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ABSTRACT

This research investigated the strengthening techniques of composite
encased steel-concrete beams which have transverse square openings in the shear
zone under the effect of four-point loading. Two square openings (50x50)mm and
(136x136)mm were studied under the effect of using different strengthening
techniques. The experimental program consisted of testing fifteen beams with
transverse square openings in the mid-span of the shear zone, three of the beams
served as control beams, including one beam without openings, whereas the other
two beams had two openings located symmetrically in the shear zone, and twelve
beams were strengthened with different techniques in the opening zone such as
extruded encasing transversely (EET) technique, reinforcement arrangement,
Carbon Fiber Reinforced Polymer CFRP sheets (the CFRP strengthening
configuration considered in this study was a fully wrapping system around the
square openings and diagonal strengthening sheets around the square openings)
and Near Surface Mounted NSM CFRP bars in two different configurations around
the square openings (strengthening the specimens with a Rhombus shape
strengthening CFRP bar and diagonal strengthening CFRP bars). The structural
response has been discussed in terms of the first cracking load, ultimate load,
maximum deflection, failure modes, crack patterns, initial stiffness, and energy
absorption. Test results indicated that the reinforcement arrangement technique
used to strengthening small opening recorded an enhancement in the ultimate load
capacity and stiffness of about 15% and 50%; respectively compared to the control
beam with a small opening. In addition to the composite encased steel-concrete
beam with small square opening in shear zone strengthening by CFRP fully
wrapping sheets around openings has improved the shear strength as regards
ultimate load capacity and energy absorption by 8% and 48% compared with the

control beam with small opening; respectively.
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CHAPTER ONE INTRODUCTION

CHAPTER ONE: INTRODUCTION

1.1 Introduction

Many pipes and ducts are required in the construction of modern buildings to
accommodate important services such as air conditioning, electricity, telephone,
and computer network. Web openings in concrete beams enable the installation of
these services. Transverse openings in beams are source of potential weakness. So,
the presence of opening in web of reinforced concrete beam result in many
problems in the beam behavior including a reduction in beam stiffness, excessive
cracking, and deflection and reduction in beam capacity[1]-[14]. Additionally,
including openings cause high concentration of stress around the openings,
particularly at the corners. The simple beam behavior is changed to a more
complex one when the total cross-sectional dimension of the beam is reduced[15],

[16]. There are many shapes and sizes of openings available.

R E i; N BT

Figure 1.1 Examples illustrating beams with openings.

1.2 The shape of opening

One of the things that affect the shear strength of beam it opening’s shape. It
has been discovered that utilizing a circular opening provides advantages over

using a square opening. This is caused to the circular openings' absence of sharp
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corners, which results in a decrease in stress concentration around the
openings[17],[18].

1.3 The opening’s location

The load is heavily influenced by the location of openings. The ultimate load
Is reduced by positioning of the openings in the load path. As a result, the beam's
behavior is mostly determined by the degree of interruption of the opening with a
loading path[19].

1.4 Composite beam

Composite member is structural member that is made up of two materials:
structural steel (rolled or built-up) and reinforced concrete. Composite beams can
take numerous forms, one of which is concrete-encased beams. Composite member
has become common construction technique for bridges and commercial buildings
in recent years. The system of composite member allows for; a quicker
construction process and thinner floor depths, reducing height of building and
provide well corrosion protection. In this context, composite beams with openings
are a useful tool that can be used to decrease the height of the floor by resolving
problems of duct passage. However, if openings must be provided in beams
especially in the shear zone. To ensure the structure's safety and serviceability so
adequate handling and care are needed. Because shear failure in concrete structures
Is generally disastrous, due to the brittle nature and the no warning before the
failure[20].

For the reason floor height in most high-rise buildings is limited, it is
necessary to pass service pipes, cooling ducts, and systems of heating through

transverse openings in the floor beams. Beam with web opening can have several
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disadvantages, including a reduction in the beam's strength and stiffness, excessive
cracking, and deflection due to high-stress concentration at the opening's corners.
The openings must be strengthened to overcome the above problems. Openings

take many shapes such as circular, square, and rectangular etc.[21]

1.5 Composite encased steel-concrete beams

Steel-concrete composite structures offer a higher rigidity, smaller cross-
sections, and a quicker construction process than individual steel and concrete
structures. Concrete encased steel beams (CESB) are one composite member in
which steel beam that is partially or completely encased in concrete. Lower floor
depths, high fire resistance, less maintenance and better corrosion protection for
the steel beam are several reasons urge the CESB should be used in construction
[22]-[27]. Openings in structural members are commonly used in current buildings
and bridges to pass large ducts, air conditioning pipes, and drainage pipes, hence
reducing construction depth. On the negative side, depending on the shapes,
dimensions, numbers, and locations of the openings, web openings can cause
problems with the load-carrying capacity of beams. The stiffness is also
decreased by reducing both the gross moment of inertia at the opening and the
cross-sectional area available for carrying stresses. As a result, strengthening those
openings using traditional materials like steel plates or modern materials like

Fiber-Reinforced Polymer (FRP) composites becomes vital[28].
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(a) Concrete-encased (b) Concrete-encased
steel section steel beam

(d) Concrete-filled
Steel tubes

(¢) Composite beam

Figure 1.2 Composite Sections[28].

1.6 Strengthening process

The process of strengthening is carried out when a great performance level
needed to reach, which include criteria like load carrying capacity[29].
Maintenance is a general term that encompasses both strengthening and repairing.
It has become a common successful solution for keeping critical structures in
service, especially when removing or replacing infrastructures is not cost-
effective[30].

1.7 Techniques of strengthening

Strengthening methods such as internal steel reinforcement (I.S.R.) and
near-surface mounted using FRP laminate (N.S.M.) or external bonding
strengthening (E.B.) such as externally bonded FRP laminates are used as
strengthening methods for the RC beams with web opening. Because of their
superior properties such as high stiffness and strength, ease of installation, the
ability to apply without disturbing the structure's existing functionality, non-
corrosive and nonmagnetic nature of the materials, and chemical resistance. So

FRP composite materials are an excellent option for external reinforcement. In
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addition, it has been well demonstrated that increasing shear capacity and ductility
of RC beams with web opening[31]-[36].

