 3

Experimental Works
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Chapter 3
Experimental Works

3.1 Introduction

The main objective of the present study is to investigate the shear behavior of
ultra-high strength concrete beams reinforced with high-strength steel bars without

stirrups.

Three variable were selected for this study. the span-to-depth ratio (a/d),
flexural reinforcement ratio (p), and compressive strength of concrete (f;,). The basis

for selecting these variable as follows:
I- Normal span-to-depth ratio 2 < (a/d) < 6 and the three beams in this range.

2- Flexural reinforcement ratio, one with p < py, second beam with p

approximately equal py, and the third one with p 2 p,.

3- Compressive strength of concrete (7). Ultra high strength concrete (UHSC)
has been defined as having a compressive strength ranging from 83 to 150 MPa,
therefore the first one selected below the lower limit, the second and the third one

selected in the range of the definition of UHSC.

To achieve this objective, an experimental program is carried out testing the
beams at the structural laboratory of the Civil Engineering Department of the
University of Bahrain and casting the beam at Bahrain Precast Concrete CO. W.L.L.
In addition to taking samples of cubes for 28 days, testing the steel bar strength is
performed at the Al Hoty Analytical Services W.L.L. Prior to the start of the
experimental works, Numerous preparations and tests are made in relation to

material proportion, preparation of the molds, test set up, measurements, and
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machine operation. The experimental work included casting and testing of several

beams designed to fail by shear.

3.2 Materials

The production of UHSC that consistently meets the workability and strength
development requirements is important in material selection. UHSC was produced
using material of high quality and low water cement ratio based on the trial mixtures'
result. Also, a water reducing admixture is used to decrease the quantity of water

and increase workability that results in strength increase.

3.2.1 Cement

The cement used in all beams is from one shipment ordinary Portland cement,

which is in accordance with BS 12 and ASTM C 150 Type I.

3.2.2 Aggregate

Approximately three quarters of the volume of concrete is occupied by the
aggregate. The aggregate limits not only the concrete's strength but its properties
may affect its durability and structural performance (Neville, 2011). BS and ASTM
standard specifications were followed to determine the physical properties of

aggregates.
3.2.2.1 Coarse Aggregate

Crushed limestone from United Arab Emirates (UAE RAK Aggregate) with
nominal maximum size of 20 mm was used in ultra-high strength concrete. Figure

3.1 shows the sieve analysis for the coarse aggregate.
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Figure 3.1 Grading for coarse aggregate

3.2.2.2 Fine Aggregate

Blended/Marine sand in accordance with BS 882 was used as fine aggregate to

produce ultra-high strength concrete. Figure 3.2 shows the sieve analysis for fine

aggregate.
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Figure 3.2 Grading for fine aggregate
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3.2.3 Water

Filtered water was used.

3.2.4 Chemical Admixture

Water reducing admixtures were added to the high strength and ultra-high
strength concrete mix to increase workability, decrease the water content for the
same workability, and increase the strength of the concrete. Water reducing
admixtures PC-331 F was used to produce ultra-high strength concrete and high

strength concrete.

3.2.5 Slag

Slags are waste products of iron, alloy steel, and phosphate industries (Haynes

2017) and these were used to produce ultra-high strength concrete.

3.2.6 Micro silica

Micro silica was used in ultra-high concrete to improve the concrete strength,
provide more uniform distribution and greater volume of hydration products, and

decrease the average size of pores in the concrete.

The advantages of using micro silica can be significant as it reduces thermal
cracking caused by the heat of cement hydration and can improve durability to avoid

attack by sulfate and acidic waters (Bubshait et al., 2007).

3.2.7 Reinforcing Steel

The reinforcing steel used in the beams was high-strength deform bars Grade

500 BS / Grade 72.5 ASTM (f'y =500 MPa) in accordance with BS 4449:2005 +
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A2:2009, ASTM A955/A955M-2009 standard for different bar diameters to get the
properties of the reinforcement bars with modulus of elasticity (Es = 200 GPa).

In this research, two samples were used, one for 25 mm dia and another for 32
mm dia, the rebars texture image shown in figure 3.3. Other the details are shown in

the next chapter (chapter 4 Testing and Results).

Figure 3.3 Rebars texture image
3.3 Concrete Mix Proportions

Three types of concrete mixes were made, namely, ultra-high strength concrete
with compressive strength of fo, = 120 MPa and 100 MPa and high strength concrete
with compressive strength of fo, = 80 MPa.

The grading was a combination of fine and coarse aggregates to ensure that a
satisfactory amount of aggregate with a minimum void space is obtained in the mix.
This will enable the use of a minimum amount of paste (water and cementitious

material) in concrete, improving its dimensional stability and durability.

The combined grading for the three mixes is shown in figures 3.3, 3.4, and 3.5.
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Figure 3.4 Combined Grading for f.,, =120 Mpa
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Figure 3.6 Combined Grading for f, = 80 Mpa

The concrete mix proportion for the three mixes (by weight) are given in table

3.1. Their slumps were measured according to BS 8500 in figure 3.6. For high

workability, S5 class is 220 mm for all the mixes as shown in table 3.2.

Table 3.1 Concrete mix proportions

Concrete | Cement | Water Coarse Fine Slag Micro | Admixture
Strength | Content | Cement Aggregate | Aggregate |kg/m® |Silica |kg/m’
MPa kg/m*® | Ratio W/C | kg/m? kg/m? kg/m?

120 499 019 1120 656 63 63 15

100 470 0.28 1160 700 0 47 0.5

80 470 0.34 1235 793 0 0 7.9
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Table 3.2 Concrete slump class specification to BS 8500

I ss -

Figure 3.7 Slump test apparatus based on BS 8500
3.4 Test Specimen Details

Shear tests consist of three sample groups of beams (Group 1 [G1], Group 2
[G2], and Group 3[G3]). The main variables of each group are the shear span-to-
depth ratio (a/d) in G1, the flexural reinforcement ratio (p) in G2, and the

compressive strength of concrete (fc,) in G3. The beams were singly reinforced with
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double layers of G72.5 as per ACI code; G500 as per BS code reinforcing bars which
had a yield stress (fy) of 500 MPa (72.5 Ksi).

All beams are designed according to ACI 318-19 and BS 8110 part 11997
requirements with compressive strength of concrete £, of 120 MPa (17.5 Ksi) except
the beams in G3 that are designed with fc, of 80 MPa (11.7 Ksi) and 100 Mpa (14.6
Ksi). In addition to the beam of 120 MPa (17.5 Ksi), all beams in all groups are Mpa
and are without stirrups. The beams with 200 mm wide (b) have a total depth (h) of
300 mm. The beams were simply supported and loaded by two-point loads. Each
beam specimen was intentionally designed to have calculated a nominal bending
moment capacity M, that was greater than the calculated moment required to cause
a shear failure. Table 3.2 and figure 3.4 summarize the specimen details. Table 3.3
shows the calculated moment capacity M, as per ACI code, noting that using /.

(Cylinder) = 0.8 fo (Cubes) for ACI equations and as per BS code.

Table 3.3 Details of test beam specimen

BIGI [200 [300 | 2375 | 14 500 |467 |211 4025 | 196429 |0.041 |

B2G1 | 200 |300 |237.5 |1.65 [625 |5.50 |2.63 40925 1964.29 | 0.041

B3G1 | 200 {300 |[237.5 |190 [750 |6.33 |3.16 4025 1964.29 | 0.041

B4G1 | 200 | 300 |237.5 |24 1090 | 8 4.21 4 ¢ 25 1964.29 | 0.041

B1G2 |200 [300 [237.5 [1.65 {625 |5.50 |2.63 40925 1964.29 | 0.041

B2G2 | 200 {300 [230.5 |1.65 |625 |550 |2.71 2925 2591 0.056

B3G2 | 200 |300 |230.5 |1.65 | 625 |5.50 |2.71 4932 3218 0.064

B4G2 [200 [300 [262.5 |2.61 |1105 |8.7 |4.21 2025 982.14 0.019

B5G2 |200 | 300 |259 2.58 11090 | 8.6 |4.21 2932 1609.14 | 0.031

1 B6G2 | 200 | 300 |230.5 |1.65 |625 |5.50 |2.71 432 3218 0.064

BI1IG3 | 200 {300 2375 ]1.65 |625 |5.50 |2.63 4 ¢ 25 1964.29 | 0.041

B2G3 200 | 300 |237.5 [1.65 [625 |5.50 |2.63 4025 1964.29 | 0.041

B3G3 | 200 {300 |237.5 [1.65 [625 |5.50 |2.63 4925 1964.29 | 0.041
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Figure 3.8 Details of test beam specimen
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Table 3.4 Nominal strength calculation as per BS 8110 and ACI equations

No. |Beam | a/d |p r Jeu I P p/ Calculated Nominal strength BS | Calculated Nominal strength
No. MPa |MPa | MP P equations ACI equations
a Shear Flexure Shear Flexure

Vn P Mn B Vn P Mn P

KN KN KNm | KN KN KN KN.m | KN
1 BiGl | 211 |0.041 | 500 120 96 |0.058 |0.71 | 926 185.19 | 172.16 | 688.62 | 90.51 | 181.3 |203.71 | 814.82
2 B2G1 | 2.63 | 0.041 | 500 120 96 |0.088 |0.71 | 926 185.19 | 172.16 | 3509 | 87.3 | 174.61 | 203.71 | 651.86
3 B3G! | 316 [0.041 | 500 120 96 |0.058 | 0.71 | 52.6 185.19 | 172.16 | 459.08 | 85.16 | 170.33 | 203.71 | 543.22
4 B4Gl [ 421 [0.041 | 500 120 96 [0.058 | 0.71 | 92.6 185,19 | 172.16 | 344.31 | 82.49 | 164.98 | 203.71 | 407.41
5 BIG2 | 263 |0.041 | 500 120 96 | 0.038 | 071 | 52.6 18519 | 172.16 | 710.02 | 87.3 | 174.61 | 203.71 | 651.86
6 B2G2 |27 0.056 | 500 120 96 | 0.058 | 0.97 | 100.57 | 201.15 | 221.88 | 87599 | 89.3 | 178.6 |249.2 |797.45
7 B3G2 |27 0.07 500 120 96 | 0.058 | 1.21 | 107.81 | 21562 | 173.75 | 550.9 | 92.68 | 185.37 | 291.58 | 933.05
8 B4G2 | 421 | 0019 | 500 1260 96 |0.058 | 0.32 | 76.728 | 15325 | 95.14 | 172.2 | 86.32 | 172.36 | 121.52 | 21994
9 B5G2 |4.21 |0.031 | 500 120 96 | 0.058 | 0.54 | 89.83 | 179.65 | 153.8 | 2822 | 87.78 | 175.56 | 188.55 | 345.97
16 | B6G2 | 4.21 |0.041 | 500 126 96 |0.058 |0.71 | 926 185.19 | 172.16 | 344.31 | 82.49 | 164.98 | 2-3.71 | 40741
11 | BIG3 | 263 |0.041 | 500 80 64 | 0.039 | 1.07 | 80.89 | 161.78 | 172.16 | 550.9 | 73.64 | 147.28 | 188.93 | 604.57
12 | B2G3 | 2.63 | 0.041 | 500 100 80 [0.048 | 086 | 87.14 | 174.27 | 172.16 | 3509 | 80.82 | 161.63 | 197.8 | 632.95
33 |B3G3 | 263 |0.041 | 500 120 96 | 0.058 |0.71 | 926 185.19 | 172.16 | 5509 | 87.3 |174.61 | 203.71 | 651

3.5 Preparation of Test Specimen

The preparation includes batching, mixing, and fabrication.

3.5.1 Batching

Batching involves the collection, storage, and proportion of the concrete

constituents before mixing. Batching is done by weight for accuracy. All operations

of weighing and batching of the concrete ingredients were done by hand. All

materials were weighed using a sensitive scale. Cement, slug, micro silica, fine and

coarse aggregate, water, and admixtures were measured accurately and fed to the

mixer in a similar flow to produce a uniform quality of concrete.
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Figure 3.9 Batching of materials for the mix

3.5.2 Mixing

The concrete was mixed in a drum type mechanical mixer as shown in figure

3.9.

For the higher quantities of concrete, a central type of concrete mixer machine

was used as shown in figure 3.10.

Before the mixing operation, the mixer was cleaned and checked to ensure that
it is in good condition. The materials were uniformly distributed throughout the
mixtures and all aggregate surface was coated with cement paste. The mixer was
meticulously designed, not overloaded, charged correctly, and operated at the
optimum speed as recommended by the manufacturer. The time of mixing required

was according to ASTM C-94 and BS standard.
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(b)

Figure 3.10 Mixer machine (a) Drum type mechanical mixer, (b) Central type

concrete mixer

Figure 3.11 Concrete Mixing
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3.5.3 Fabrication

The fabrication steps include fabrication before concreting, concreting

operation, and after concreting.

3.5.3.1 Before Concreting

Fabrication before concreting includes fixing the forms, fixing the

reinforcement, and checking out the forms.

Forms

The forms were made of steel plates as shown in figure 3.12 and were reused
several times for the 10 beams. The forms have the same cross section and have
smooth inside surface to facilitate the observation of cracks. Before placing the

concrete, the forms were oiled as a precaution against sticking of the concrete forms.

Figure 3.12 Steel plate forms
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Reinforcement

The longitudinal reinforcement was placed in two layers in all beams. To hold
the reinforcement in its proper position with respect to the bottom of beam,
supporting steel chairs with the necessary depth were tied to the layers of the
longitudinal bars, in addition to the concrete that covers the necessary depth to

support the longitudinal bars with the sides of the forms.
Checkout Forms

Before the concreting operation, the forms were checked and braced against
collapsing. In addition, the enforcement steels were checked. Figure 3.13 shows that

the form is ready for casting.

Figure 3.13 The form ready for casting
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3.5.3.2 Concreting Operation

After batching and mixing operations were completed, the concrete was
conveyed, placed, and consolidated without segregation; testing of fresh concrete

and taking samples for testing the concrete strength also transpired.
Conveying

The concrete was dumped into metal container and then shoveled into the

form.

Figure 3.14 Conveying of the concrete mix

Placing

The concrete was placed uniformly into the form by layers using a spread
trowel. Each layer was spread to a uniform depth over the full length of the beam.
The concrete was kept uniform and freed from obvious imperfection.
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Figure 3.15 Conveying of the concrete mix using central type mixer
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Figure 3.16 Placing of the concrete into the form
Consolidation

After the concrete was placed, the consolidation was done by means of
electrical vibrator to secure a dense beam and close the bond with reinforcement and

smooth surface. The concrete worked around reinforcement and embedded fixtures
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and into the corner of the forms and operated continuously so that no holes were left

in the concrete for forms to flow, because such practice usually caused segregation.

Figure 3.17 Placing of the concrete into the form using central type mixer
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Figure 3.18 Concrete after consolidation

Test of Fresh Concrete

Immediately after mixing, a slum test was performed in accordance with ASTM
C134 and BS 5328, BS 8110 to ensure workability. Unit weight was performed in
accordance with ASTM C138 and BS 5328. Table 3.5 shows the results of these

tests.
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Table 3.5 Properties of fresh concrete

No. | Beam | BPC Date of Required | Slaump | Unit Note

No. | No. Casting fou (MPa) | (mm) | Weight

(Kg/m?