1.8 Fiber reinforced polymer (FRP)

Carbon, glass, and aramid fibers encapsulated in a polymer matrix in the
form of wires, bars, strands, or grids are some of the most common types of high-
strength non-metallic fibers, also known as fiber-reinforced polymer (FRP). FRP
has shown great potential and functionality in concrete reinforcement, particularly
where durability is of main concern. Nowadays, FRP has been used as a structural
reinforcing material. As well as for bridge construction materials such as bridge
decks. FRP can be used to strengthen and retrofit existing structures that have
degraded or have strength deficiency. With its lightweight, high strength, and
corrosion resistance, FRP is an attractive material for structural rehabilitation.
Furthermore, because FRP is made up of thin sheets it makes very few changes to
the dimensions of the existing structural member. These materials were applied to
the external surfaces of the beams in various configurations and layouts by
bonding each other. The use of FRPs to repair and rehabilitate damaged steel and
concrete structures has gained increasingly attractive. Due to its well-known
mechanical properties, particularly its high strength-to-weight ratio and low
weight[10], [28], [37].
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Figure 1.3 The application of FRP compos.

1.9 Near-surface mounted technique (NSM)

NSM (Near Surface Mounted) is a new technique that involves cutting
grooves in the concrete cover and inserting bar into it with a special groove filler
(epoxy or cement mortar). However, this procedure did not result in improved
bond strength, and in some cases, casting concrete around the whole strengthen
members is not practical. In the early 1960s, the epoxy industry implemented
structural filled and progressed NSM technique step further by employing resins as
groove fillers[38]. With the expansion of NSM as an effective strengthening
system. Steel bar corrosion has led to the usage of FRP products such as carbon
fiber reinforced polymer bars[38], [39].

BFRP bar

CFRP bar

Figure 1.4 NSM FRP bars.
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1.10 CFRP technique

As structures deteriorate with time, strengthening and repairing concrete
elements is widely common. Cost and time are two factors that influence whether
or not a strengthening technique is used. Strengthening with FRP is currently the
most common technique. FRP has many advantageous such as lightweight,
corrosion resistance, high strength, and easy yet efficient application on concrete.
CFRP, GFRP, and Aramid Fiber Reinforced Polymer (AFRP) fibers were used for
shear repair. CFRP being extensively used as an external reinforcement to resolve
the strength requirements in structural systems where has become a solution to this
issue[40]-[42].

Figure 1.5 CFRP sheets.

1.11 Research objectives

The main aims of this research are:
1-Studying existing transverse square opening in the shear zone and effect this
opening on the behavior of composite encased steel-concrete beam.
2-Studying effect of opening size on shear resistance of the composite encased
steel-concrete beam.
3-Studying the strengthening techniques of composite encased steel-concrete

beams with square web opening in the shear zone.



CHAPTER ONE INTRODUCTION

1.12 Outline of Thesis

The current research consists of five chapters:
Chapter one explains a general introduction to the present research.
Chapter two contains historical background and literature reviews number of
scientific studies and researches on current research topics published by accredited
scholars and researchers.
Chapter three covers the experimental works in all its aspects in terms of the
characteristics of the materials used, the geometry details of the parameters studied
for composite encased steel-concrete beams, casting, and the procedure of the
testing.
Chapter four includes the results of the experimental testing and provides all the
readings recorded during the testing in terms of deflections, cracks, etc. Presents
the discussion of the results.
Chapter five the conclusions obtained from the current research and make several
suggestions and recommendations for future studies to avoid the negatives that
have been recorded and to develop these new types of composite encased elements

more broadly.
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CHAPTER TWO LITERATURE REVIEW

CHAPTER TWO: LITERATURE REVIEW

2.1 Size of opening

Many researchers use the term small and large to describe the size of
openings without providing a definition or a clear demarcation line.
Large openings and small openings are two types of openings. When the depth (or
diameter) of the circular, square, or nearly square opening is less than 40% of the
overall beam depth, it is considered a small opening. Otherwise, openings are
considered large openings[43], [44].

An opening is small if its depth (d) or diameter (D) is less than or equal to
0.25 times the depth of the beam h and its length is less than or equal to its depth d,
according to Somes and Corley[45], [46]. As shown in Figure (2.1).

<d T
[N Ia=o02sh O [=0.25n h
=~ -

Figure 2.1 Definition of small openings according to Somes and Corley.

According to Somes and Corley, an opening is considered large if its depth
(d) or diameter (D) is > 0.25h, and its length L > d depth. As shown in Figure (2.2).

e =d T
[ N a=02s5n P

1

Figure 2.2 Definition of large openings according to Somes and Corley.
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If Lo < hc, where Lo is length of opening and hc is the largest of depth of
bottom chord (hb) and depth of top chord (ht), the opening is classified as small. Lo
> hc for large opening[47]. As shown in Figure (2.3).

Uniform Load, w

2433t it I ittty

Top chord Y,

RC Beam ho h

| Bottom chord hs

X 3 —— 2.

€o = length of opening h = overall beam depth
h. = depth of opening s = depth of bottom chord
B, = depth of top chord h. = larger of hisand h,

(a)

Concentrated Load, 0.5P Concentrated Load, 0.5P

|

Top chord N,

RC Beam h. h

i Bottom chord h,,
— -

I=E 3R
(b)

Concentrated Load, P

l

Top chord h,

RC Beam ho h

Bottom chord h,,

| fo
(c)

Figure 2.3 Rectangular web opening in flexural zone of a simply supported RC
beam[47].
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2.2 Shear failure mechanism

composite steel and reinforced concrete structural system can form a
building carrying the merits of each material. One of the major concerns when
designing composite structural member is preventing shear failure. Concrete-
encased composite member generally shear failure occurs in one of two possible
modes of failure: 1- diagonal shear failure, which is similar to shear failure in an
ordinary reinforced concrete structural member.

2- shear bond failure as shown in Figure (2.4), results from cracks along
with the steel flange interface and concrete. The shear bond failure in composite
can be critical when the steel flange width is large and approaching the overall

width of the composite section[48].

(f) =7 o ﬁ,ﬁ
bAVA -
#
a a B
o2
A <
; ! « A 4
Possible shear bond I X
failure cracks o v
a H1
& <, p? i |
FL. 4
s -

Figure 2.4 Shear bond failure Interface[48].

2.2.1 Shear design of the composite encased steel-concrete beams

Shear design has major importance in all types of concrete structures.
Approaches to shear design for concrete-encased composite members have been
developed. Among the shear design approaches developed for concrete-encased
composite members, the design provisions suggested by American building

specifications and the Japanese building codes are two widely employed
13
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approaches. In the United States, the design provisions of composite
members can be found in the American Concrete Institute ACI (1999) building
code. On the other hand in Japan the concept of superposition for the shear design
of composite members is adopted in the Architectural Institute of Japan AlJ Steel
Reinforced Concrete (SRC) building code AlJ 1987[48].