1 B1G1 | BE-11-300 13-Mar-2022 120 300 2475
2 B2G1 | BE-11-301 07-Mar-2022 120 300 2423
3 B3G1 | BE-11-302 06-Mar-2022 120 300 2447
4 B4G1 | BE-11-402 05-Jun-2022 120 230 2470 Additional Beam
6 B1G2 | BE-11-301 07-Mar-2022 120 300 2423 B2Gl1
6 |B2G2 |BE-11-303 08-Mar-2022 120 300 2436
7 B3G2 | BE-11-304 09-Mar-2022 120 300 2560
8 B4G2 | BE-11-400 02-Jun-2022 120 190 2493 Additional Beam
9 B5G2 | BE-11-401 04-Jun-2022 120 230 2480 Additional Beam
10 | B6G2 | BE-11-402 05-Jun-2022 120 230 2470 Additional Beam B2G4
11 | B1G3 |BE-11-100 12-Mar-2022 80 300 2436
12 | B2G3 | BE-11-200 10-Mar-2022 100 300 2439
13 | B3G3 | BE-11-301 07-Mar-2022 120 300 2423 B2Gl1

Concrete Control Specimen (Cubes)

Six 100 mm cube specimens were casted along with each beam prepared
according to BS 1881 to investigate the uniaxial compressive strength of concrete

for 7 and 28 days.

Figure 3.20 Cubes 100 mm as Concrete Control Specimen
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3.5.3.3 After Concreting
The process includes the removal of forms, storage, cure, transport, and paint.
Removal of Forms

The sides of steel forms of the beams were removed one day after casting. Also

cube molds were removed 24 hours after casting.

Figure 3.21 Beam after removing the form

Storage and Curing

All beams and control specimens (cubes) were cured in the curing yard of

Bahrain Precast Concrete Company. The typical arrangement of curing and storage
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of the beams were shown in figures 3.23 and 3.24. The beams were covered with
standard towels and saturated daily with water for 28 days, while the cubes were

immersed 1n water in a big container for 28 days as shown in figure 3.25.

Figure 3.22 The beams are ready for curing and storage
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Figure 3.25 Curing and storage of the control specimens (Cubes)
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Transportation of the Beams

The beams were transported to the structural lab at the University of Bahrain

for testing as shown in figure 3.26.

Figure 3.26 Transporting and storing the beams in the Lab
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Painting of the Beams

The beams were coated with white to observe cracking patterns during the test

as shown in figure 3.27.

Figure 3.27 The beams after white painting
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Chapter 4

Testing and Results
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Chapter 4
Testing and Results

4.1 General

To achieve the goals of the experimental program, nine reinforced concrete
beams were designed to fail in shear in three groups. Each group has three beams;
one beam is common between groups. Seven reinforced concrete beams were casted
at Bahrain Precast Concrete (BPC) company yard for the researcher to study their
shear behavior. All beams have the same width (b=200 mm) and the same total depth
(h=300 mm). The effective depth (d=230.5 to 237.5 mm) depends on the
longitudinal steel reinforcement arrangement. The variables; however, with shear
span-to-depth ratio (a/d) vary from 2.11 to 3.16, the flexural reinforcement ratio (p)
vary from 0.041 to 0.064, and the compressive strength of concrete £, vary from 80

MPa to 120 MPa. For each beam, six concrete control specimen cubes were casted.

Before testing, the beams and their respective cubes were taken out from the
storage room and were coated with white paint to facilitate the observation of the

cracks during testing.
4.2 Beams Testing

The beams were tested using hydraulic load testing machine in the structural

laboratory of the University of Bahrain. The machine is shown in figure 4.1.
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Figure 4.1 Hydraulic testing machine

4.2.1 Test Loading Equipment

The beams were supported by a free roller at both ends to eliminate any axial
forces during testing. All beams were loaded symmetrically with two equal
concentrated monotonically increasing loads and were tested under static loading
until the ultimate stage defined as the maximum load carrying capacity. The load
was transferred from the head of the hydraulic load to the concrete beam by spreader
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steel beam with free roller at both ends. The two-point loads were placed with the
support of spreader steel beam at 200 mm on both sides at the center of the reinforced
concrete beam, noting that the distance between the end of the RC beam and center

of its support is 100 mm for both ends.

This arrangement of loads produced a constant moment and zero shear in the
central 400 mm. Figure 4.2 shows the beam test setup, Figure 4.3 manifests the roller

supports and figure 4.4 exhibits the two-point load arrangement, respectively.

& Head of Hydraulic

. Machine Cepter

f Test Beam

W

; _ § Py Roller
Dial Gage
Hydraulic Testing Machine Basement
,f%’”‘”g a . w%m:mnﬁ a gii}i}m?}

Figure 4.2 Beam setup for testing
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(a) Left side (b) Right side

Figure 4.3 Beam roller supports

Figure 4.4 Arrangement for two-point loads with spreader steel beam
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4.2.2 Test Instrumentation

Dial gage was used to measure deflection with precision of measuring the
nearest 0.01 mm fixed under the bottom of the mid-span of the tested beam to

determine the mid-span deflection.

Figure 4.2 shows the position of the dial gage that measures the mid-span
deflection and the beam test setup and figure 4.5 displays the dial gage used during
the test.

Figure 4.5 Dial gage for measuring midspan deflection
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4.2.3 Test Procedure

The beam test specimen was placed for loading in the test machine after which
the dial gage was fixed under the test beam in the basement of the testing machine
through a holding tool. The typical arrangement of specimen under test is shown in

figure 4.6. The dial gage was set to zero reading prior to testing.

Figure 4.6 Typical beam test arrangement

The load was applied with increment of 5 KN until the appearance of the first

crack, then the load was increased to 10 KN up to 70 percent of the estimated
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ultimate load of the beam, after which the increment was reduced to 5 KN up to
failure. At each load increment, deflection readings were recorded through the dial
gage, cracks were checked, traced with color tipped pen, identified with the load at
which they formed. Before failure of the beam, the mid-span dial gage was taken

off, and a ruler was used to read the deflection at failure.

The time required for testing each beam is the time between initial load and
failure. It varies depending on the estimated ultimate load but may take about 60 to

90 minutes.

The control specimen (cubes) for each beam was tested to determine the
compressive strength of concrete and steel bars and to determine the yield strength

of reinforcing bars.

4.3 Test Results

The main objective of the present study is to investigate the shear behavior of
ultra-high strength concrete beams reinforced with high strength steel. The
parameters for the study are beam deflection, cracking, strength, and failure

mechanisms.

All efforts have been made to record all measurements up to failure. Beam
deflection was recorded through the dial gage, cracks were marked, and failure load

was recorded from the testing machine.

The beam test results, the control specimen results, and steel bars are presented

in the following sections.
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4.3.1 Test Results for Steel Bars

Two samples of steel reinforcement bars were used in the research, one sample
for 25 mm dia steel and another sample for 32 mm dia steel. The method of testing

is according to BS 4449:2005+A3:2016/BS EN 15630-1:2019. Figure 4.7 shows the

steel reinforcement bars testing machine.

Figure 4.7 Testing machine for steel bars tensile strength
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Table 4.1 presents the details of the test results for the steel rebars both in 25
mm dia and 32 mm dia, and figure 4.8 shows the load elongation curve for 25 mm

dia and 32 mm dia, respectively.

Table 4.1 Tensile Steel reinforcement test results

Satisfactory Satisfactory

0.596 0.699

w

2.239 4.331

3.757 6.196

478.56 789.3

25 32

23 23

636.469 623.097

727.298 731.231

1.14 1.17

100 100

121.32 129.65

21.32 o 129.65
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Load vs elongation curve
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Figure 4.8 load vs elongation curve for (a) 25 mm dia (b) 32 mm dia
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4.3.2 Test Results for Concrete Cubes

Three cubes were taken from each batch of concrete. The concrete cubes were
prepared according to BS 1881-125:1986 and tested according to BS 1881116:1983.

Figure 4.9 shows the concrete compressive testing machine.

Figure 4.9 Testing machine for concrete compressive strength
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Table 4 presents the average cubic compressive strength results (fo,) and

cylinder compressive strength of concrete (f'.= 0.8 1.,).

Table 4.2 Concrete cubes compressive strength test results

T13/03/22 | 17/04/22

T

B1Gl 86.96
B2G1 07/03/22 | 17/04/22 | 41 112.80 }90.24 Cl110
B3Gl1 06/03/22 | 29/03/22 | 28 111.40 |89.12 Cl110
B4G1 05/06/22 | 02/07/22 | 28 106.5 85.2 C110
B1G2/B2G1 | 07/03/22 | 17/04/22 | 41 112.80 |90.24 C110
B2G2 08/03/22 | 17/04/22 | 40 109.70 | 87.76 Cl110
B3G2 09/03/22 | 17/04/22 | 39 109.50 | 87.60 C110
B4G2 02/06/22 | 28/06/22 | 28 107.5 86 C120
B5G2 04/06/22 | 02/07/22 | 28 106.6 85.28 C110
B6G2/B4G1 | 05/06/22 | 02/07/22 | 28 106.5 85.2 C110
B1G3 12/03/22 | 17/04/22 | 36 76.80 61.44 C80
B2G3 10/03/22 | 17/04/22 | 38 102.20 | 81.76 C100
B3G3/B2G1 | 07/03/22 | 17/04/22 | 41 112.80 |90.24 Cl110

Noting that, the concrete compressive strength takes 99% of it is strength at
the age of 28 days with very less increase after that. It is customary to assume the 28
days’ strength as full strength of concrete so that the age after will not affect the

strength of the concrete.
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4.3.3 Beams Test Results

Thirteen reinforced concrete beams have been assigned for the investigation
of shear behavior, and they failed in shear. They were divided into three groups, each

designed for the researcher to study one variable's effect.

The parameters included shear span-to-depth ratio (a/d) ranging from 2.11 to
3.16 in addition to one with (a/d =4.21) in group No.1; flexural reinforcement ratio
p ranging from 0.041 to 0.07 in addition to three numbers with (a/d =4.21); different
steel ratio from 0.019 to 0.041 in group No.2; and compressive strength of concrete

Je ranging from 76.8 to 112.8 Mpa in group No.3.

Table 4.3 summarizes the beam details and the nominal ultimate strength

calculations as per BS 8110 part 1,1997 and ACI 318-19 equations.

The first seven beams were tested, four failed in shear and three did not fail
because their strength exceeded the machine's capacity. To keep the three beams for
each variable, these beams were replaced by another new three beams. A summary
of the test results is presented in table 4.4, which includes the load, shear moment
capacity, load at first flexural cracks and first inclined cracks, and the ultimate stage
of the beams, with the mode of failure. Figure 4.10 to figure 4.16 show the cracking
and failure of all beams. More details are discussed in chapter 6 (Data Analysis and

Discussion).
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Table 4.3 Nominal strength calculations as per BS 8110 & ACI equations

Beam |a/d | p fy Seu I po p/ps | Calculated Nominal strength BS Calculated Nominal strength
No. . MPa | MPa MPa equations ACI equations
’ Shear Flexure Shear Flexure
Vn P Mn P Vn P Mn P

KN KN KN.m | KN KN KN KNom | KN

BIG1 | 2.11 | 0.041 | 636.5 | 108.7 | 86.96 | 0.037 | 1.129 | 89.59 | 179.19 | 219.15 | 876.61 | 86.92 | 173.84 | 244.07 | 976.28

B2G1 |2.63 | 0.041 | 636.5 | 112.8 | 90.24 | 0.038 | 1.088 | 90.71 181.41 | 219.15 | 701.29 | 85.03 | 170.06 | 245.99 | 787.17

B3G1 |3.16 | 0.041 | 636.5 | 111.4 | 89.12 | 0.038 | 1.102 | 90.33 180.66 | 219.15 | 584.41 | 82.45 | 164.9 | 24535 | 654.27

B4G1 | 4.21 | 0.041 | 636.5 | 106.5 | 85.2 0.039 | 1.048 88.98 177.97 | 219.15 | 438.31 | 78.18 | 156.35 | 242.98 | 485.95

BIG2 | 2.63 | 0.041 | 636.5 | 112.8 | 90.24 | 0.038 | 1.088 | 90.71 181.44 | 219.15 | 894.34 | 85.03 | 170.06 | 245.99 | 787.17
B2G1

B2G2 | 2.7 | 0.056 | 629.8 | 109.7 | 87.76 | 0.038 | 1.487 | 9791 19522 | 279.48 | 1091.6 | 86.11 | 172.21 | 289.42 | 926.14

B3G2 | 2.7 |0.064 | 623.1 | 109.5 | 87.6 | 0.038 | 1.832 104.57 | 209.14 | 341.14 | 701.29 | 89.45 | 178.9 | 327.71 | 1047.1

B4G2 | 4.21 [ 0.019 | 636.5 | 107.5 | 86 0.036 | 0.521 73.66 | 147.32 | 121.11 | 219.21 | 81.58 | 163.82 | 150.62 | 272.62

B5G2 | 4.21 | 0,031 | 636.5 | 106.6 | 93.68 | 0.037 | 0.838 86.32 172.65 | 191.66 | 351.67 | 83.08 | 166.23 | 225.02 | 412.81

B6G2 | 4.21 | 0,041 | 636.5 | 106.5 | 852 | 0.039 | 1.487 | 88.98 177.97 | 219.15 | 438.31 | 78.18 | 156.35 | 242.98 | 485.95
B4G1

BIG3 {2.63 | 0.041 | 6365 | 76.8 6144 | 0.026 | 1.598 | 79.8 159.59 | 219.15 | 701.29 | 72.41 | 144.82 | 222.11 | 710.75

B2G3 | 2.63 | 0.041 | 636.5 | 102.2 | 81.76 | 0.034 | 1.201 87.77 | 175.54 | 219.15 | 701.29 | 81.56 | 163.12 | 240.71 | 770.26

B3G3 | 2.63 | 0.041 | 636.5 | 112.8 | 86.96 | 0.038 | 1.088 | 90.71 181.41 | 219.15 | 701.29 | 85.03 { 170.06 | 245.99 | 787.17
B2G1
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Table 4.4 Experimental load, shear, and moment at different stages for tested

beams
| Dateof Date of Age | At First flexure | At First inclined At Ultimate (failure) | Failure
, ‘C’a‘sﬁng Testing cracking cracking - " Mode
- P lvmwe %9‘ V=P [M= ]
KN} | (KN} | Pa2 (KN} | (KN) |Pa2
XN {KN) ' (I@im)L

Bt B 2 o e :

07039002 | 130400027« 37 | 100 | 58 | 315 190 | 985 |59.381 220 110 L6875| OF

06/03/2022 | 13/0402022 | 38 | 65 | 325 (2438|170 | 85 16375| 210 | 105 (718795 SF

08/03/2022 | 24/04/2022 | 47 - - - - - . - . = -

BT Beme] » . L e e :

02/06/2022 | 06/09/2022| 96 | 40 | 20 | 22.1 | 150 | 75 | 884 | 160 | B0 | 884 SF

8
04/062027 | 08/09/2022] 93 | 70 | 35 13815 170 | B85 (92651 180 | 90 | 981 SF

0510626822 07092022 94 | 90 | 45 | 45 | 190 | 95 | 95 | 000 | 100 | 100 SE

12/03/2022 | 14/04/2022 | 33 | 90 | 45 | 45 | 180 | 90 |(56.25| 200 | 100 | 62.5 SF

10/03/2022 | 24,04/2022 | 45 | 95 | 475 475 | 185 |1 905 (5781 210 105 16565 SF

Noting that, in (Table 4.4) above, three beams B1G1, B2G2, and B3G2 were not
tested and replaced by additional beams B4G1, B4G2, and B5SG2.
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Figure 4.10 (a) B2G1/B3G3 beam before starting the testing

Figure 4.10 (b) Crack pattern and failure for B2G1/B3G3 beam
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Figure 4.11 (b) Crack pattern and failure for B3G1 beam
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Figure 4.12 (a) B4G2 beam before starting the testing

Figure 4.12 (b) Crack pattern and failure for B4G2 beam
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Figure 4.13 (a) BSG2 beam before starting the testing

Figure 4.13 (b) Crack pattern and failure for BSG2 beam
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Figure 4.14 (b) Crack pattern and failure for B6G2/B4G1 beam
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Figure 4.15 (a) BIG3 beam before starting the testing

Figure 4.15 (b) Crack pattern for BIG3 beam
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Figure 4.16 Crack pattern and failure for B2G3 beam
4.4 General Behavior

All beams were tested to failure in the same manner. The results of the tests
conducted are shown in section 4.3.3. In the early stage of loading, the beams were
free of cracks and acted as homogeneous composite members composed of concrete
and steel. As the beam was loaded, flexural cracks formed in the tension face of the
region with pure bending at the load level of about 35 to 40% of the ultimate capacity
of each beam. Under further loading, additional flexural cracks formed in the central
region and new ones were formed in the shear spans between loads and support.
With further increase of load, flexural cracking increased, and inclined cracks
developed at about 85% of the ultimate capacity of each beam with an angle of about
45¢, curving towards the loading points. After cracking, the behavior of the beam

depended on a/d, p, and £,
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Failure took place at load greater than the load of which the initial inclined

cracks occur.
4.5 Shear Load Vs Deflection Relationships

The vertical deflection of the tested beams was obtained from the dial-gage
reading placed at the mid-span. The deflection at failure was determined from the
roller reading, because the dial gages were taken off before the beam failed to
prevent dial gage damage. The factors effecting the deflections were the magnitude
and direction of load, condition of the restraint, section properties, amount and extent

of flexural cracking, and span length.

In this study, the major variables that effect the load deflection relationship
were the span-to-depth ratio a/d, flexural reinforcement p, and compressive strength
of concrete f.,.. Figures 4.17. 4.18, and 4.19 show the load deflection curves for these
variables in G1, G2, and G3. The load deflection curves of all the beams show that
there are three stages for each beam curve. Pre-cracking stage, post-cracking stage,
and failure stage, so that, the load deflection curves may be used to classify the
failure type. In the pre-cracking stage, the deflection increases linearly with the
loading because the strains in the steel and concrete are small and both materials are
in elastic portion of their respective response. In the post-cracking stage, there is a
change of slope in the load deflection curve due to cracking, but the deflection again
increases linearly while increasing the load before failure. The third portion was
exceedingly small because the failure occurs at this stage, the load deflection curves
in this portion exhibit some change in slope. Table 4.4 presents beam deflections at
various stages. The main variables that affected the load deflection behavior are

discussed in the next sections.
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4.5.1 Shear Span-to-Depth Ratio (a/d)

Load deflection curve for G1 which includes beams B2G1, B3G1, and B4G1
is shown in figure 4.17, where the beam without shear reinforcement has the same
longitudinal steel ratio p, and compressive strength of concrete f£;, but with different
shear span-to-depth ratio (a/d). The figure shows that the beam with lower a/d ratio
has a stiffer response in terms of load deflection behavior. For the same load level
as a/d ratio, the deflection increased. This is because the depth of the beam is

constant, while the shear span increased as a/d ratio increased.

Load vs deflection for group 1 (a/d ratio) variable

120 , , .

100

Load {KN)

5 6 7 8 9 10
Deflection (mm)

~@-B2Glafd=263 -&—B83Glafd=3.16 % B4Gla/d=4.21

Figure 4.17 Load vs deflection curves for G1 beams (a/d ratio)
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4.5.2 Longitudinal Steel Ratio (p)

Figure 4.18 shows the comparison of load deflection curves of G2 which
include B4G2, B5G2, and B6G2 beams without shear reinforcement and the same
Jfo and a/d ratio, but with different amount of longitudinal reinforcement p. The
figure discloses that the beam with higher steel content has a stiffer response in terms
of load deflection behavior. This trend is due to the larger effective moment of inertia
and the large amount of tensile reinforcement. For the same load level, the deflection

increased as the tensile steel ratio decreased as shown in the same figure.

Load vs deflection for group 2 (steel ratio) variable

120

100

Load (KN}

3 10 12 14 16

Deflection {mm)

@ BAG2 Steel ratio =0.019 - B5G2 Steel Ratio 0.031 - BEG2 Steel Ratio =0.041

Figure 4.18 Load vs deflection curves for G2 beams (p flexural steel ratio)
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4.5.3 Compressive Strength of Concrete (7.,

Figure 4.19 shows the comparison of load deflection curves for the three
beams in G3 which include BIG3, B2G3, and B3G3 beams without shear
reinforcement and having the same longitudinal steel ratio p, and shear span-to-depth
ratio a/d, but with different concrete strength. The figure shows that the beam with
higher strength concrete suffers less deflection than the similar member with lower
strength concrete at the same load level, which may be attributed to the fact that
higher strength concrete beams are stiffer than lower strength concrete beams since
the modulus of elasticity of concrete is larger for the higher strength concrete than

for the lower.

Load vs Deflection Group 3 fcu Variable

120

Load (KN}

0 1 2 3 4 5 6 7

Deflection {mm}
—&— B1G3 Feu Grade €80 e B2G2 fou Grade C100 - B3G3 fou Grade €110

Figure 4.19 Load vs deflection curves for G3 beams (f, compressive strength of

concrete)
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Chapter 5

Finite Element Analysis
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Chapter §
Finite Element Analysis

5.1 General

The Finite Element Method (FEM) is a numerical technique used to perform a
Finite Element Analysis (FEA) to solve problems of any given physical phenomenon
in engineering and mathematical fields. FEM is used to model several mechanical
applications including one of the most problematic areas, which is the structural

analysis of reinforced concrete structures.

Reinforced concrete structures are employed in engineering. The applications
and design procedures are based on experimental data. Further, FEM is utilized to

ensure safety in the reinforced concrete structures.

The basic concept of FEM is to split the computational domain of the members
into individual small patches and find local solutions to problems. FEM is a great
tool which can be used to solve problems involving complicated geometry, loading,

and material property.

This chapter's main objective is to compare the results of FEM solution with

the experimental results in chapter 4.
5.2 History of Finite Element Analysis

Hrennikoff (1941) and Courant (1942) started to employ FEA in structural
engineering in the 1950s when the solution of simultaneous equations is facilitated
through digital computer (Farooq et al., 2014). FEM, however, was invented by
Clough in his book The Finite Element Method in Plane Stress Analysis in the early

1960s. Turner et al. (1956) as cited by Pradhan et al. (2019) explained that finite
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elements have been used in the analysis of aircraft structures and since then

contributed to the development of FEM.

The development of the FEM is divided into four time periods: 1 (1941-1965)
early years of FEM; 2 (1966-1991) golden age of FEM; 3 (1992-2017) large scale,
industrial applications of FEM and development of material modeling, and 4 (2018)
the state-of-the-art FEM technology for the current and future eras of FEM research
(Liu et al., 2022).

5.3 Finite Element Analysis (FEA) Softwares

1. ABAQUS

2. Sap2000

3. LS-DYNA

4. Cosmos/M

5. Algor

6. Gt-Strudl

7. Marc

8. Mcs/Nastran

9. Nisa

10. Pro/Mechanica
11. Stardyne

12. Open Foam

13. SimScale

14. Autodesk/CFD

The most common software in finite element analysis is ANSYS mechanical

software which is used in this research because it is available, easy to use, and gives
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an exactly accurate and reliable simulation results that enable to solve complex

structural engineering problems.

5.4 Modeling Using ANSYS

The behavior of reinforced concrete beams is studied by full-scale experimental
investigations. The results are compared to theoretical calculations that estimate
deflections. Finite element analysis, as used in structural engineering, determines the
overall behavior of a structure by dividing it into several simple elements, each of
which has well-defined mechanical and physical properties. ANSYS 2021/R2 is

used in this study through structural statics.

5.4.1 Element Types Used

1. Solid element concrete
In modeling concrete, ANSYS uses an eight-node solid element named

Solid65. The solid element has eight nodes, each with three degrees of freedom
translations in the nodal x, y, and z directions (Kachlakev et al., 2001). In the model
mput data for concrete, ANSYS requires input data for material properties as
follows: elastic modulus £, ultimate uniaxial compressive strength f;,, and ultimate
uniaxial tensile strength (modulus of rupture) f,, poison’s ratio v (Dahmani et al.,
2010).

2. Solid element reinforcement (Rebar)

For modeling steel, ANSYS provided an element named Link180, used to
model steel reinforcement. Two nodes are required for this element with each node
having three degrees of freedom and translations in the nodal x, y, and z directions

(Kachlakev et al., 2001).
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3. Solid element steel plates (Bearing)
For modeling of bearing, ANSY'S provided an element named as, Solid45, with
an eight-node solid element, which was used for the steel plates as support in the

beam models.

5.4.2 Materials Properties

5.4.2.1 Concrete

The uniaxial compressive strength of concrete, referring to normal, high, and
ultra-high strength, is higher as compared to tensile strength. The tensile strength of
concrete is typically 8-15% of the compressive strength while the stress-strain curve
of concrete is linearly elastic up to 30% of the maximum compressive strength. The
stress increases gradually up to the maximum compressive strength (Shah et al.,

1995).

Figures 5.1, 5.2, and 5.3 show the comparison between some stress strain
curve models such as Comite Euro-International Du Beton CEB Code (1995),
Hognestad (1951), Carreira and Chu et al. (1985), Wee et al. (1996), the concept of
"Fuzzy set” as introduced by Zadeh (1976), and the experiments on high strength
concrete 80 MPa and ultra-high strength concrete 100 MPa and 120 MPa (Kadir et
al.,2012).

Due to non-availability of testing machine in the lab to get results showing the
stress strain diagram for concrete, therefore literature results were used, because
these relations needed in the ANSYS program. The fuzzy model was utilized in
experimental data on the stress—strain behavior of high and ultra-high strength
concrete in the ascending and descending curves. The fuzzy model through ANSYS

is used in this research to obtain engineering data on concrete.
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Figure 5.1 Different models comparison for concrete strength 80 MPa
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Figure 5.2 Different models comparison for concrete strength 100 MPa
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120 MPa
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Figure 5.3 Different models comparison for concrete strength 120 MPa

FEM Input Data

ANSYS requires input data for material properties for concrete and these are as

follows:
Elastic modulus (£,)
Ultimate uniaxial compressive strength (f,)
Ultimate uniaxial tensile strength (modulus of rupture, f,)
Poisson’s ratio (v)

Compressive uniaxial stress-strain relationship for concrete
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Using Menetrey-Wiliam model and softening, the following parameters are

needed:
Uniaxial compressive strength (f',)
Uniaxial tensile strength (modulus of rupture, f)
Biaxial compressive strength (f2.)

Dilatancy angle (15 to 30 degrees)

Dilatancy angle describes inclination of the failure angle. Unlike in
conventional concrete, it exhibits a nearly linear behavior up to almost 70% of the

compressive strength (Solhmirzaei Roya et al., 2021).
Biaxial strain at uniaxial compressive strength (Kp,)
Ultimate effective plastic strain in compression
Relative stress at start of nonlinear hardening
Residual compressive relative stress
Plastic strain limit in tension
Residual tensile relative stress

The secant modulus of elasticity for high-strength concrete is estimated by the

equation (5.1) (ACI 363R-10 2010).

Ec = 3320 /f'c +6900 .... inMpa (5.1)

The uniaxial cracking stress for high-strength concrete is assumed equal to the

modulus of rapture obtained by the equation (5.2) (ACI 363R-10 (2010).
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fr= O.94~Jf_’c .. inMpa (5.2)

Both equations for 21 MPa < f’ <83 MPa
The relationships between modulus of rupture and compressive strength of

UHPC shown in the formula below (Arafa., 2010)

fr =0.98 ff’c ... InMpa (5.3)
UHPC achieves a mean modulus of rupture of 11.7 MPa at 28 days.

The Poisson’s ratio of normal-density HSCs (with compressive strengths

ranging from 8000 to 11,600 psi [55 to 80 MPa]) is between 0.20 and 0.28. (ACI
363R-10 (2010)).

Biaxial compressive strength f>.; (per fib MC 2010 section 5.1.6 Commentary).

f2c2 = (1.2 — (E%)) f'. win Mpa (5.4)

Biaxial strain at uniaxial compressive strength Kem

!

Kem = Ecm — (%) ..in Mpa (5.5)
Where Ecm is the strain at peak compression from stress strain diagram

Concrete properties of all beams that need to use FEA software are shown in
Table 5.1 depending on the experimental results, but for the strain depend on the

above literatures. Figure 5.4 shows the concrete properties for one of the beams.

104




Table 5.1 Concrete properties to use in FEA

- . 38438.25|09. . 0.00290 | 0.00055 | 0.
| 111.40 | 89.12 |38241.9319.25 [99.00 |0.00290 | 0.00057 | 0.2
1106.50 | 85.20 |37544.8819.05 [94.98 |0.00290 | 0.00063 | 0.2
1 107.50 | 86.00 | 37688.419.09 |95.8 0.00290 | 0.00062 | 0.2
1 106.60 | 85.28 |37559.26 [9.05 [95.06 |0.00290 | 0.00063 | 0.2
106.50 | 85.20 | 37544.88{9.05 |94.98 |0.00290 | 0.00063 |0.2
76.80 |61.44 |32923.38|7.68 |69.95 |0.00230|0.00043 |0.2
102.20 | 81.76 |36919.85|8.86 |91.43 |0.00250 |0.00029 |0.2
1112.80(90.24 | 38438.25|9.31 100.14 | 0.00290 | 0.00055 | 0.2

Assuming Linear softening parameters

Ultimate effective plastic strain in compression = 0.01
Relative stress at start of nonlinear hardening = 0.7
Residual compressive relative stress = 0.2

Plastic strain limit in tension = 0.01

Residual tensile relative stress =0.2

Dilatancy angle assumed for widespread practice = 30°
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Figure 5.4 Properties for concrete used in ANSYS software

5.4.2.2 Flexural Steel Reinforcement

Steel reinforcement in the experimental beams was constructed with typical
with fy=636.5 MPa (for 25 mm diameter bars) and 623.1 MPa (for 32 mm diameter
bars) steel reinforcing bars as described in chapter 4. Properties, i.e., elastic modulus
and yield stress, for the steel reinforcement used in this FEM study follow the design

material properties used in the experiment.
Material properties for the steel reinforcement are as follows:
Elastic modulus, Es = 200,000 MPa

Yield stress, f,, = 636.5 MPa (for 25 mm diameter bars) and 623.1 MPa (for 32

mm diameter bars).