2.2.1.1 ACI building code (ACI 1999)

There is no clear guideline available for the shear design of concrete-
encased composite members in the ACI building code. It is also noted that there is
no specific provision is included regarding the prevention of the shear bond failure
of concrete-encased composite members. However, there are valuable provisions
for the shear design of ordinary RC structural members. The diagonal shear failure
mode is usually a major concern in the shear design of RC member[48], [49]. The
shear capacity of an RC member that fails in diagonal shear can be calculated

using the equations below in the ACI code:

(Vn)re=Vr+Vce 2.1
With
Vr = (Av x Fyh x d)/S 2.2

And members subjected to shear and bending
Ve = 0.17Vf¢ bd 2.3

Members subjected to shear, bending, and axial compression
Ve = 0.17 (1+0.073 Nu/Ag) Vfc bd 2.4

And members subjected to shear, bending and axial tension
Ve = 0.17 (1+0.29 Nu/Ag) Ve bd 2.5

14
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Where (Vn)rc = shear capacity of RC member, Vr = shear contribution of the
transverse reinforcement, V¢ = shear contribution of the concrete portion, Av =
area of transverse reinforcement within distance S, d = distance from extreme
compression fiber to centroid of longitudinal tension reinforcements, S = spacing
of transverse reinforcement, fc' = concrete compressive strength, b = gross width of
RC member, Nu = required axial compression or tension computed at factored

loads, and Ag = gross area of RC member.

2.2.1.2 A1J-SRC code (AlJ 1987)

According to the Architectural Institute of Japan (AlJ) Steel Reinforced
Concrete (SRC) building code (AlJ 1987). The shear capacity of composite
member is evaluated based on the method of superposition. That is

(Vn)comp=sVu+rVu 2.6

where (Vn)comp = shear capacity of the concrete-encased composite member.
sVU = shear capacity of steel portion, and rVu = shear capacity of reinforced
concrete (RC) portion. According to the commentary on the AlJ-SRC code, the
bond between the steel shape and the concrete can be neglected in the ultimate
state. Thus, the shear capacity of a concrete-encased composite member is
determined in such a way that the steel and RC portions resist the shear separately

without a bond between them. To determine s\Vu and rVu it is suggested that

sVu=min(¥ sMu/l" tw.dw.Fys/\3) 2.7
rVu=min(}_rMu/l",rVsu) 2.8

where sMu = flexural capacity of the steel portion; | = clear span length of

the composite member; tw = steel web thickness; dw = depth of the steel web; Fys =

15
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yield stress of steel; rMu = flexural capacity of RC portion; and rVsu = shear
capacity in rVu controlled by the shear failure of RC portion. To determine rVsu in

(2.9), the following formula is suggested:

rVsu = min (rVsuz, rVsuz) 2.9
rVsu1=B .rj -(0.5-ra . fs + 0.5 . pw - Fyh) 2.10
rVsu2=B .rj -(b’/B. fs + pw . Fyh) 2.11

where: rVsu1 = shear capacity in rVsu due to diagonal shear failure of RC
portion. rVsu2 = shear capacity in rVsu due to shear bond failure of RC portion; B =
gross width of composite member; rj = distance between centroids of tension and
compression in RC portion under flexural; ra = coefficient related to shear span
ratio of RC portion, conservatively taken to equal 1.0; fs = shear stress of concrete.
pw= ratio of transverse reinforcement; Fyh= vyield stress of transverse

reinforcement; and b’= effective width of concrete.

2.2.1.3 AISC-LRFD SPECIFICATION (AISC 1993)

For concrete-encased composite beams. AISC-LRFD specification states
that the shear capacity should be determined by the properties of the steel section
alone. The shear capacity contribution of the RC portion is conservatively

neglected.

2.3 Shear Capacity of Composite Member

In the proposed approach. The shear capacity of a concrete encased
composite member can be determined as follows:
(Vn)comp= (Vn)s + (Vn)rc 2.12
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with
(Vn)s = 0.6Fys Aws 2.13
(Vn)rc = min[(Vn)rc1, (Vn)re2] 2.14

Where (Vn)s represents the shear capacity of steel shape in the composite
member; (Vn)rc denotes the shear capacity of the RC portion in the composite
member; Aws = area of steel web; (Vn)rcl and (Vn)rc2 = shear capacities of the RC
portion in the composite member controlled by diagonal shear failure and shear
bond failure, respectively. As indicated in (2.14), the shear capacity of the RC
portion (Vn)rc is determined as the smaller value of the diagonal shear capacity

(Vn)rcl and the shear bond capacity (Vn)rc2.

2.4 Shear capacity and (CFRP bars/sheets)

Banding a steel plate to the tension zone of a concrete member by adhesive
resin was a workable technique for increasing the beam's shear and flexural
strength. Several bridges and buildings were strengthened by (FRP) technique;
because the steel plate could corrode, causing its bond to the concrete substrate to
degrade; and because of their installation's onerousness, which requires utilize of
heavy equipment. Researchers have started using (FRP materials) as a substitute
for steel plate, external post-tensioning, and section enlargement (e.g. concrete-
column jacketing) (ACI 440.2R-08)[50], [51]. Considerable research studies in
shear and flexural strengthening of structures have been conducted, mostly in the
United States, Europe, and Japan (ACI 440.2R-08)[50].

Table (2.1) represent comparison between steel-reinforcement and (CFRP
types)[52].
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Table 2.1 Comparison between steel-reinforcement and (CFRP types).

Steel GFRP CFRP AFRP

Nominal vyield | (276 to 517) N/A N/A N/A
stress, (MPa)

Tensile strength, | (483 to 690) | (483 to 1600) | (600 to 3690) (1720 to 2540)
(MPa)

Elastic modulus, | (200.1) | (35.0 to 51.0) | (120.0 to 580.0) | (41.0 to 125.0)
x103 (GPa)

Rupture strain, | 6.0t0 12.0 1.2t03.1 0.5t0 1.7 19t04.4
%
Typical densities (7.9) (1.2t02.1) (1.5t01.6) (1.2t0 1.5)
(g/cma)
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4000 + -
”'7
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o
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w
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1500 —_— . .
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0

0 001 002 0.03 004 0.08
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Figure 2.5 Comparison among (CFRP,GFRP,AFRP, and steel bars) in term
of stress-strain relationship ALNATIT 2011.

The shear-failure mode of the (RC) beam must be avoided because it is
unpredictable and brittle. On (RC) structures-rehabilitation, (CFRP) material is
being used as a competitive alternative. There are two main techniques for

(CFRP's) applied as the pursues shear strengthening :-
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2.4.1 Externally bonded reinforcement (EBR) strips/sheets

Widespread shear strengthening-configuration of this technicality comprise

[50]:-
. 2 sides
. 3-sided “U-wrap”
. Completely wrapped
Co?letcly 3-sided 2 sides
wrapped "U-wrap”

Figure 2.6 Typical wrapping schemes for shear strengthening using FRP
laminates[50].

h

Figure 2.7 Illustration of the dimensional variables used in shear-
strengthened calculations for repair, retrofit, or strengthening using FRP
laminates[50].