Poisson’s ratio, v=0.3
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Table 5.2 shows the steel properties of all beams that need to use FEA and

figure 5.5 shows the properties for 25 mm dia bars.

Table 5.2 Steel properties to use in FEA

.5 1200000 . 1964.29

636.5 200000 103 [4¢25 1964.29 1 0.041 | 1.102
| | 636.5 (200000 0.3 |4¢25 1964.29 | 0.041 | 1.048
1 636.5 1200000 |03 |2¢25 982.14 10.041 | 0.521
) | 623.1 [200000 0.3 [2¢32 1609.14 | 0.019 | 0.838
636.5 [200000 |03 [4¢25 1964.29 | 0.031 | 1.487
636.5 200000 |03 |4¢25 1964.29 [ 0.041 | 1.598
636.5 1200000 (03 (4925 1964.29 | 0.041 | 1.201
636.5 1200000 |03 4025 1964.29 1 0.041 | 1.088

5.4.2.3 Steel Plates Bearing

Steel plates (50 mm x 25 mm) were used as bearing added at support locations
in the finite element models (as in the actual beams) to provide a more even stress
distribution in the support areas for the two-point loading supports. An elastic
modulus equal to 69,000 MPa and Poisson’s ratio of 0.5 were used for the plates.

The steel plates were assumed to be linear elastic materials.

Noting that ANSYS define that the steel reinforcement bonding with concrete
and work together as a composite called reinforced concrete, while the body of the

steel plate were split from the whole body and not working with them.
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Figure 5.5 Properties for steel used in ANSYS software
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Figure 5.6 Properties for the steel plate used in ANSYS software
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5.4.3 Geometry of the Beams

The dimensions of the full-size beams are 200 mm x 300 mm with length
depending on the group ranging between 1.85 m to 2.8 1m. The clear span between
the two supports as shown in table 5.3 ranges between 1.65 m to 2.61m. The distance
between the two-point load is 400 mm. Figure 5.7 shows the typical sketch of half
of one beam, taking advantage of the symmetry used for modeling. This approach

reduced the computational time and computer disk space requirements significantly.

Table 5.3 Beams dimensions

Ansys

20 R

(a) Isometric view
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(b) Right side view
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(b) front side view

Figure 5.7 Sketch for typical half beam, (a) isometric view, (b) right side view,

and (c) front side view

110




5.4.4 Meshing for the Model

Finite Element Analysis (FEA) requires meshing of the model, and the model
is divided into several small elements, linear or quadratic or program control. If
linear, different shapes may be used such as square, rectangle, triangle, and others.
In this study, square elements are used with an element size of 30 mm, 40 mm, and

45 mm. Figure 5.8 shows the meshing for typical half of the beam.

' o e pe
B —— T m——]

(a) Meshing for typical half beam

200.00 H00.0¢

(b) Meshing for steel bars

111




800,00 {rmerd

200.00 BO0.00

(c) Meshing for the steel plates
Figure 5.8 (a) Meshing for typical half beam, (b) Meshing for steel bars, and

(¢) Meshing for the steel plates
5.4.5 Loading and Boundary Conditions for the Beam

All full-size beams were tested, as shown in figure 5.9. The finite element
models were loaded at the same locations as the full-size beams in the experiment.
A 25mm thick steel plate was added at the support location to avoid stress
concentration problems. This provided an even more stressful distribution over the

support area.
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Support Area

(c) Bottom view

Figure 5.9 Typical loading and support locations (a) top view, (b) side view, and

(c) bottom view

5.4.6 FE Analysis Setting

The ANSYS program predicts, and controls load step sizes for the non-linear
analysis, which means that there is an automatic time stepping. Figure 5.10 presents
the FE analysis setting of this study. Only initial sub-steps set by 200, minimum sub-
step by 200 and maximum sub-step by 10000, the rest of other setting is left for

program control.
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Figure 5.10 Analysis setting details

Noting that failure load was noted by ANSY'S after many trial done, so that

the program will not run after this load.

5.5 Comparison the Model Results with Literature Results

To evaluate the results of the model in this research, experimental results or
laboratory results from various research and literature were considered for

comparison with the data obtained from experiments.
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Kodur et al. (2018), prepared an experimental analysis of flexural and shear
resistance of Ultra-High-Performance Fiber Reinforced Concrete (UHPFRC) beams
without stirrups. Cross section detail and layout of UHPFRC beam, U-B5 is shown

in figure 5.11 where all dimensions are in mm.

P2 P2
¥ f ’?
i b 270
I ; l
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N 1397 864 1397 T PZANN
| 3658 L teee g
36.36.36.36.36.
! e

4000

Figure 5.11 U-B5 beam cross section detail and layout of UHPFRC (Kodur et
al.,2018)

Materials data used for this beam

Ultimate uniaxial compressive strength of concrete f'. = 167 MPa
Modulus of elasticity for concrete E.. = 40615 MPa,

Yield strength for reinforcing steel f, =436 Mpa

Modulus of elasticity for concrete E; =210000 MPa,

Flexural reinforcement ratio p = 0.012

The maximum deflection in the experimental load deflection curve is 70 mm at
maximum load of 123. By using the displacement base of 70 mm, the model does

not work, again by using the load base of 123 KN does not work. The model only
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run at 55 mm deflection and that gives a maximum load of 105.5 KN and a maximum

deflection of 57.85 mm. The results are shown in figure 5.12.

140 | (Kodur et al. 2018) Beam U-B5

Shear load vs deflection (Experimental & FEM)

120

100

]

0

{KN)

o Load

40

20

0 20 40 60 ~ 80 100 120 140
Deflection {mm} $— Exp —o— FEM

Figure 5.12 Comparison of load deflection curve using ANSYS and experimental

(Kodur et al., 2018)

It can be seen from the above load-deflection behavior in figure 5.12 that the
prediction from the numerical model was in line with the measured data in the linear
part, elastic stage until yielding in steel reinforcing bars, but FEA shows lower

results during plastic deformation stage until failure.
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Solhmirzaei et al. (2021) worked at the same beam U-BS5 using FEA ABAQUS

software as shown in figure 5.13 below.

140
1704 :
100 +

Load (kN)
8 8

e
o
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e FEA

3 H kH

0 20 40 60 8 100 120 140
Deflection (mm)

Figure 5.13 Load vs deflection curve comparison using ABAQUS and experimental

(Solhmirzaei et al., 2021)

The above load-deflection behavior in figure 5.13 shows that the prediction
from the numerical model compares well with the measured data in various stages:
elastic stage till tensile cracking initiation, post-cracking stage with the propagation
of cracks, yielding in steel reinforcing bars, and plastic deformation stage including

softening until failure.

The experimental study was conducted by Wang et al. (2018) on the shear
performance of reinforced ultra-high-performance concrete rectangular section
beams. Cross section detail and layout of beam L0 is shown in figure 5.14 where all

the dimensions are in mm.

Materials data used for this beam
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Ultimate uniaxial compressive strength of concrete f'. = 127.1 MPa
Modulus of elasticity for concrete E.. =41 MPa

Yield strength for reinforcing steel f, = 522 Mpa

Modulus of elasticity for concrete E; =210000 MPa

Flexural reinforcement ratio p = 0.0658
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Figure 5.14 Cross section detail and layout of Wang beam LO (Wang et al,,
2018)

The experimental results against the results of this model through ANSYS are
presented in figure 5.15.

The maximum deflection in the experimental load deflection curve is 20 mm.
By using this magnitude in Ansys, it shows that the model does not work even when
the number of steps decrease to 100, still, the model does not work. The model only
works at 17 mm deflection with a mesh size of 40 mm and that gives a maximum
load 0f 209.5 KN and a maximum deflection of 1.84 mm. The results are shown in

figure 5.15.
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(Wang et al. 2020) Beam LO
Shear load vs deflection (Experimental and FEM)
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Figure 5.15 Comparison of load deflection curve using ANSYS and experiment

(Wang et al., 2018)

As a result of the experiment, the above load-deflection behavior in figure 5.15
shows a linear relationship up to 17 mm deflection in the elastic range then inelastic
up to failure at 20 mm deflection. The result of the numerical model shows a linear

relationship lower than the experimental results.
5.6 Final Setting up of the Model

Before running the program, some sensitive items were finalized such as mesh

size and step control.
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5.6.1 Mesh Size

Linear element order was selected and to finalize the element mesh size, three
sizes are compared (30 mm, 40 mm, and 45 mm) on the same beam. The comparison

of the results of load deflection related to the mesh size is shown in figure 5.16.

Shear Load vs Deflection B4G2, Steel Ratio = 0.019
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100 -

80
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iy Epy e FEM mesh 40 —@—FEM mesh 30 % FEM mesh = 45

Figure 5.16 Mesh sizes comparison

Table 5.4 Mesh size effect on A, of mid span deflection of B4G2 beam
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Figure 5.16 and table 5.4 show that the results are remarkably close to each
other in the three cases, except at the end as shown in the graph. Before the ultimate
load occurs, there is a slight difference of 30 mm and 40 mm in the results and 40
mm is considered the best which does not require a longer time during the operation

of the program unlike 30 mm.

5.6.2 Step Control

To finalize the sub-steps that complete the iteration process, three iterations are

selected as follows:

1- Initial sub steps = 100, minimum sub steps =100, and maximum sub steps

= 5000

2- Initial sub steps = 200, minimum sub steps =200, and maximum sub steps
= 10000

3- Initial sub steps = 300, minimum sub steps =300, and maximum sub steps
=20000

Comparison of the results of load deflection related to the sub-steps are shown
in figure 5.17. Figure 5.17 indicates that the results are remarkably close to each
other in the three cases, except at the end. Before the ultimate load occurs, there is a
slight difference, and 200 steps mm is the best which does not require a longer time

during the operation of the program unlike 300 steps.
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. Shear Load vs Deflection B4G2, Steel Ratio = 0.019
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Figure 5.17 The three sub steps numbers comparison

5.7 FEA Results for the Full-Size Beams

This section presents the results of the ANSYS finite element analysis and the
comparison of the experimental data on the nine full-size beams. The data used for
the FEA were collected from the experiments of the full-size beams in addition to
some information from the literature and codes for the missing information. Noting
that the compressive strength of concrete for cylinder (f';) were used in the

program.

The main subject for comparison is the load deflection curves. Dial gage was

used directly to measure the deflections of the experimental beams at mid-span in

123




the center bottom face of the beams. In ANSYS, deflections are measured at the

same location as for the experimental beams.

The following sections show the load-deflection plots from the finite element

analyses and the comparison of the experimental results for all groups of beams.
5.7.1 Shear Span-to-Depth Ratio Variable (G1)

All the beams in this group have the same specifications and dimensions, with
flexural steel reinforcement ratio of p = 0.041 > p, and compressive strength of

concrete f,, = Grade C110. The shear span-to-depth ratio a/d is the variable in this
group.

5.7.1.1 Comparing with Experimental Results B2G1

This beam has the t a/d ratio which is 2.63. Figure 5.18 shows the minimum
and maximum deflection areas for the half of the beam B2Glusing Ansys. There are
some variations between the results of FEA and the experiment. FEA shows a linear
relationship between load and deflection in all stages, but the experiment results
changed at 75% of the ultimate load of the test results. The finite element analysis
ultimate load results are seen at 20% more than the experimental results, and the
same for the deflection. The comparison between FEA and experimental results of

the shear load deflection relationships is shown in figure 5.19.

These variations between experimental results and finite element results may
be due to some assumption using Menetrey-Wiliam model for ultra-high strength

concrete stress strain relationship and softening stage.
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Figure 5.18 Minimum and maximum deflection areas by ANSYS for B2G1 beam
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Figure 5.19 Comparison between FEA and experimental results of the load

deflection relationships for beam B2G1
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B3Gl1

B3G1 has the a/d ratio which is 3.16. The minimum and maximum deflection
areas for the half of the beam B3Glusing Ansys is shown in figure 5.20. There are
some variations between the results of FEA and the experiment. FEA shows a linear
relationship between load and deflection in all stages, but the experiment results
changed at 60% of the ultimate load of the test results. The finite element analysis
ultimate load results are seen at 30% more than the experimental results, and the
same for the deflection. Figure 5.21 shows the comparison between FEA and

experimental results of the load deflection relationship.

These variations between experimental results and finite element results are
assumed to be of the same reasons mentioned in beam B2G1 and the linearity is that
Menetrey-Wiliam model is not applicable in using high steel ratio p > py and lower

a/d ratio.

200,00 50000

Figure 5.20 Location of the minimum and maximum deflection areas by ANSYS

for B3G1 beam
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160 _ Shear Load vs deflection B3G1, a/d=3.16
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Figure 5.21 FEA and experimental results comparison for the load deflection

relationships for beam B3Gl1

B4GI

The last beam in this group has an a/d ratio of 4.21. Figure 5.22 shows the
location of minimum and maximum deflection areas for half of the beam B4G1
using ANSYS. The results show that around 90% is in line with the results
between the FEA and the experiment. Both FEA and experimental results show
that the linear relationship is up to 75% of the ultimate load. The finite element
analysis ultimate load results are seen at 15% more than the experimental results,

and around 10% more for the deflection. The comparison between FEA and
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experimental results for the shear load deflection relationship is shown in figure

5.23.

1000.00 {rrr

Figure 5.22 Location of minimum and maximum deflection areas by ANSYS for

B4Gl1 beam
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Figure 5.23 FEA and experimental results comparison for the load deflection

relationships for beam B4G1
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5.7.1.2 Effect of Shear Span-to-Depth Ratio (a/d)

Figure 5.24 shows that the beam with lower a/d ratio has a stiffer response in
terms of load deflection behavior. For the same load level as a/d ratio, the
deflection increased. This is because the depth of the beam is constant, the shear
load was decreased as a/d ratio increased, and this is in line with the experimental

results.
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Figure 5.24 Load vs deflection curves for G1 beams (a/d ratio)

5.7.2 Flexural Steel Reinforcement (p) Variable (G2)

All the beams in this group have the same specifications and dimensions with
shear span-to-depth ratio (a/d = 4.21) and compressive strength of concrete (fo. =

Grade C110). The variable in this group is the flexural steel reinforcement ratio p
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5.7.2.1 Comparing with Experimental Results

B4G2

The first beam in this group has the steel reinforcement ratio 0£ 0.019, (p < pmax,
noting that pmax = 0.75 pp). Figure 5.25 shows the location of minimum and
maximum deflection areas for half of the beam B4G2 using Ansys. The FEA results
show that up to the linear portion, findings are in line with the experimental results.
Both FEA and experimental results show that the linear relationship is up to 50% of
the ultimate load. The finite element analysis ultimate load results are seen at 25%
more than the experimental results, and around 4% more for the deflection. Figure

5.26 presents the comparison between FEA and experimental results of the shear

load deflection relationships.

Figure 5.25 Areas of minimum and maximum deflection by ANSY'S for B4G2
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Figure 5.26 FEA and experimental results Comparison for the load deflection

relationships for beam B4G2

B5G2

This beam has the middle steel reinforcement ratio of 0.031, (Pmax < p < Pb).
Figure 5.27 shows the location of minimum and maximum deflection areas for the
half of the beam B4G1lusing Ansys. The FEA results show that 75% are in line with
the experimental results. Both FEA and experimental results present that the linear
relationship is up to 50% of the ultimate load. The finite element analysis ultimate
load results are seen at 20% more than the experimental results, and around 6% more
for the deflection. Figure 5.28 shows the comparison between FEA and experimental

results for the shear load deflection relationships.
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Figure 5.27 Location of minimum and maximum deflection areas by ANSYS for

225.00 87500

B5G2 beam
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Figure 5.28 FEA and experimental results comparison for the load deflection

relationships for beam B5G2
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B6G2

This beam has the higher steel reinforcement ratio of 0.041, (p > py). Figure
5.29 shows the location minimum and maximum deflection areas for the half of the
beam B4Glusing Ansys. The results indicate that around 90% are in line with the
FEA and experimental results. Both FEA and experimental results show that the
linear relationship is up to 75% of the ultimate load. The finite element analysis
ultimate load results are seen at 15% more than the experimental results, and around
10% more for the deflection. Figure 5.30 shows the comparison between FEA and

experimental results for the shear load deflection relationships.

5000 ago0

Figure 5.29 Location of minimum and maximum deflection areas by ANSYS for

B6G2 beam
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Figure 5.30 FEA and experimental results comparison for the load deflection

relationships for beam B6G2

5.7.2.2 Effect of Flexural Steel Reinforcement (p)

Figure 5.31 shows that the beam with higher steel content has a stiffer response
in terms of load deflection behavior and this trend is due to the larger effective
moment of inertia and the large amount of tensile reinforcement. For the same load
level, the deflection has increased as the tensile steel ratio decreased as shown in the

same figure, and this is in line with the experimental results.
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Figure 5.31 Load vs deflection curves for G2 beams (p)

5.7.3 Compressive Strength of Concrete (fc.) Variable (G3)

All the beams in this group have the same specifications and dimensions with
the same flexural steel reinforcement ratio (p = 0.041 > py,) and shear span-to-depth

ratio (a/d =2.63). The variable in this group is the compressive strength of concrete

(feu)-

5.7.3.1 Comparing with Experimental Results

B1G3

This beam has the compressive strength of high-strength concrete (f,, Grade
C80). Figure 5.32 shows the location of minimum and maximum deflection areas

for half of the beam B1G3 using ANSYS. FEA shows a linear relationship between
135




shear load and deflection in all stages. 95% of the experimental results show linear
and this part is in line with the results of FEA. The finite element analysis ultimate
load results are seen at 30% more than the experimental results and 15% more for

the deflection. Figure 5.39 shows the comparison between FEA and experimental

results for the shear load deflection relationship.
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Figure 5.32 Location of minimum and maximum deflection areas by ANSYS for

B1G3 beam
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Figure 5.33 FEA and experimental results comparison for the load deflection

relationships for beam B1G3
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B2G3

B2G3 has the ultra-high compressive strength of concrete (f., Grade C100).
Figure 5.34 shows the location of minimum and maximum deflection areas for the
half of the beam B2G3 using ANSYS. There is a variation between FEA and
experimental results. FEA shows a linear relationship between load and deflection
in all stages, but experiment results changed at 80% in the ultimate load of the test
results. The finite element analysis ultimate load results are seen at 30% more than
the experimental results, and 20% more for the deflection. Figure 5.35 shows the

comparison between FEA and experimental results for the shear load deflection

relationships.

Figure 5.34 Location of minimum and maximum deflection areas by ANSY'S for

B2G3 beam
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Figure 5.35 FEA and experimental results comparison for the load deflection

relationships for beam B2G3

B3G3

The last beam has the ultra-high compressive strength of concrete (f.. Grade

C110). Figure 5.36 shows the location of minimum and maximum deflection areas

for half of the beam B3G3 using ANSYS.

Variation between the FEA and experimental results is observed. FEA shows a
linear relationship between load and deflection in all stages, but experiment results
changed at 75% in the ultimate load of the test results. The finite element analysis

ultimate load results are seen at 20% more than the experimental results, and the
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same for the deflection. Figure 5.37 shows the comparison between FEA and

experimental results for the shear load deflection relationships.

20000 §O0.00

Figure 5.36 Location of minimum and maximum deflection areas by ANSYS for

B3G3 beam
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Figure 5.37 FEA and experimental results comparison for the load deflection

relationships for beam B3G3

5.7.3.2 Effect of Compressive Strength of Concrete (f.)

Figure 5.38 shows that all results are similar but the beam with higher strength
concrete suffers less deflection than a similar member with lower strength concrete
at the same load level, which may be attributed to the fact that higher strength
concrete beams are stiffer than lower strength concrete beams since the modulus of
elasticity of concrete is larger for the higher strength concrete than that of the lower

strength concrete. This is in line with the experimental results.

Shear load vs deflection for Group (3) fcu variable
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Figure 5.38 Load vs deflection curves for G3 beams (fc.)
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5.8 Summary for ultimate load results using FEM

The ultimate load using FEA is considered a peak load of the beam depends on the

load deflection curve shown in the above figures.

For group No. (1), and group No. (3) the load deflection relation of the FEA
results approximately linear relationships, therefore depends on the maximum

deflection in the experimental result, the load can be read direct from the load

deflection relationship of the FEA Figures (5.19, 5.21,5.23, 5.33, and 5.35).

For group No.2, the load deflection relation of the FEA results for beam
B4@G2, the ultimate load shown in the curve, therefore, the load can be read direct
from the load deflection relationship of the FEA Figure 5.26, while the beam B5G2
Figure 5.28 will use the same way of group No. (1).

The summary of the results shown in table 5.5 below

Table 5.5 Comparison of experiment and FEA ultimate load

No. | Beam a/d p Jeu | Test FrA
* No. MPa P V=P/2 V.
. . (KN) (KN) (KN)
1 B2Gl1 2.63 0.041 | 112.8 770 110 110
2’ B3Gl1 3.16 0.041 | 111.4 210 105 105
3 B4Gl1 421 0.041 | 106.5 200 100 100
4 B4G2 421 0.019 | 106.6 160 80 90
‘5 B5G2 421 0,031 | 117.1 180 90 95
o 6 B6G2 421 0,041 | 106.5 200 100 100
7 BIG3 | 263 | 0.041 | 768 200 100 106
8 B2G3 2.63 0.041 | 102.2 210 105 108
9 B3G3 2.63 0.041 | 112.8 220 110 110
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5.9 Results Using Other Models

The following beams B2G1, B3Gl, B3Gl, and B2G3 show the linear
relationship of shear-load deflection. The results are based on Menetrey-Wiliam
model and softening of concrete. One of the abovementioned beams, B3G1 is
calculated using other base models, noting the results with the use of Menetrey-

Wiliam Model as shown in figure 5.19 of section 5.7.3.

5.9.1 Bruker Prager Model
Figure 5.39 shows the input data for B3G1 using Bruker Prager Model and

figure 3.40 shows the load deflection curve.
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Figure 5.39 Input data for B3G1 using Bruker Prager model
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Shear load vs deflection for B3G1 using Bruker Prager
' ‘ model
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Figure 5.40 Load vs deflection curve for B3G1 using Bruker Prager model

5.9.2 Using Biaxial Test Data
Figure 5.41 presents the input data for B3G1 using Bruker Prager Model and

figure 3.42 shows the load deflection curve.
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Figure 5.41 Data for B3G1 using biaxial test data
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Figure 5.42 Load vs deflection curve for B3G1 using biaxial test data
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5.9.3 Menetrey-Wiliam Model after Changing the boundary
conditions

Figure 5.43 shows the input data for B3G1 using Menetrey-Wiliam Model after

changing the boundary conditions and figure 3.44 shows the load deflection curve.
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Figure 5.43 Input data for B3G1 using Menetrey-Wiliam Model with changing

boundary conditions
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Shear Load vs Deflection for B3G1 using Menetrey-Wiliam
Model with changing boundary conditions
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Figure 5.44 Load vs deflection curve for B3G1using Menetrey-Wiliam Model
with changing boundary conditions

All the above figures show that the load-deflection relationship curve is linear

for higher steel reinforcement ratio when p > py, and lower with a/d ratio.
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Chapter 6
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Chapter 6
Data Analysis and Discussion

6.1 Introduction

Researches on reinforced concrete beams made of normal strength concrete
and high-strength concrete is widely recorded in literature. However, only a few

studies have been carried out on the behavior of ultra-high strength concrete beams.

The advantage of using of an ultra-high strength concrete reinforced with
high-strength steel is that the cross-sectional dimensions of structural members can
be reduced; thus, reducing the self-weight of the structure and material usage and
construction cost too. Hence, there is an increase in the use of ultra-high strength
concrete as a structural member. However, despite the benefits of UHSC, its
practical applications are still limited because of its complicated and uneconomical

production (Chen et al., 2020).

In the present study, the ultra-high strength concrete beams under the action
of shear forces have been studied experimentally and numerically to better
understand such beam behavior. Shear behavior of UHSC was investigated by
testing them under two-point loads then comparing the numerical results using the
ANSYS computer program. This arrangement has the advantage of combining two
different conditions: Pure bending between the two loads and constant shear forces

at the end section.

The span-to-depth ratio (a/d), flexural reinforcement ratio (p), and
compressive strength of concrete (fz,) are three main variables investigated in this
study. Three groups of beams were assigned to study the shear behavior. Groups 1,

2, and 3 (G1, G2, G3) beams were casted without web reinforcement and assigned
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to investigate the a/d, p, and fcu, respectively. Beams' behavior was studied in terms

of crack pattern, load deflection relationships, and shear strength.
6.2 Crack Patterns and General Behavior

The behavior of beams in general can be described based on the results
exhibited in chapter 4. In the preliminary stages of loading, the beams were off
cracked and acted as a homogeneous composite member composed of concrete and

steel.

As the beams were loaded, flexural cracks formed in the tension face of the
region with pure bending at a load level of about 35 to 40% of the ultimate load
capacity of each beam as shown in figures 4.17 to 4.19 of section 4.5.1. Under further
loading, additional flexural cracks formed in the central region and new ones in the
shear span between the supports. With further increased of load, flexural cracking
increased, and inclined cracks were developed, curving toward the loading points.

After cracking, the behavior of the beams was dependent on a/d, p, and fc..

Load vs deflection for group 1 (a/d ratio) variable
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Figure 4.17 Load vs deflection curves for G1 beams (a/d) ratio
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Load vs deflection for group 2 (steel ratio) variable
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Figure 4.18 Load vs deflection curves for G2 beams (p) flexural steel ratio
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Figure 4.19 Load vs deflection curves for G3 beams (f.,) compressive strength of

concrete

150




For the beams in G1 with (2.63 < a/d < 4.21), p = 0.041 and f., Grade C110,
the beam B2G1 in figure 6.1 with a/d =2.63, failure took place shortly after the
formation of the critical diagonal tension cracks. The failure occurred because of the
horizontal splitting along the tensile reinforcement near the end of the beam. The

longitudinal steel for the beam did not yield. This type of failure in beam B2G1 (a/d

=2.63) was classified as diagonal tension failure.

Figure 6.1 Crack pattern and failure in the beam B2G1/B3G3

For the beam B3G1 in figure 6.2 with a/d =3.16, failure took place sustainably
greater than the load at which the initial diagonal tension crack occurred and
developed without the extensive propagation on flexural cracks in the center portion
of the span with crushing in the concrete of the compression zone indicating that the

mechanism of failure is that of shear compression.

Figure 6.2 (a) Crack pattern and failure in the beam B3Gl
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Figure 6.2 (b) Crack pattern and failure in the beam B3G1 (Other side)

For the beam B4G1 in figure 6.3 with a/d = 4.21, formation of inclined cracks
corresponded to ultimate capacity and flexural failure was expected. However, the
beam failed suddenly in shear and formed a diagonal crack that propagated from the

mid-span between the two-point loading toward the mid-third of the shear span.

This type of failure is classified as flexure shear compression failure.

Figure 6.3 Crack pattern and failure in the beam B4G1/B6G

For the beams in G2 with 0.019< p < 0.041 and a/d =4.21 and f., Grade C110,
B4G2 in figure 6.4 with p = 0.019, the crack pattern and general behavior were the
same as the beam in B3G1 because the failure took place with crushing in the
concrete of the compression zone. The inclined crack that caused the failure
propagated from the compression zone near the point load toward the support. The

failure is classified as shear compression.
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Figure 6.4 Crack a pattern and failure in the beam B4G2

For the B5G2 in figure 6.5 with p = 0.031, the crack pattern and general
behavior were the same as the beam in B4G1, but the inclined crack that caused the
failure propagated from the shear span in the compression zone near the point load

toward the support. The failure is classified as shear compression.

Figure 6.5 Crack pattern and failure in the beam B5G2
B6G?2 in figure 6.3 with p = 0.041 is the same beam B4G1 in G1.

For the beams in G3 with (80 MPa < f,, < 120), (a/d = 3.16), and (p = 0.041),
one-point load at mid-span was used for the two beams in these groups, BIG3 and
B2G3, because the machine reached the maximum capacity, then later replaced by

one-point load.

B1G3 in figure 6.6 with f;, Grade C80 shows that the crack pattern and general
behavior were the same as the beam in B2G1, but the inclined cracks started in the

compression zone near the point load at mid span.
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Figure 6.6 Crack pattern in the beam B1G3

B2G3 in figure 6.7 with f., Grade C100 presents that the crack pattern and
general behavior were the same as the beam in B2Gl, but the inclined crack that
caused the failure propagated from the shear span in the compression zone near the
point load at the mid-span toward the support. The failure is classified as shear

compression.

Figure 6.7 Crack pattern and failure in the beam B2G3.
Beam B3G3 in Figure 6.1 with £, Grade C110 is the same beam B2G1 in G1.

In all the groups, after the first appearance of flexure cracks and as the load
increased, additional flexural and diagonal tension cracks were formed, existing
cracks were lengthened and widened. Failure occurred when one of the inclined
cracks propagated suddenly from shear span in the compression zone near the points

loading toward support with an angle approximately 45°.
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Figure 6.2 to Figure 6.10 show the crack pattern and failure for G1, G2, and
G3. Table 6.1 shows the values of cracking moments, failure load, shear, and
maximum moments for the tested beams. In this study, all the beams are without
stirrups and the crack pattern was fully developed at a load about 85 to 95% of the

ultimate load.

Table 6.1 Cracking moment, failure load, shear, and moment for the tested beams

At First flexure At First inclined At Ultimate Failure
’ Mode

: cracking cracking (faiIure)

P V»;P/z P V=P2
&) | &N &N | &)
190 | 95 220 | 110 SF
180 | 90 210 | 105 SF

170 85 85 200 | 100 ¢ 100 SF

150 | 7> | 884 | 160 80 | 88.4 SF

170 85 19265 180 | 00 | 931 SF

1900 | 95 95 200 | 100 ¢ 100 SF

180 | 99 (562> 200 | 100 | 625 SF

185 925 5781 210 | 105 [65.63 SF

190" 1 95 [5938 | 220 | 110 163,75 SF
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6.3 Calculation of Cracking Moments and Stresses

The ACI code, ST units ACI 318-2019 is described in section 2.3. The cracking

moment is calculated, and the pre-cracking and post-cracking are shown in table 6.2

below.