19



CHAPTER TWO LITERATURE REVIEW

2.4.2 Near-surface (NS)

It's one of the more favorable concrete structure strengthening techniques.
Although research on this topic only a few years ago, it has attracted worldwide
attention. There is no need for highly-skilled and experienced workers in FRP
installation. Design is dictated by (ACI 440.2R)[50].

The effectiveness of the NSM-technique with (CFRP-laminates) for shear-
strengthening of T-beams was the aim of (Dias & Barros, 2010)[53]. Fifteen T-
beams were cast, with three inclinations of laminates (45, 60, and 90), and three
different stirrups & FRP ratios, and found that (NSM) was more efficient than
(EBR) in terms of increasing load-capacity after shear-cracks formulation. After
cutting and cleaning thin slots, the strengthening procedure is resumed for CFRP
laminates installation.

The effectiveness of NSM with CFRP laminates for shear strengthening of
T-beams [54]. An experimental program was consisted of (nine T-beams), five of
which served as reference beams and the other with NS CFRP shear strengthening
T-beams, and their variables were the number of stirrups in the shear span zone (a)
and the number and angle of the CFRP. Three-point loads are used to evaluate all
beams. They’re deduced that NSM shear strengthening with CFRP-laminate is

extremely effective in beams for ensuring increased CFRP’s tensile capacity.

2.4.3 CFRP’s Contribution in shear capacity

The FRP sheet/strip shear capacity count on numerous factors. Modulus of
elasticity FRP, FRP’s thickness that applied on concrete’s surface, FRP’s
orientation, concrete’s compressive strength. FRP’s application technique
predicting shear strengthen contribution, and understanding shear failure
mechanisms of FRP had been the research study to many types[55]. Some existent
models are presented in the following:-

20



CHAPTER TWO LITERATURE REVIEW

2.4.3.1 CFRP sheet’s contribution in shear capacity

e ACI 440 Model
The shear strength participation proposed in [41], [50]and [56] as

following:-
oVn= ¢ (Vct+Vs+yf VF) 2.15
Vi=[Afcxffex(sina+cosa)xdfv]/Sf 2.16
Afv = 2xntfxwf 2.17
ffe=efexEf 2.18

(ntf) are layers' number of (FRP sheet/strip) applied. ¢ =0.75, (Afv) FRP's
Area, (dfv) FRP's Effective-depth, (o) FRP inclination-angle, (wf) FRP width. (Sf)
Space c/c sheet, (ffe) stress in FRP, (efe) FRP strain, (Ef) modulus-of-elasticity of
FRP.

efe=kv efu < 0.004 [for U-jacketing and (two-sides) bonding] 2.19
efu= CExefu 2.20
kv=(k1xk2xLe / (11900x¢fu )) < 0.75 2.21
Le=23300 / (ntfxtfxEf)"(0.58) 2.22
k1= (fe' / 27)(2/3) 2.23
k2=(dfv - Le) /dfv [for U-jacketing bond] 2.24
k2= (dfv -2xLe) /dfv [for (two sides) bonding] 2.25
(Vs+Vf) < (0.66 foxbw d)  (shear strength limits) 2.26

ki=modification factor applied to kv to account for concrete strength, k2=

modification factor applied to kv to account for wrapping scheme, Le=active bond
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length of FRP laminate (mm), tf=nominal thickness of one ply of FRP
reinforcement (mm), efu=design rupture strain of FRP reinforcement (mm/mm),
kv=bond-dependent coefficient for shear, Vs=nominal shear strength provided by

steel stirrups.

2.4.3.2 NS CFRP bar’s contribution in shear capacity
(De Lorenzis & Nanni) [57] are proposed two models to predicted (NS FRP-

bars) contribution in shear capacity for beams, with reference to failure
mechanisms, the first (V1F) is (FRP) shear strength participation concerning to
bonding shear-failures, second (V2F) is (FRP) shear-strength participation

corresponding to maximum (FRP) strain, as follows:-

V1F=2nxdbxtbXLtot 2.27
b= 0.001%(dbxEb)/Li 2.28
Ltot =dnet-S — if (dnet/3) < S < dnet 2.29
Ltot=2xdnet-4xS — if (dnet/4)< S < dnet/3 2.30
dnet = dr -2xc 2.31
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Where; (db) bar’s diameter, (th) average bond strength, (Ltot) sum of
effective-lengths of whole bars those crossed by crack, (Eb) bar's Modulus of
elasticity, (Li) rod's Effective-length crossed by crack corresponding to tensile-
strain, (dnet) Reduced length of (FRP rods), (S) NS CFRP bar's Spacing, (dr)
height of shear-strengthened part of cross-section, (c) concrete's cover.

V2F=2pdbtbLi  (dnet/4) <S <(dnet/3), V2F controlsif Li>S.If Li

< S V2F controls with the value 2.32
V2F=2nxdbxthx(Li+dnet-2S) 2.33
If (dnet-2S) <Li<S 2.34
V2F=4r db b Li if Li<dnet-2S 2.35
(dnet/4) < S < (dnet/3) V1F controls if Li>dnet-2 S 2.36
If Li < dnet- 2S, V2F controls with the value
V2F=2nxdbxtbX(Li+dnet-2S) if 2.37
S<Li< dnet-2S
V2F=2ntxdbxtbX(2Li+dnet-3 S) if 2.38
dnet-3S<Li<S
V2F =6mxdbxtbxLi if 2.39
Li < dnet-3S

Also, to estimate the NSM FRP bar contribution to the shear resistance of an
RC beam Vf . An equation was first proposed by De Lorenzis and Nanni (2001)
and adopted by Dias and Barros (2010) [53],[57] and [58], Vf can be given by:

Vf=[ 2n db Ltot-min thond ] sinf 2.40

Where the term in the square brackets is the tensile force that can be

developed in the NSM bar. db=the diameter of the bar, 6=the angle of inclination of
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the NSM bars, tbond=the tensile stress in the NSM bar and Ltot-min=the

minimum total length of the FRP bars intercepted by the shear crack.

2.5 Shear connectors

Shear connectors are usually used in composite beams. To transfer
longitudinal shear forces through the steel-concrete border, also to prevents or
reduces relative displacement of concrete and steel sections which happens due to
composite action in a composite beam. There are many types of shear connectors,
such as headed stud shear connector, channel shear connector, and angle shear

connector etc. Using angles is cheaper than studs and channels[59]-[63].