Table 6.2 Cracking moment and stresses Calculation

No. | Beam | a/d p Seu Mo, act | Stresses before | = Stresses after Mer, test Mer, test
No. (MPa) | (KN.m) cracking cracking (KN.m) |/ Mer, act
b . fe Is Se Lo
' : (MPa) | (MPa) | (MPa) | (MPa)
1 |B2Gl | 2.63 | 0.041 | 1128 23.43 749 | 16.59 | 10.84 | 59.11 31.25 1.33
2 | B3Gl | 3.16 | 0.041 | 1114 23.31 7.45 16.58 | 10.76 | 58.83 35.63 1.53
3 | B4Gl | 421 | 0.041 | 106.5 22.89 7.62 | 16.61 | 11.07 | 59.95 45 1.89
4 |B4G2 | 421 |0.019| 1075 22.22 7.03 | 2202 | 10.72 | 96.79 22.1 1.00
5 |B5G2 | 421 |0,031| 106.6 23.62 7.35 | 21.09 9.93 65.64 38.15 1.62
6 | B6G2 | 421 | 0,041 | 106.5 22.89 7.62 16.61 | 11.07 | 59.95 45 1.89
7 |BIG3 | 2.63 | 0.041 | 76.8 19.59 6.29 | 14.98 9.04 51.66 | 28.13 1.44
8§ |B2G3 | 2.63 | 0.041 | 102.2 22.51 7.18 | 16.54 | 1026 | 56.96 | 30.31 1.35
9 |[B3G3 | 2.63 | 0.041 | 112.8 23.43 749 | 1659 | 10.84 | 59.11 31.25 1.33

The table shows that the test cracking moment is higher than the one calculated

as per the ACI code equations 2.21 to 2.26 shown in chapter 2, section 2.3.

Cracking moment

I
Mcr — Ir. u_n,tr
h—y¢r

Stresses before cracking:
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Stresses after cracking:

fi=0,= MCT.%‘;—: ..(2.25)
fi=0,=n Mcr.d;j“;” .. (2.26)

6.4 Load Deflection Relationships

The reading of the total applied load (P) in this study of the ultra-high strength
concrete beam reinforced with high strength is direct from the testing machine, while
the vertical deflection of the tested beams is obtained from the dial gage reading,
which was placed at the mid-span. The load deflection curve is determined as the
applied shear load (¥); which is (P/2) versus the maximum deflection at mid-span

beam.

In this study, the variables that influence the load-deflection relationship are
the span-to-depth ratio (a/d), flexural reinforcement (p), and compressive strength
of concrete (f.,). The results in the previous chapter (4) and figures 4.11. 4.12, and
4.13 show the load deflection curves of these variables in G1, G2, and G3.

The load deflection curves of all beams show three stages for each beam curve.
Pre-cracking stage, post-cracking stage, and failure stage. The load deflection curves
may be used to classify the failure type. In the pre-cracking stage, the deflection
increases linearly with the loading because the strains in the steel and concrete are
small and both materials are in elastic portion of their respective response. In the
post-cracking stage, there is a change of slope in the load deflection curve due to
cracking, but the deflection again increases linearly with an increasing load before
failure. The third portion is an exceedingly small portion because the failure occurs

at this stage, the load deflection curves in this portion exhibit some changes in slope.
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The main variables that affected the load deflection behavior are discussed in the

next sections.

6.4.1 Shear Span-to-Depth Ratio (a/d)

The load deflection curve for G1, which includes the beams B2G1, B3G1, and
B4G1 is shown in figure 4.17, where the beam is without shear reinforcement and
has the same longitudinal steel ratio p = 0.041, and compressive strength of concrete
fou= Grade C110, but different shear span-to-depth ratio a/d. The figure shows that
the beam with lower a/d ratio has a stiffer response in terms of load deflection
behavior. At the same load level as a/d ratio, deflection increases. This is because
the depth of the beam is constant, while the shear span increases, the (a/d) ratio
increases. The results obtained in this research are similar to the results gathered by

other investigators.

Wang et al. (2020) studied the shear performance of reinforced ultra-high-
performance concrete rectangular section beams. One of the variables considered
was the effect of a/d ratio, and the same results were obtained for load deflection

curves with rapidly decreasing curve slopes for beams with large shear-span ratios.

Another research on the shear behavior of ultra-high-performance concrete
beams reinforced with high-strength steel bars was conducted by Ahmad et al.
(2019). The researchers found a significant reduction in shear capacity of beams with
an increase in the a/d ratio. This reduction in the shear capacity of the beams with
increase in the a/d may be attributed to the increase in the shear span, a, at the same

effective depth, d.
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6.4.2 Longitudinal Steel Ratio (p)

The load deflection curves of G2 which include B4G2, B5G2, and B6G2
beams without shear reinforcement show that beams have the same 1., = Grade C110

and the same a/d =4.21 ratio but have different amount of longitudinal reinforcement

).

Figure 4.18 presents the comparison of the effect of changing the flexural
reinforcement. The findings reveal that the beam with higher steel content has a
stiffer response in terms of load deflection behavior. This trend is due to the larger
effective moment of inertia in the large amount of tensile reinforcement. For the
same load level, the deflection increases as the tensile steel ratio decreases as shown
in the same figure. The results obtained in this research are similar to the findings of

other investigators.

Ahmad et al. (2019) in their study on the shear behavior of ultra-high-
performance concrete beams reinforced with high-strength steel bars, found that the
load deflection curve shows the effect of longitudinal reinforcement ratio (p). In
addition, the results indicate an increase in shear load capacities and mid-span

deflections with an increase in longitudinal reinforcement ratio.

Nikbakhta et al. (2019) investigated on the shear and flexural behavior of steel
reinforced High-Performance Self-Compacting Concrete (HPSCC) beams and
learned that increase in the longitudinal reinforcement resulted to increase in the

strength of the beams but reduction in their deformation capacity.

The study of Kodur et al. (2018) presented an analysis of flexural and shear
resistance of ultra-high-performance fiber reinforced concrete beams without
stirrups and they found that in load deflection curve, a higher reinforcement ratio
exhibited higher load.
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6.4.3 Compressive Strength of Concrete (f.. for (BS) or f". for
(ACI))

The last variable in this study refers to the compressive strength of concrete
(fzu). Figure 4.19 shows a comparison of load deflection curves for the three beams
in G3 which include B1G3, B2G3, and B3G3 beams without shear reinforcement,
with the same longitudinal steel ratio p = 0.041, and shear span-to-depth ratio a/d =

2.63, but with different concrete strength.

The figures show that results are similar, but the higher strength concrete
suffers very less deflection than a similar member with lower strength concrete at
the same load level, which may be attributed to the fact that the higher strength
concrete beams are stiffer than lower strength concrete beams since the modulus of
elasticity of concrete is larger for the higher strength concrete than for lower strength
concrete. The results obtained in this research are similar to the findings of other

investigators.

Lai Zhichao et al. (2022) studied the shear behavior of high-strength square
concrete filled steel tube members where four values of compressive strength of
concrete were investigated: 30, 60, 90, and 120 Mpa. The findings disclosed that
load deflection curves have effect of /. on the shear strength of high-strength

concrete members that increased with increasing /7.

Abdullah et al. (2020) examined the reinforced concrete beams capacity with
different values of concrete’s compressive strength having a maximum of 89 MPa.
The curves of load versus central deflection were exhibited in all the tested beams.
Through the comparison curves, the findings reveal that the maximum compressive

strength value of 89 MPa has a higher deflection value.
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The study conducted by Aziz et al. (2013) on the shear strength and behavior
of ultra-high strength performance fiber reinforced concrete deep beams without
web reinforcement particularly on the three values of concrete’s compressive
strength: normal strength, high strength, and ultra-high strength of 134.5 Mpa reveal

that failure load increased when the compressive strength increased.

6.5 Shear Strength of Beams without Web Reinforcement

6.5.1 General

The beams without shear (web) reinforcement were tested to investigate the
concrete shear strength v, of ultra-high concrete beams reinforced with high strength
bars and the effect of shear span-to-depth ratio (a/d), longitudinal reinforcement ratio

(p), and compressive strength of ultra-high strength concrete (f...).

The ultimate shear capacity of reinforced concrete beams without shear

reinforcement is considered as the shear carried by concrete V..
Ve-Ve 6.1)

ACI code for shear without reinforcement is subjected to shear and flexure only

in shear strength. ST units are presented in section 2.5.1.
V. =1x (016 /F7, +17.2p, )b d - (2.27)

BS8110 is presented (In ST units)

1
3

) /Y, ... (2.30)

1
IOOAS)§ (400) (fcu
bd d 25

v, = 0.79(
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By using Eurocode 2, the shear capacity of the concrete is given by an empirical

expression:

1
Veac = [0.12 k(100p, £.1)3 | by d . @231

The above equations for the estimation of concrete shear strength are
recommended for normal strength concrete but are considered conservative for high-

strength concrete; however, used in this study for ultra-high strength concrete.

The measured shear capacity at ultimate using American ACI 319 Code, British
Standard BS 8110, European Standard Eurocode 2 for each tested beam in addition

to the values calculated using finite element analysis and experimental analysis are

shown in tables 6.3, 6.4, and 6.5.

Experimental shear stress and finite element analysis results are compared with
the ultimate shear stress by ACI 318, BS 8110, Euro code 2, and Canadian code CSA

S6 using the above equations in terms of shear load and shear stress as shown in

table 6.5 where calculation is by dividing the shear capacity by V/ (bw d v fe) and
in table 6.6 by dividing the width (b) and the effective depth (d) of the beam.

Table 6.3 Experiment and FEA comparison of shear strength with codes

No. | Beam [ a/d |p fow Test FEA BS 8110 ACI 318 Eurocode 2
No. MPa V. Ve Y. Ve V. Ve V. Ve V. Ve
KN MPa KN MPa KN MPa KN MPa KN MPa
1 B2G1 | 2.63 | 0.041 | 1128 | 110 | 2316 | 110 | 2316 90.71 | 1910 85.03 | 1790 | 84.77 | 1.785
2 B3G1 | 3.16 | 0.041 | 1114 | 105 | 2.211 | 105 | 2211 ]90.33 | 1.902| 82.45 | 1.736 | 84.42 | 1.777
3 B4G1 | 4.21 | 0.041 | 106.5| 100 | 2.105| 100 | 2.105 | 88.99 | 1.934 | 78.18 | 1718 | 85.84 | 1.807
4 B4G2 | 4.21 | 0.019 | 107.5] 80 | 1.524 90 1.714 | 73.86 | 1.403 | 819 | 1554 | 68.94 | 1313
5 B5G2 | 4.21 | 0,031 | 106.6 | 90 | 1.737 95 1.834 | 86.35 | 1.666 | 83.11 | 1.604 | 80.77 | 1.559
6 B6G2 | 4.21 | 0,041 | 106.5| 100 | 2.105| 100 |2.105 | 88.99 | 1.934 | 78.18 | 1.718 | 85.84 | 1.807
7 | B1G3 | 2630041 | 768 | 100 | 1.895| 106 [2.232| 798 | 1.680| 72.4 |1.524 |74.58 | 1.570
| 8 B2G3 | 2.63 | 0.041 | 1022 | 105 | 2211 | 106 |2.274|87.77 | 1.848 | 81.56 | 1.717 | 82.3 | 1.727
9 B3G3 | 2.63 | 0.041 | 112.8 | 110 | 2.316 | 108 |2.316| 90.7 | 1910 | 85.03 | 1790 | 84.77 | 1.785
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Table 6.4 Comparison the effect of a/d, p, and f;, on shear strength with FEA and
codes in terms of (Vc/(bw d./fc)

No. |Beam |a/d |p e I f Ve/(bw d y/f'c)

No. MPa |Mpa [Test [FEA [BS [ACI |EC2
T B2GI| 263 [0041 | 112.8]9024] 024 [ 024 | 020 | 019 | 0.19
. B3GI| 316 |0o041 | 11148012 023 | 023 [ 020 [ 018 | 019
8 [B4G1| 421 [0041 | 1065 852 | 022 | 022 | 020 | 0.18 | 0.19
4 [BaG2| 421 |oo019[1075] 8 [017 | 018 ] 0.15 | 0.17 | 0.14
© 'B5G2| 421 | 0,031 |106.6]8528] 019 | 020 | 0.13 | 0.17 | 0.17
@ B6G2| 421 |0041 1065|852 [ 022 | 022 | 020 | 0.18 | 0.19
7 |BIG3 | 2.63 | 0.041 | 768 |61.44] 024 | 028 [ 021 | 0.19 | 0.20
Y B2G3| 263 | 0041|1022 (8176 024 | 025 [ 020 | 0.19 | 0.19
9 B3G3| 263 [ 004111289024 024 | 024 | 020 | 0.19 | 0.19

Table 6.5 Comparison the effect of a/d, p, and f;, on shear strength and with
FEA and codes

Beam (ad |p Seu S Ultimate shear stress Relative shear stress
No. MPa | MPa vu = ve. MPa)

Test FEA | BS ACI | EC2 Viest/ VFEA | Viest/VBS | Viest! VACI | Viest/ VEC2
B2GI1 1263 | 0041 | 112.8 | 9024 ] 2316 | 2316 | 1910 | 1790 | 1785 1 1213 1.294 1.298
BiGl 1 31610041 (1113 | 8910 201 | 2211|1902 | 1736l 1777 1 1162 1.274 1.244
BAG1 (421 10.041 11065 852 | 2105 [ 2105|1934 | 1.718 | 1.807 1 1.089 1.226 1165
BiG? 1421 10019 | 1075 | 86 | 1624 | 1714 | 1403154 ] 1313 0.89 1.053 1.001 1125
B3G2 | 421 00311 106:6 | 850811 1737 |1.834 | 1666 | 1604 ] 1559 0.95 1.063 1.083 1.129
BoG2 14211 0,041 | 1065 | 852§ 2105 | 2105 | 1.934 | 1.718 | 1.807 1 1.089 1.226 17202
BIG3 [263 10041 | 768 6144 ] 2105 | 2232 | 1680|1524 | 1570 0.85 1128 1.234 1.207
B2G3 | 263 | 0041 | 1022 [ 3196 1 0011 | 2274 | 1848 | 1711 | 1727 0.97 1.196 1287 1.28
B3G3 126310041 F112.8.1.9094 } 2.316 | 2.316 | 1.910 |:1.790.| 1785 1 1213 1.294 1.298

163




6.5.2 Effect of the Shear Span-to-Depth Ratio (a/d)

The effect of a/d ratio on the shear strength of tested beam with compressive
strength f,, Grade C110 and constant flexural steel ratio p = 0.041 is shown in tables
6.3 to 6.5 and figures 6.8 to 6.10.

. Effect of shear span to depth ratio (a/d) on shear strengfﬂ}

2.45

2.4

2.35

2.3
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~
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2.2
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2.1

2.05

a/d Ratio

-G Experimantal

Figure 6.8 The effect of shear spa-to-depth ratio (a/d) on shear strength

The measured concrete shear strength (V. = V,) decreased sharply with the
increase of a/d ratio as shown in figure 16.8. For the same applied load, larger a/d
ratio means larger bending moment in the shear span, so that the penetration of the
flexural cracks increases as flexural stresses near the crack tip increase. As a/d ratio

increases, the flexural crack develops trend incline.
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Effect of shear span to depth ratio (a/d) on shear strength
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Figure 6.9 The effect of shear span-to-depth ratio (a/d) on shear strength with

comparison with codes

The comparison of experimental shear strength v. with that computed by
American code ACI 318, British standard BS 8110, and Eurocode 2 equations are

shown in figure 6.9.

Experimental shear strength of concrete results is consistent with ACI 318, BS
8110, and Eurocode 2 results where there is a decrease with the increase of the a/d
ratio. ACI 318, BS 8110, and Eurocode 2 v, values are close to each other, except
the experimental results given above by the code equations. FEA results are

presented in the next section.
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Effect of shear span to depth ratio (a/d) on shear strength
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Figure 6.10 The effect of shear span-to-depth ratio (a/d) on concrete shear strength

beam Ve, test / Ve, BS, Ve, test / Ve, ACL and Ve, test/ Ve, EC2

Figure 6.10 presents the relative shear strength (ve, test / vc, BS, vc, test / v,
ACI, and vc, test/v¢ gc2) which are shown to decrease as a/d ratio increase. The value
increases from 1.089 at a/d equal 4.21 to 1.213 at a/d equal 2.63 using BS 8110
equation. Increase from 1.226 at a/d equal 4.21 to 1.294 at a/d equal 2.63 is shown
using ACI equation and increase from 1.165 at a/d equal 4.21 to 1.298 at a/d equal

2.63 is evident when using Eurocode 2.

It can also be seen from the above figures that the measured concrete strength
was larger than that computed by ACI, BS, and EC2 equations; that these equations

are understanding shear strength for all values of a/d ratio for ultra-high strength
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concrete using high-strength steel bars especially at the lower ratio. This reduce
factor of safety for beams of ultra-high strength concrete may be because the above
building codes do not account the effect of a/d ratio on the shear strength of structural
design in an ultra-high strength concrete beams reinforced with high-strength steel
bars. The effect of a/d ratio in ACI 318 equation for the two-point loading of beam
is denoted by the term (V, d/M,), that is equal to d/a, but it has an exceedingly small
effect.

The above results are parallel with the findings of Wang et al. (2020) who
conducted research on shear performance of reinforced ultra-high-performance
concrete rectangular section beams and found that beams’ shear span ratio at a
certain range can obviously decrease the beams’ shear capacity and Bahraq et al.
(2019) who conducted an experimental and numerical investigation of shear
behavior of RC beams strengthened by ultra-high performance concrete and found
that as the a/d ratio increased, the shear capacity of the beams decreased. Moreover,
other studies which are consistent with the findings of this current study include Wua
et al. (2018) who examined the shear strength of reinforced concrete beams with pre-
cast high-performance fiber-reinforced cementitious composite permanent found
that the shear strength of the specimen with higher shear span-to-depth ratio 1s higher
than the beams with lower shear span-to-depth ratio and finally, Kwak et al. (2002)
who investigated the shear strength of steel fiber reinforced concrete beams without
stirrups and found that the shear strength of members increased with decreasing

span-to-depth ratio.

From the above figures and discussions, it can be deduced that the shear
strength of ultra-high strength concrete beams using high steel bars are affected by
the shear span-to-depth ratio and hence, must be included in the estimation of shear

strength of the beams.
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6.5.3 Effect of Steel Ratio (p) on Shear Strength

The effect of longitudinal (flexural) steel ratio p on the concrete shear strength
of the tested beams made of ultra-high strength concrete about 110 MPa without
stirrups and with concrete shear span-to-depth ratio (a/d) of 4.21 is shown in tables

6.3 to 6.5 and figures 6.11 to 6.13.

Effect of Steel ratio (p) on shear strength
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Figure 6.11 The effect of steel ratio (p) on shear strength

The measured concrete shear strength V that was obtained by the tested beams

as shown in figure 6.11 increased as the longitudinal reinforcement ratio p increased.

For a given applied load, larger longitudinal steel ratio p means less penetration
of the flexural crack. The principal stress above the flexural crack depends on the
depth of penetration of the crack. The magnitude of these stresses affected the rate
at which the flexural crack developed and inclined near the tip of that crack, so that

the less the penetration of the flexure crack, the less the principal stresses. The
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applied load must be the shear to cause principal stresses that result in diagonal

tension cracking.

Effect of Steel ratio (p) on shear strength
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Figure 6.12 The effect of steel ratio (p) on shear strength with comparison with

codes

The experimental results for concrete shear strength were compared using the
American code ACI 318, British standard BS 8110, and Eurocode 2, as shown in
figure 6.12.

Experimental shear strength of concrete results is similar with ACI 318, BS
8110, and Eurocode 2 results where there is an increase with the increase of the p

ratio. ACI 318, BS 8110, and Eurocode 2 v, values are close to each other as shown
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in the experimental results using the code equations except for the lower value of
p=0.019, which is equal to using ACI 318 equation. FEA results are discussed in the

next section.

Effect of Steel ratio {p) on shear strength
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Figure 6.13 The effect of steel ratio (p) on concrete shear strength beam v, st/ Ve,

BS, Vo, test / Ve, ACT, and Ve, test/ Ve, EC2

The experimental results of concrete shear strength were compared with those
computed by ACI 318, BS 8110, and Eurocode 2 equations relative to shear strength.
Figure 6.13 shows that the relative shear strength (vc, test / vc, BS, ve, test / ve, ACI,
and vc, test / v gc2) increased from 1.053 for p equal to 0.019 to 1.123 for p equal
to 0.041 in BS 8110, increased from 1.001 for p equal to 0.019 to 1.279 for p equal
to 0.041 in ACI 318, and increased from 1.125 for p equal to 0.019 to 1.202 for p
equal to 0.041 in Eurocode 2. Further, it can be seen from the abovementioned

figures that the measured concrete shear strength is larger than those computed by
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the above code equations and are underestimated for ultra-high strength concrete
beams especially for the higher p. This is because the effect of p on shear strength is
disregarded by these structural design codes in ultra-high strength concrete beams

reinforced with high-strength steel bars.

The above results are similar with the findings of different researchers
including Ahmad et al. (2019) who found that shear load capacity hardly increased
with increasing longitudinal reinforcement ratio; Nikbakhta et al. (2019) who
concluded from their study on the shear and flexural behavior of steel reinforced
HPSCC that the increase in longitudinal reinforcement results to the increase in the
strength of the beams; and Kodur et al. (2018) who learned from their study that

beams with a higher reinforcement ratio reveal higher load.

It is clear from the above studies that the longitudinal reinforcement ratio
affects the concrete shear strength of ultra-high strength concrete beams reinforced

with high steel bars.

6.5.4 Effect of Compressive Strength of Concrete on Shear
Strength

The concrete shear strength V. was affected by the uniaxial compressive
strength of concrete f;, for the tested beams with f, ranging from 76.8 to 112.8 MPa
with constant a/d ratio of 4.21and constant longitudinal reinforcement ratio p of

0.04 1'without stirrups as shown in tables 6.3 to 6.5 and figures 6.14 to 6.16.

The shear strength of concrete V. of the tested beams increase as the
compressive strength of concrete f, as indicated by BS code or (f’; as denoted by

ACI code) increased as shown in figure 6.20. At the same load level, larger f..
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indicates larger shear strength for the tested beams as expected. The shear is resisted
mostly by the concrete’s shear stress until the cracking load. Then the aggregate
interlocks, dowel action of the longitudinal reinforcing bars and resistance of the
beam after the cracking load is still with untracked concrete at the top fiber

(Meqdadi., 1993).

According to Elzanaty et al. (1986) the surface roughness and the amount of
opening at the crack affects the percentage of the shear resistance carried by the

aggregate interlock.

Effect of comp. strength of concrete (f,,) on shear strength
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Figure 6.14 The effect of compressive strength of concrete (fe.) on shear strength

The tested beams in this investigation show that the crack surface for higher

concrete strength is smoother, indicating that the shear strength carried by aggregate
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interlock decreases with increasing f-,.. After cracking, part of the shear displacement
along the crack is resisted by dowel action of the longitudinal steel giving rise to
vertical tension in the surrounding concrete and another part by the untracked
concrete, which depends also on £, as well as on the area of the compression zone
above the crack. These three parts that resist shearing are independent and are not

easy to separate.

Effect of comp. strength of concrete (f,,) on shear strength
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Figure 6.15 The effect of compressive strength of concrete (feu) on shear strength

with comparison with codes V.

The concrete shear strength test results were compared with those calculated
by American code ACI 318, British standard BS 8110, Eurocode 2, and Canadian

Standards Association CSA S6 equations as shown in figure 6.18.

173




The experimental shear strength of concrete results is similar with ACI 318, BS
8110, and Eurocode 2 results where there are increase with the increase in f,. ACI
318, BS 8110, and Eurocode 2 v, values are closed to each other as indicated in the

experimental results through the given code equations.
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Figure 6.16 The effect of compressive strength of concrete (feu) on concrete shear

Strength beam Ve, test/ Ve, BS, Ve, test/ Ve, ACI and Ve, test/ Ve, EC2

The experimental result for concrete shear strength were compared with the
computed by ACI 318, BS 8110 and Eurocode 2 equations as relative shear strength.
Figure 6.16 shows that the relative shear strength (Ve, est/ Ve, Bs, Ve, test/ Ve, act, and ve,
wst! Ve, £c2) increased from 1.128 for f;, equal to 76.8 MPa to 1.213 for f., equal to
112.8 MPa in BS 8110, increased from 1.243 for f., equal to 76.8 MPa to 1.294 for
foequal to 112.8 in ACI 318, and increased from 1.207 for f, equal to 76.8 MPa to
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1.298 for £, equal to 112.8 MPa in Eurocode 2. Also, it can be seen from the above
figures that the measured concrete shear strength was larger than those computed by
the above code equations and were underestimated for ultra-high strength concrete
beams especially for the higher f;,. This reduces the factor of safety for beams with
ultra-high strength concrete. BS 8110 equation gives a better result than ACI code
equation because ACI building code related the strength of concrete fo, or f'c as
denoted by ACI through a power equal to the power (0.5) while the BS 8110 related
the strength to the power equal to (1/3) that is, the actual increase in shear strength

may be closer to (f,)" as reported by many investigators (Zsutty, 1968).

The test results of concrete shear strength were compared with those computed
by ACI 318, BS 8110, and Eurocode 2 equations relative to shear strength. Figure
6.22 shows that the relative shear strength (vc, test / ve, BS, v, test / ve, ACI, and
ve, test / ve, c2) increased from 1.128 for £, equal to 76.8 MPa to 1.213 for f, equal
to 112.8 MPa in BS 8110, increased from 1.243 for f., equal to 76.8 MPa to 1.294
for f., equal to 112.8 in ACI 318, and increased from 1.207 for £z, equal to 76.8 MPa
to 1.298 for £, equal to 112.8 MPa in Eurocode 2. In addition, it can be seen from
the abovementioned figures that the measured concrete shear strength was larger
than the ones computed by the above code equations and were underestimated for
ultra-high strength concrete beams especially for the higher f.. This reduces the
factor of safety for beams with ultra-high strength concrete. BS 8110 equation gives
better result than ACI code equation because ACI building code related the strength
of concrete f, or fc as denoted by ACI through a power equal to the power (0.5)
while the BS 8110 related the strength to the power equal to (1/3) and that is an

)1/3

actual increase in shear strength which may be closer to (f,)'"” as reflected in various

researchers (Theodore, 1968).
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BS8110 as shown in the above figures was underestimated for all values of £,
but is more accurate than ACI code and Eurocode 2. Eurocode 2 also related the
strength to the power equal to (1/3) for the estimation of the concrete shear strength
of the tested beam. This may be because BS 8110 uses the compressive strength of
cubes instead of cylinder. Table 6.4 shows that the cylinder compressive strength is

about 0.8, the cube compressive strength of concrete.

All the above figures show that the compressive strength of concrete has an
effect on concrete shear strength for the structural design of ultra-high strength

concrete beams reinforced with high strength steel bars.

The above findings were consistent with research outcomes of Lai et al. (2022)
who found that the shear strength of members increased with increasing (f”.) because
the elastic modulus (shear modulus) of concrete increased with increasing(f”.); Aziz
et al. (2013) whose experiment revealed that the failure load increased when the
compressive strength increased (shear strength); and Kwak et al. (2002) whose
findings indicated that the shear strength of members increased with increasing

compressive shear strength.

6.6 Data Analysis and Discussion for FEM Results

6.6.1 General

This section discusses the 3D Finite FEA models in chapter 5 that show the

investigation on the shear behavior of ultra-high strength concrete reinforced with

high strength bars. The FEA models were developed using ANSYS (2021/R2).

Farooq et al. (2014) explains that ANSYS is a software appropriate in
engineering simulation based on finite element methods for it can solve problems

from simple linear analyses to the most complicated non-linear simulations.
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The models were used in analyzing the shear behavior of the beams and in
conducting parametric studies to further investigate the effect of shear span-to-depth
ratio (a/d), longitudinal steel reinforcement ratio (p), and compressive strength of

concrete (fe).

G1 beams are to study on the shear span-to-depth ratio with beams having (a/d)
ratios of (2.63, 3.16 and 4.21), and all with (p = 0.041 = 1.1 p; and fcu Grade C110).
G2 beams are to study on the longitudinal steel reinforcement ratio with beams
having (p) equal to (0.019, 0.031, and 0.041). These values with respect to the (ps)
are (0.521 py, (0.838 pp, and (0. 1.487 pp). G3 beams are to study on the compressive
strength of concrete with beams having (f.,) equal to (76.8, 102.2 and 112.8) and all
with (p=0.041 = 1.1 p; and a/d = 2.63).

6.6.2 Materials and Modelling

The concrete beam is modeled with an eight-node Solid65 element with three
degrees of freedom at each node. Link180 spar element with three degrees of
freedom per node is used to model the steel reinforcement. The columns and loading

points are modeled with eight-nodded Solid180 elements.

Table 5.1 shows the Menetrey-Wiliam model, softening base for concrete,
stress strain for concrete based on the fuzzy model, dilation angle affecting the
amount of plastic volume deformation assuming 30°, and other concrete properties
while table 5.2 presents the properties of steel reinforcement and figure 5.5. exhibits

the properties of steel bearing plate.

A parametric study on the mesh size was carried out in section 5.6.1 with
different mesh sizes. A mesh size of 40 mm predicted good post-yield response in

the beams selected for validation.
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6.6.3 Load Deflection Relationships

The mid-span deflection curves throughout the loading for the tested beams
using FEA are presented in section 5.7. In the load-deflection curves of beams
without web reinforcements, linear up to failure were noticed in most of the beams

especially for beam with high reinforcement steel ratio (p > pp) and low (a/d) ratio.
6.6.3.1 Shear Span-to-Depth Ratio (a/d)

Figure 5.27 shows the load deflection curves for G1 beams with a/d ratio as a
variable and same f, Grade C110, and p > ps, B2G1 and B3G1 with a/d =2.63, and
3.16 show linear relationship while B4G1 shows linear up to 70% then start non-

linear up to failure, this is because this beam has higher a/d =4.21.

The results show that the beams with a higher a/d ratio experienced a higher
deflection than those with a lower a/d ratio. The shear load decreased as a/d ratio

increased, and this is in line with the experimental results.

6.6.3.2 Longitudinal Steel Ratio (p)

Figure 5.34 shows the load deflection curves for G2 beams with (p) ratio as a
variable and the same f;, Grade C110 and a/d = 4.21. B4G2 with p= 0.019 < p,
shows linear up to 55% then start non-linear up to failure. BSG2 with p= 0.031 < py,
shows linear up to 65% then start non-linear up to failure. B4G1 with p= 0.041>p,,

shows linear up to 75% then start non-linear up to failure.