‘_Witf
gm

Figure 2.8 Angle shear connector[62], [63].

2.6 Literature review

It has been found that concrete-encased steel beams CESBs have become
one of the most important composite members used in the construction in recent
years. Openings in structural members are give the impression to pass big ducts, air
conditioning pipes, and drainage pipes. It also illustrated that, relying on the

shapes, locations, numbers, and dimensions of the openings[22].
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2.6.1 Composite beam with web opening

Tiago Miguel [64], in this research studied design resistance calculation for
composite beams with large web openings. It was done to esteem the structural
perforated beams behavior. In addition to influence of web openings in load
carrying capacity, a numerical model was developed. The concrete's and steel's
non-linear behavior has been occupied into account. So the concrete was modeled
using finite element software's concrete damaged plasticity CDP. A design model
Is presented that describes the performance of beams with large web openings. As

a results, composite beams' load capacity reduced by the presence of openings.

Figure 2.9 Rectangular web openings in composite beams[64].

Yokesh N et al. [65], the flexural behavior of a concrete-encased cold-
formed steel composite beam with M20 rank concrete was inspected by an
experimental study. Totally four beam specimens with and without web opening
were tested with different percentages of steel thickness (2mm, 2.5mm, and 3mm).
To evade slip and to transfer horizontal shear between cold-formed steel and
concrete, shear connectors were provided for the beam without web opening. Beam
encased concrete with web opening performed better than the beam without web
opening, and the beam with the lowest percentage of steel showed minimum

deflection when compared to the other beams.
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Boshra El-Taly et al. [66], Eleven fully CESB beams with and without web
opening were studied under static loading using four-point loading system. The
effects of the existence of web opening were studied in two stages. Considering the
Impact of three diverse strengthening materials on the flexure or shear zones of the
beams on the CESB's behavior. As on the exterior bonded reinforcement
strengthening materials, steel plates, carbon fiber-reinforced polymer wraps, and
glass fiber-reinforced polymer wraps were used. A Finite-Element Analysis (FEA)
was completed using the ANSYS release 19.0 program. Due to the effect of the
web opening, the ultimate load and its corresponding deflection decreased by about
58.28 % and 80.17 %, respectively. Furthermore, CESB shear strengthening with
web opening in the shear zone was more active than flexural strengthening with the
three different strengthening materials. Also, on the performance of the tested
beams, using a steel plate was more effective than using carbon fiber wraps or
glass fiber wraps. High similarity between FE and experimental results based on

FEA was achieved.

[Conrnle (SOLID 65)]

[ Loading plate (SOLID 185)|

----- [Steel rebars (LINK 180)|
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[Strengthening material (SOLID 185)|

Figure 2.10 FM model used[66].
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2.6.2 Strengthening and location of transverse openings in shear
zone

Kirijaa Ratanarajah [67], the research was conducted to investigate CFRP
strips might be used to strengthen beams with large openings. The study was
focused on the results of circular and square-shaped openings. Based on the failure
behavior of strength beams corresponding without strengthening. The amount and
configuration of CFRP strips were determined. The circular opening was lost about
76 % of its capacity, while the square opening was lost about 74 %. The capacity
of beam with square opening after using CFRP was regained by 46.22 % when
compared to solid beam. On other hand as compared to solid beam the beam with
the circular opening regained of its capacity by 45.35 %.

Waleed A. Jasim et al. [68], The experimental study was conducted on ten of
deep beams. Two of which were control specimens without openings and eight of
which had large web openings in the shear spans. Variables have been used as
shear span to overall depth of the member cross-section ratio, as well as the
location and dimensions of the opening. The load-carrying capacity of deep beams
with openings compared to the control deep beams in test results showed
decreased. This reduction was reached 66 %. The position of the opening in the
shear span has less of an effect on the performance of structural concrete deep
beams at different stages of serviceability. Because the load path is less
discontinuous, specimens with openings adjacent to the interior edges of shear
spans observed only an 11% increase in load capacity at failure compared to
specimens with openings in the center of shear spans. It is feasible to recommend
the creation of openings at the interior edges of shear spans of structural concrete

deep beams if they are required.
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Figure 2.11 Configuration of experimental specimens[68].

2.6.3 Strengthening techniques for web openings

Alaa M. Morsy et al. [69], the performance of R.C. beams with either
strengthened or un-strengthened openings was investigated. An extensive
experimental program was carried out. A total of 24 specimens were tested in two
series to examine openings affect the behavior of RC beams depending on the
shape, aspect ratio, and orientation of the opening in the shear and flexural zones.
Also investigated the effect of various opening strengthening methods on the
behavior of RC beams. Including internal steel reinforcement (I.S.R.), internally
embedded fiber-reinforced bars, and near-surface mounted using FRP laminate
(N.S.M.). Or using external bonding strengthening (E.B.) such as externally
bonded FRP laminates and steel boxes. All specimens were tested under three-
point loading with 1500 mm effective span of beams, and all specimens were
designed to govern flexure failure before shear failure. The circular openings
showed the least reduction in the beam's load capacity in the first series when
compared to square and rectangular openings. The second series showed the effect
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of strengthening openings on beam behavior; the usage of CFRP externally

bonded improved both beam strength and ductility.

e

Figure 2.12 The beam test setup and the steel reinforcement
configuration[69].

Hayder H. Kamonna [70], The experimental work included testing of
thirteen simply supported reinforced concrete deep beams under two-point load.
Control specimens included four specimens. One of the specimens without
openings, while the other three specimens had two symmetrical openings at each
shear span. The other nine specimens were strengthened by using NSM steel bars
around the openings in three different configurations. All of the specimens had
cross-section of 200 mm x 400 mm and total length of 1500 mm. The presence of
openings in the beam resulted reduction in the ultimate load of about 49%, 56%,
and 70% for specimens with square openings near loading points, square openings
at the load path, and rectangular openings; respectively. The test results also
showed that specimens strengthened by vertical bars has improved their ultimate
load by up to 14%. The ultimate load of specimens strengthened by both vertical
and horizontal bars has improved by up to 40%. While a diamond strengthening

scheme has increased the ultimate load by up to 34%.
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(c) BROCI10.

Figure 2.13 The embedding of NSM steel bars into the grooves by epoxy
paste[70].