The results show that the beams with a higher (p) ratio experienced a higher
deflection than those with a lower p ratio. The shear load increased as (p) ratio

increased and this is consistent with the experimental results.
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6.6.3.3 Compressive Strength of Concrete (fcu)

Figure 5.39 shows the load deflection curves for G3 beams with f., ratio as a
variable and the same p = 0.041 > p;, and a/d = 2.63. All beams B1G3, B2G3, and

B3G3 show a linear relationship and the results are remarkably close to each other.

The results show that the beams with a higher f;, experienced a little higher
deflection than those with a lower ;.. The shear load increased as little £, increased,

and this is parallel with the experimental results.

6.6.4 Shear Strength of Beams without Web Reinforcement

Table 6.3 to table 6.5 show the measured shear capacity at ultimate using
American ACI 319 Code, British Standard BS 8110, European Standard Eurocode
2, and Canadian code CSA S6 for each tested beam in addition to the values

completed through finite element analysis and experimental analysis.

6.6.4.1 The Effect of the Shear Span-to-Depth Ratio (a/d)

2 Effect of shear span to depth ratio (a/d) on shear

strength
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Figure 6.17 The effect of shear span-to-depth ratio (a/d) on shear strength
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Figure 6.17 shows the effect of shear span-to-depth ratio a/d on shear strength
of ultra-high strength of concrete beams reinforced by high strength steel using finite
element analysis. The results indicate the shear strength decreases with increasing

a/d; this is aligned with the experimental results.

6.6.4.2 Effect of Steel Reinforcement Ratio (p) on Shear Strength

Effect of Steel ratio (p) on shear strength FEM G2
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Figure 6.18 The effect of steel ratio (p) on shear strength

Figure 6.18 presents the effect of steel ratio (p) on shear strength of ultra-high
strength of concrete beams reinforced by high strength steel using finite element
analysis. The results disclose that the shear strength is increased with increasing (p),

and this is coherent with the experimental results.
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6.6.4.3 Effect of Compressive Strength of Concrete (f.u) on Shear
Strength.

Effect of comp. strength of concrete (f,,) on shear strength

70 75 80 85 90 95 100 105 110 115 120
fou (MPA)

e FEM..

Figure 6.19 The effect of compressive strength of concrete (f;,) on shear strength

Figure 6.19 displays the effect of steel ratio (f;,) on shear strength of ultra-high
strength of concrete beams reinforced by high strength steel using finite element
analysis. The results reveal that the shear strength is increased with increasing (f..).

The findings are consistent with the experimental results.
6.6.5 FEM Results and Experimental Results Comparison

The aim of this study is to compare the experimental results with numerical

results using the finite element method. Experimental analysis is widely done to
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study the behavior of shear of reinforced concrete beams under various loading and

boundary conditions and the structure's actual behavior.

According to Badiger et al. (2014) FEA is a method used in evaluating
structures with an accurate prediction of the component’s response subjected to
various structural loads. The method is faster and cost-effective compared to the
experimental method. On the one hand, FEM is used to model the complex behavior

of reinforced concrete beams.
6.6.5.1 Load Deflection Relationships

The effect of span-to-depth ratio in G1 is shown in section 5.7.1. The beams
B2G1 and B3Gl1 presented in figures 5.22 and 5.24 show a linear relationship in
FEA but the experimental result shows approximately 60% linear then non-linear up
to failure. In the linear part, there is a small difference in reading the deflection for
the same applied load. B4G1 in figure 5.26 shows a linear relationship in FEA but
the experimental result is up at approximately 80% linear then non-linear up to

failure. In the linear part, the reading of deflection is equal to the same applied load.

The effect of longitudinal steel ratio in G2 is shown in section 5.7.2. The
beams B4G2 and B5G2 are presented in figures 5.22 and 5.24. The load deflection
relationship in FEA is in line with the experimental results where B6G2 is the same

beam as B4G1.

The effect of concrete compressive strength in G3 is shown 1in section 5.7.3
while beams B1G3, B2G3, and B3G3 are shown in figures 5.36, 5.38, and 5.40. The
relationship of all beams shown in FEA is linear but the experimental B1G3 up is
approximately 90% linear then non-linear up to failure. In the linear part, the
deflection readings are aligned with the same applied load. For B2G3 and B3G3, the

experimental result is up by approximately 70% linear then non-linear up to failure.
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In the linear part, the reading of deflection has some difference with the same applied

load for B2G3 and B3G3.
6.6.5.2 Shear Strength of Beams

The comparison of the effect of span-to-depth ratio on concrete strength in the
experimental results and finite element method show an ultimate concrete shear
strength V,, which decreased with the increase of a/d ratio as shown in figure 6.20
for the same applied load. The value of shear strength by FEM in this group is match

with the value of the experimental method.

3.5

Effect of shear span to depth ratio (a/d) on shear strength

3.3

2 2.5 3 35 4 4.5
a/d Ratio

wolfprs EXP Q1 - FEM G1

Figure 6.20 Comparison the effect of shear span-to-depth ratio (a/d) on shear
strength Experimentally and by using FEM
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The comparison of the effect of longitudinal steel ratio on concrete strength
present that both experimental results and finite element method show an ultimate
concrete shear strength Vu, which increased with the increase of p ratio as shown in
figure 6.21 for the same applied load. The value of shear strength by FEM in this

roup is about 6% more than experimental method.
group p

Effect of Steel ratio (p) on shear strength
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Figure 6.21Comparison the effect of longitudinal steel ratio (p) on shear strength

Experimentally and by using FEM

The comparison of the effect of compressive strength on concrete strength

shows that both experimental results and finite element method have an ultimate
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concrete shear strength V, which increased with the increase of f, as shown in figure
6.22 for the same applied load. The value of shear strength by FEM in this group is

about 6.5% more.

Effect of comp. strength of concrete (f,,) on shear
strength

3.500

3.300

3100

2,800

2700

2.500

vu {MPa)

2300

2.100

1.900

1.700

1.500

70 75 80 85 90 95 100 105 110 115 120
fou (MPA)

e FEM G35 EXP G3

Figure 6.22 Comparison the effect of concrete compressive strength (feu) on shear

strength Experimentally and by using FEM
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6.6.6 Linear Relationship from Literature on the Load

Deflection Curve

Abd Hamidl et al. (2018) performed a finite element analysis of a smart
reinforced concrete beam with flexible shape memory alloy under stagnant loading

for seismic mitigation.

Using FEM modelling in ANSYS for simply supported RC beams with smart
rebars, the control beam was subjected to static load where the material employed
was the super elastic shape memory alloys (SESMA). The SESMA is a unique alloy

that can undergo large deformations and return to an unreformed shape.

Load vs Deflection for concrete reinforced with steel
120 ,
and NiTi
100
gaf
g
- 60
g
o |
©
5
i Steel —8— NiTi
0
0 0.5 1 15 2 1.5 3
Deflection (mm)

Figure 6.23 Load vs deflection of concrete reinforced with steel and NiTi (Abd
Hamidl et al., 2018)
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The deflection of both steel and NiTi reinforced concrete beam with nickel
titanium alloy is increasing linearly with the increase of load. The result of the
maximum deformation analysis by finite element model on NiTi and conventional

reinforced concrete beam are shown in figure 6.23.

Antonio et al. (1998) investigated a reinforced concrete structure using ANSY'S

non-linear concrete model.

A simply supported reinforced concrete beam was subjected to uniformly
distributed loading. Longitudinal reinforcement has been considered and concrete

model in ANSYS using Drucker-Prager yielded criterion.
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Figure 6.24 Load vs deflection curves for models with discrete reinforcement

(Antonio et al.,1998)

The load-deflection curve in figure 6.24 shows a nearly linear curve (Case 2f)
that quickly reached failure in the compression zones and cannot converge to a
solution. As the steel assumed to behave linearly, failure in these models occurred

and as soon as the failure surfaced, it reached the compressed concrete.
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Chapter 7

Conclusions, Recommendations and Future Works

Shear behavior of UHSC beams reinforced by HSS bars was studied through
the three groups of beams. A total of ten beams were casted at Bahrain Precast
Concrete Company and tested in the structural laboratory of Civil Engineering
Department at the University of Bahrain. Three beams for each group; with nine
beams were assigned in this study, combined with three cubes as a control specimen

for each beam.

The main variables investigated in this study are the span-to-depth ratio (a/d),
flexural reinforcement ratio (p), and compressive strength of concrete (f..). The

following conclusions and recommendations were observed:

7.1 Conclusions

This investigation is to study the shear behavior of UHSC beams reinforced
with HSS bars. The variables considered are the shear span-to-depth (a/d) ratio,
percentage of longitudinal steel ratio (p), and compressive strength of concrete (feu).

The following conclusions are drawn based on the obtained results in this study:

(1) The first crack was observed on the tension face in the region of pure
bending at the load level of about 35 to 40% of the ultimate capacity, while the first

inclined cracks were observed at about 85 to 95%.

(2) All tested beams exhibited shear failure mode in the critical shear span and

the failure is a brittle-type mode which occurs suddenly without advance warning.

(3) Two types of shear failure were observed: The first failure was diagonal

tension failure, which was observed on the beams with UHSC feu = 112.8 MPa and
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flexural reinforcement ratio of p = 0.041 and shear span-to-depth ratio of a/d = 2.62
without shear reinforcement. The second failure was shear compression failure of
UHSC beams, 76.8 < fcu < 117.1 MPa, and flexural reinforcement ratio of 0.019 <

p <0.041 without shear reinforcement.

(4) Shear span-to-depth ratio (a/d), flexural reinforcement ratio (p), and
compressive strength of concrete (f2,) have affected the behavior of beams during
testing until shear failure occurred. Deflection has increased as (a/d) increased or (p)

or (f=,) decreased.

(5) The shear strength of UHSC beams reinforced with HSS bars without web
reinforcement increased with the increase in flexural reinforcement ratio (p), or
compressive strength of concrete (f;,), and decreased with the decrease of the shear

span-to-depth ratio (a/d).

(6) The ratio of the test to predicted shear strength by ACI 318, BS 8110, and
Eurocode 2 equations have increased as p or f., increased, or a/d decreased, and was

larger than 1 for all the tests.

(7) Using of HSS strongly influenced the shear behavior of the concrete beams

tested in the current study and constructed without web reinforcement.

(8) The international codes equations (ACI 318, BS 8110, and Eurocode 2)
appeared to underestimate the shear strength of ultra-high strength concrete

reinforced with high strength bar without stirrups for all values of a/d, p, and £,

(9) Load deflection curves in the FEA results show linear relationship for the
beams with higher steel ratio of p/ p, > 1 and lower a/d <4.21, where the relationship
shows linear up to 60 to 80% then non-linear for lower steel ratio of p / p, < 1 and

higher in a/d > 4.21.
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(10) Shear span-to-depth ratio (a/d), flexural reinforcement (p), and
compressive strength of concrete (f.,) have affected the behavior of beams using
FEA. Deflection have increased as a/d increased or p or £, decreased and this is in

line with the experimental results.

(11) The shear stress of UHSC beams reinforced with HSS bars without stirrups
using FEA increased with the increase in flexural reinforcement ratio (p), or
compressive strength of concrete (f;,), and decreased with the decrease in the shear

span-to-depth ratio (a/d).
(12) The experimental shear stress is lower in FEA by approximately 6%.

(13) The behavior of the finite element models represented by the load
deflection plots at mid-span show good agreement with the test data from the full-
scale beam tests in some cases for lower steel ratio of p / p, < 1 and higher in a/d >

4.21.

(14) The finite element models show slightly more stiffness than the test data

in both the linear and non-linear ranges.
7.2 Recommendations and Future Works

Based on the limited number of tests in this study on the UHSC beams

reinforced with HSS bars without stirrups, the following are the recommendations:

(1) ACI 318, BS 8110 and Eurocode 2 equations need some modification to
match the specification of the UHSC.

(2) Some modification should be taken for UHSC design because the failure

was observed very sudden.
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(3) Further investigation on the effect of yield strength of steel (f;), bar size
reinforcement (), width to height (b/h) ratio or width-to-depth (b/d) ratio,

tensile strength of concrete (f;), and compression steel reinforcement (As').

(4) Conduct of research on stress-strain relationship for concrete and steel,
which requires a computerized testing machine attached with data accession
system and with necessary strain gages to measure the strain in steel

reinforcement and concrete.

(5)Investigation on shear behavior when using the stirrups, effect of shear

reinforcement (Vy), and stirrups spacing (s).

(6)Further studies on using UHSC like flexural behavior, other types of
structural members such as columns, slabs, deep beams, etc. as well as other

types of materials such as light weight ultra-high strength.
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Appendix

Notifications
a = Depth of equivalent rectangle stress block in the compression zone (mm)
a = Shear span from reaction to the first concentrated load point (m)
A = Gross area of the section (mm?)
As = Area of tension steel reinforcement (mm?)
b = Width of the rectangular beam (mm)
c = Depth of the neutral axis from the top of the beam (mm)
C = Compressive concrete force of the beam section (KN)
d = Effective depth of the beam from extreme compression fiber to centroid

of tension reinforcement (mm)

a/d = Span-to-depth ratio

E = Modulus of Elasticity (MPa)

E. = Modulus of elasticity for concrete (MPa)

Es = Modulus of elasticity for Steel (MPa)

Jre2 = Biaxial compressive strength (MPa)

fe! = Uniaxial Compressive strength of Concrete cylinder (Mpa)

for = Cracking strength of concrete (Mpa)

feu = Uniaxial Compressive strength of Concrete cube correspondence to the

concrete in the test beam (Mpa)

fr = Modulus of rupture (Mpa)

fs = Stress of the reinforcing bars (Mpa)

f = Yield strength of the reinforcing bars (Mpa)
h = Total depth of rectangular beam (mm)
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Ko = Biaxial strain at uniaxial compressive strength

L = Length of beam (distance between supports) (m)

L/h = Span to total depth ratio

M = Bending moment in general (KN.m)

M, = Nominal bending strength in section (KN.m)

M, = Ultimate moment strength of the beam (failure) (KN.m)

M., = Cracking moment in the beam (KN.m)

n = Modular ratio (Ey/ E,)

P = Concentrated load in general (KN)

P, = Ultimate failure load of beam (KN)

4 = Shear load in general (KN)

Ve = Shear force carried by concrete (KN)

Vs = Nominal shear force provided by stirrups (KN)

V,.=V.+V, = Nominal sheer force of the beam (KN)

Vi = Ultimate shear force in the beam (KN)

% = Shear stress in general (KN)

Ve = Shear stress carried by concrete (Mpa)

Vu = Ultimate shear stress for the beam (Mpa)

VA = Lever arm between Tension and Compression forces (mm)

B = Concrete property that is the "ratio of depth of rectangular stress block
to the depth to the neutral axis

Y = Material partial safety factor

A = Concrete design factor

0, 4 = Deflection at md span of the beam (mm)

p = Steel ratio in tension zone

Pb = Balanced tensile steel ratio
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Ec
£

86’}‘711 gcu

Steel ratio compression zone

Bar diameter (mm)

Resistance factor for concret
Poisson’s ratio

Strain in general (mm/mm)

Concrete strain

Steel strain

Maximum (ultimate) strain in concrete

Yield strain of steel
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