2.6.4 Longitudinal openings of composite beam

Yaarub Gatia et al. [71], The behavior of eight reinforced concrete (RC)
beams were examined in this study. These beams were involved in two groups.
Dimensions, reinforcement, concrete type, and hole dimensions were all the same
on all beams. The method for selecting the optimum hollow core section, as well as
the effect of web openings with a fixed hollow core section. When comparing to
solid section, due to recorded load capacity a reduction was produced by hollow-
core position at mid and bottom section by about (2 % -14 %). As a result, the
optimum hollow core section was in the mid-beam section, which used to unify the
beam with longitudinal and transverse opening BLTO sections. According to the
position of the web opening different BLTO types indicated different loading data.
When compared to a hollow beam (without transverse opening) and a solid beam

the opening provision was reduced by about 20.4 % and 22 %; respectively.
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Figure 2.14 Setup of beams with reinforcement arrangement[71].

Ahmed Ismail et al. [72], The shear behavior of nine reinforced high-

strength self-compacted concrete (RHSSCC) deep beams with longitudinal

openings of different shapes, sizes, and locations were investigated. Two shapes

(square and circular) were chosen. As well as two opening positions (compression

and tension zone). The load capacity, deflection, absorbed energy, and pattern of

cracks were all recorded and discussed. The experimental program showed that

longitudinal openings reduce the loading capacity of RHSSCC deep beams. So that

increasing opening size decreases capacity load also changing longitudinal opening

shape has a slight effect. Longitudinal openings in the compression zone have a

more reduction than longitudinal openings in the tension zone.
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Figure 2.15 Casting beams with the longitudinal opening[72].

Ahmed Abbas et al. [73], This study was investigated using the longitudinal
and transverse opening in beams (BLTO). As one of the best solutions for
minimizing  problems and solving pipes and  other  services.
Performed experimentally by a researcher and implemented High strength concrete
(HSC) beam that using the finite element method in this study. The experimental
results were validated using ANSYS software, which was used to compare the
force-displacement relationship, ultimate load capacity, maximum displacement,
and crack pattern using the same properties, geometry, materials, and conditions.
The verification process between the experimental and theoretical programs
demonstrated that the obtained results are very similar. This research also
examined the behavior of (RC) beams with longitudinal and transverse openings.
Despite the presence of shear cracks the registered failure mode of the beam was a

flexural failure, and the flexural cracks were the controller in the behavior.
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Figure 2.16 Beams with openings[73].

Dinesh KannaM et al. [74], The behavior of steel beams, composite beams,
and pre-stressed beams having transverse openings was studied. In the area of RC
beams having longitudinal and transverse openings, a great deal of study has been
done. The majority of the work focused on the strength and behavior of beams with
openings in terms of flexure, shear, flexure-shear, pre-cracking, and post-cracking
deflection, crack width, external and internal strengthening, and various loading
conditions. The effect of opening, as well as the optimum shape, size, and position
of the opening in reinforced concrete shallow beams without strengthening.

Various strengthening techniques were preferred by different authors.
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2.7 Summary

All used of reinforced concrete (RC) and composite beam with web opening
that presented by previous studies and reviewed are subjected to a set of variables;
including shape of opening, size of opening, location of opening, strengthening
techniques and method of use. The results of the researches varied according to
these variables, but can summarize the conclusions that most research participated
in each of the four areas as follow :-

1-Researchers proved that openings in beam resulted reduction in the
ultimate load of beam unless used special reinforcement is provided in sufficient
quantity with proper detailing around openings.

2-The researchers used many strengthening technigues around opening, but
the most successful technique was usage of CFRP externally bonded improved
both beam strength and ductility.

3-With respect to shape of opening, the most of researchers approved that
circular opening advantages over using a square opening.

4- The position of the opening in the shear span has less of an effect on the
performance of structural concrete deep beams at different stages of serviceability.
Because the load path is less discontinuous, specimens with openings adjacent to
the interior edges of shear spans observed only an 11% increase in load capacity at

failure compared to specimens with openings in the center of shear spans.
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CHAPTER THREE: EXPERMENTAL WORK

3.1 General

This chapter shows experimental steps for techniques of strengthening
composite encased steel-concrete beams with transverse web openings in shear
zone. In the experimental program, a total of fifteen composites encased steel-
concrete beams were tested up to failure by two-point loading to investigate the
structural behavior of beams, crack patterns, shear mode, ultimate load, and load-
deflection relationship. The opening region was strengthened by many
strengthening techniques such as the Near Surface Mounted method (NSM), CFRP
strips method, Reinforcement arrangement, and extruded encasing transversely to
reduce the loss of shear capacity due to existing openings in shear zone. Where
transverse openings were made using cork material, and longitudinal opening was
made by using steel box section (built-up section) which has dimension width

50mm, height 140mm and thickness 2mm.

3.2 Descriptions of specimens

Fifteen simply supported composite encased steel-concrete beams with
square openings in the shear zone, three of them control specimens, and others are
strengthened with different strengthening techniques. The total span of a typical
specimen is (2100 mm), with a c/c span of (1800 mm) and a cross-section
(300mm) height and (200 mm) width. The description details of the tested beams
are shown in Table 3.1-:
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Table 3.1 Details of the Tested composite encased steel-concrete beams

Group No. | Beam name | Transverse opening | Strengthening type
CB
GR.1 BW1 (50x50) mm
BW2 (136x136) mm
GR.2 CIS1 (50x50) mm extruded encasing transversely
' CIS2 (136x136) mm extruded encasing transversely
RIS1 (50%50) mm Reinforcement arrangement
GR3 RIS2 (136%136) mm Reinforcement arrangement
ECW1 (50x50) mm CFRP fully wrapping sheets
GR. 4
ECW?2 (136%136) mm CFRP fully wrapping sheets
ECS1 (50%50) mm CFRP diagonal sheets
ECS2 (136x136) mm CFRP diagonal sheets
ECR1 (50%50) mm CFRP diagonal bars
GR.5 ECR2 (136x136) mm | CFRP diagonal bars
ECR3 (50%50) mm CFRP bars rhombus shape
ECR4 (136x136) mm CFRP bars rhombus shape

All beams have the same width, depth, a/d, and main reinforcement.
All beams have diagonal reinforcement 6 mm except solid beam doesn’t have diagonal
reinforcement.
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3.3 Material characteristics

The materials used in the concrete mixture were ordinary Portland cement
(OPC), sand, and coarse aggregate with a maximum size of 10 mm. Concrete
compressive strength (fc) = 23.53MPa at the age 28-day. The mix design
proportional of cement, fine aggregate, and coarse aggregate were (1:1.5:3). The
water-cement ratio by weight was 0.45. At the same time were cast six cylinders

150%300 mm, three prisms 100x100x500 mm and cured alongside the specimens.

3.3.1 Material Properties

Full description of materials were used in this the research are present in the

following subsection.

3.3.1.1 Cement

Ordinary Portland cement (OPC) was used in this study. The product name
of the cement was Baziani, which is commonly available in the local markets. For
using cement the physical and chemical properties are given in Tables (3.2), (3.3)
respectively; conform with [ ASTM C150, and Iragi-specifications standard (1Q.S
No. 5/2017).
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Table 3.2 Physical properties of cement

Test Iraqi specification standard (1QS No.5) | Results
Fineness test (cm?/gm) 2300 min 2390
Initial setting time (minutes) 45 min 53

Final (minutes) 600 max 530
Soundness autoclave expansion % 0.80 max 0.62

Compressive strength (MPa) 15 min 16.70

3 day
7 day 23 min 26.29

Table 3.3 Chemical properties of cement

Test Iraqi specification standard (1QS No.5) Results %
Sio, -- --
Al, 04 -- --
Fe,05 -- --
Lime Saturation 1.02-0.66 0.79
MgO Max 5 3.50
S0; not more than when C;A
less than 5% 2.5 2.30
more than 5% 2.8
Loss when burning 4 Max 3.10
Non-soluble substance 1.5 Max 1.10
Cs3s -- --
C,s -- --
CsA -- --
Fe,03/AL,05 -- --
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Figure 3.1 Cement used in the present work.

3.3.1.2 Fine Aggregate

Natural sand from (Jabal Al Salam/ Basra) region was used in this work as

fine aggregate. The fine aggregate used has gradation that lies within the upper and
lower limits of the ASTM C33/C33M specification and Iraqi specification (1Q.S
45/2017) zone (2) as shown in table (3.4).
Table 3.4 Grading of fine aggregate

Sieve size Passing %
(mm)
Fine 1Q.S No. 45 ASTM C33/C 33M
aggregate zone (2)
9.5 100 100 100
4.75 100 90 - 100 90 - 100
2.36 82.17 75-100 80 - 100
1.18 60.37 55-90 50 - 85
0.60 39.64 35-59 25 - 60
0.30 19.50 8-30 5-30
0.15 6.38 0-10 0-10
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3.3.1.3 Coarse Aggregate

Coarse aggregate was used in this work with a maximum size of aggregate
10mm. The coarse aggregate was cleaned and was washed by tap water, then dried
before use. The sieve analysis of coarse aggregate lies within the lower and upper
limits of the Iraqi specification (1Q.S N0.45/2017) as shown in table (3.5).

Table 3.5 Grading of coarse aggregate

Passing %
Sieve size (mm)
Coarse aggregate 1Q.S N0.45/2017

20 100 100

14 100 100

10 100 85 -100
4.75 5 0-30
2.36 0 0-10

3.3.1.4 Water

Clear water should be used in mixing concrete. So using the drinking water
produced by (Reverse-Osmosis). RO- water was used during the casting and curing
process. The water was brought to the laboratory by tanker from the nearest RO

water station.

3.4 Geometry of the tested beams

In the present experimental program, all of the fifteen simply supported
beams were in the overall dimensions 2100 mm, 200 mm, 300 mm in length,
width, and depth respectively; as shown in Figure (3.2), the overhanging length

was 150 mm while the shear span was 630 mm. All of the beams specimens were

40



CHAPTER THREE EXPERIMENTAL WORK

tested under four-point loads. The distance between loads was 540 mm. To
stay away from the requirements of the deep beam principle, the specimen
dimensions were selected to meet ACI318M-19[75] requirements to overcome the
two requirements of the deep beam, because the deep beam gets if one of the
following cases occur:

e If LLn/h <4 (deep beam) — to avoid that should > 4 (shallow beam)
e If a/h <2 (deep beam) — to avoid that should > 2 (shallow beam)

In the present research, the clear span (Ln) is taken 1800 mm, and overall
depth 300 mm so that the aspect ratio (Ln/h) will be 6 so, the beam specimen is far

from falling in the deep beams’ principle.

PI2
Channel shear connector 2010 P2 40m @6@150mm 200mm
630mm 630mm —gim
80’5@ | T T
140mm 300mm
80er J
LlSOmn? 1800mm ?lsoan

3025
Figure 3.2 Geometry for control beam.

The design calculations for the reference composite encased steel-concrete
beam dependent on equilibrium equation between compressive forces (which
included participate concrete part and steel box part) and tensile forces (which
included participate steel bar and steel box part). With respect to shear strength
which included participate; shear strength of steel box according to AISC code,

shear strength for stirrups, shear strength of concrete.
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Because the present study focus on shear behavior, so all the specimens are
designed with enough steel reinforcement (@25 mm) to avoid flexural failure. For
all beams used 2010 mm steel bars to hold the stirrups in their zone. All the
composite encased steel-concrete beams were connected fully bond between the
concrete and the steel box section by using enough shear connectors (angles).
Twenty (20 angles) were used in each composite encased steel-concrete beam, 5
angles for each plate of the four plates of the steel box. Spacing between angle to
angle was (450mm), and dimension of angle where length of angle shear connector

was 50mm, thickness of the web of an angle (tw) 3mm.

3.5 The specimens variables in the present study

The main parameters studied in this research are the size of the opening and
methods of strengthening. The specimens were divided into five groups to make
comparisons between these specimens in terms of the type of failure, maximum
load failure, deflections, and cracks.

The first group consisted three beams of composite encased steel-concrete
one of them solid beam and two other with square transverse web openings that
were fabricated in steel section in the shear zone by embedded cork material. To
make comparison between the solid beam (CB), composite encased steel-concrete
beam with small (50x50mm) square openings (BW1) at center of shear zone, and
encased steel-concrete beam with large (136x136) square openings (BW?2) at

center of shear zone, as shown in Figure (3.3).
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mm

200mm

]

300

mm

P2 P2
channel sh/ear connector 2010 540mm @6@150mm 200mm
630mm 3o\mm—
BOIJT l—450m
140mm 300
80r‘nm J
A ,
1800mm
150mm 3005 150mm
a-Control beam (CB).
2010 P2 P2 se@1somm
630mm 540mm 630mm——
[ — : — — — — —_—
80mm { >(\ / | \\ >< , ‘
140mm ><D>\ >< D><
/ 4 A\ ] /| AN
80rpm —_— o —_— g —v g —
A ,
1800mm
150mm 325 mm 150mm

b-Composite encased steel-concrete beam with small (50x50)mm transverse square opening

mm

(BW1).
P2 P2
2010 540m @6@150mm 200mm
—630mm W 630mm
80mm NN A 9 —AJAx |
N/ N/ N/ N/
140mm X ) K X 300
LN AN - /INC I\
S S i v S R U v ox1m 8
'y é
150mm 3095 1800mm 150mm

c-Composite encased steel-concrete beam with large (136x136)mm transverse square

opening (BW?2).

Figure 3.3 Details of first-group.
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The second group investigates the effect of the strengthening technique by
using the extruded encasing transversely (EET) which consisted steel section has
thickness (2mm) welded around square opening, dimensions of steel section
welded depends on dimensions of transverse square opening with respect to small
opening dimension of welded steel section are (50x50)mm and extends to the end
of beam width (70)mm. On the other hand with respect to large opening dimension
of welded steel section are (136x136)mm and extends to the end of beam width
(70)mm. Study effecting of this method to increasing load-carrying capacity of
composite encased steel-concrete beam with square openings strengthened by this
method and comparison the result with control beam with small square openings
(50x50) mm and control beam with large square openings (136x136) mm, as

shown in Figure (3.4).

P/2 P/2
2010 L caomm | 96@150mm 200mm

—————630mm 3 w630
80’5@ —\ [ T\ 1 o
140mm D 300mm
gomm — O —T ¥¥ oo 9

A

1800mm
150mm 30108 [150mm|

a-Composite encased steel-concrete beam with small (50x50)mm transverse square opening strengthened by

extruded encasing transversely (CIS1) .

mm

£40mm Rz @6@150mm TMW
8omm| —— — ‘ .
A0mm D 300
gomm | —— —| o |@ @ @
150mn: e 1800mm ‘150mm,

b-Composite encased steel-concrete beam with large (136x136)mm transverse square opening strengthened

by extruded encasing transversely (C1S2) .

Figure 3.4 Details of second-group.
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The third group studies the reinforcement arrangement strengthening
method which includes add diagonal bars at each side of the web opening to
increasing load-carrying capacity for composite encased steel-concrete beams with
small and large square openings and results comparison between beams

strengthened and control beams as shown in Figure (3.5).

2010 P2 Fi2 26@150mm
‘ 630mm >40mm 630mm————
‘ -
80mm \ -II / AT T —~ ‘
140mm \ / z L] 300mm
80mm A= ¥ | T/\' i/l PN —
70mm— ?
150mm 3075 1800mm 150mm

a-Composite encased steel-concrete beam with small (50x50)mm transverse square opening strengthened by

reinforcement arrangement (RIS1) .

P12 P12

2010

630mm

@6@150mm

30m

200mm

]

300mm

80’5@\ \ NN A— T — ’]ﬁ 7 /

/| N A

= SRR A0 K
A . pas

N 5 % —20mm
L —70mm

1800mm
3@25

150mm 150mm

b-Composite encased steel-concrete beam with large (136x136)mm transverse square
opening strengthened by reinforcement arrangement (RI1S2) .

Figure 3.5 Details of third-group.

The fourth group includes using CFRP strips (the CFRP strengthening
configuration was a fully wrapping system and diagonal strengthening sheets
around the square openings) as a strengthening technique to study effecting of this
method on increasing load-carrying capacity of composite encased steel-concrete

beam with transverse openings, Figure (3.6).
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P/2 P/2
2010 @6@150mm 200mm
———630mm q >40mm
80r‘nm . o
140mm [ ] D 300mm
80mm e e §
150mm 1800mm
3025
a- Transverse square opening strengthened by CFRP diagonal sheets (ECS1) .
2g10 P2 F2 Z6@150mm
200mm
630mm >40mn 30mm
80mm
140mm 300mm
80rpm - —20mm
150mm 1800mm 150mm
3325
b- Transverse square opening strengthened by CFRP diagonal sheets (ECS2) .
P/2 P/2
2010 S 40mm @6@150mm
——630mm A ' ——630mm
so’ﬁ
140Ei 300mm
80rpm
r o
150mm| 1800mm 150mm
3@25
c- Transverse square opening strengthened by CFRP fully wrapping sheets (ECW1) .
P/2
2¢10. P2 . @6@150mm 200mm
630mm 540mm wv——630mm—
80mm . o
140mm D 300mm
80mm ® e §
1800mm:
150mm 3925 150mm

d- Transverse square opening strengthened by CFRP fully wrapping sheets (ECW2).
Figure 3.6 Details of fourth-group.
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The fifth group involves the NSM method used as strengthening technique

(using NSM CFRP bars in two different arrangements around the square openings

with a rhombus shape and diagonal bars). Near-surface mounted method which

includes used CFRP bar (@6 mm) with epoxy is used as a bonding material, the

reason for using this method is to study effecting of this method on load-carrying

capacity, as shown in Figure (3.7).
P/2 P/2
2010
| @6@150mm

‘ ——_630mm . 630mm-

80mm
140’5 ]
SOer
150mm 3075 1800mm: ?:LSOmm

a- Transverse square opening strengthened by CFRP diagonal bars (ECR1) .

200mm

300mm

P/2
2010 [ 540 Pﬂ/2 @6@150mm 200mm
630mm < mm Je 630mm
80mm ‘ .
140mm D 300mm
8(\)—"% ee ©
ﬁ 1800 ’
150 +edumm 150
e 3025 o
b- Transverse square opening strengthened by CFRP diagonal bars (ECR2) .
P/2 P/2
2010 " ciomm— | 26@150mm 200mm
630mm 30mm—
BO’J‘T ‘ o °
140mm @ @ D 300mm
80mm ‘ e & ¢
1 Ly
150mm 1800mm: M
0195

c- Transverse square opening strengthened by CFRP bars rhombus shape (ECR3) .

2010 P2 P2 Z6@150mm
200mm
630mm \.,l 540mm \.,l 630mm
80’_1@ ‘ ‘ . .
140mm D 300mn
80mm >0mm e e ©
150mm 20595 1800mm ,150mm

d- Transverse square opening strengthened by CFRP bars rhombus shape (ECR4) .
Figure 3.7 Details of fifth-group.
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3.6 Steel materials used in the present work

In the present work composite encased steel-concrete beams contain many
steel materials such as (steel boxes, shear connectors, and steel reinforcement). In

this section, the properties of the steel materials will be mentioned below.

3.6.1 Steel box section

Steel box sections were used in the present research. All the steel box
sections have the same thickness (2 mm). All steel sections were fabricated with
dimensions 50 mm width and height 140 mm, by local workshop. The hollow
section was tested following the American specification for steel materials testing
ASTM A370-10 [76].

Table 3.6 Tensile properties of the steel section.

Dimensions of steel | Average yield tensile strength | Average ultimate tensile
hollow box (MPa) strength (MP)

50x140 280.97 405.39

3.6.2 Angle shear connector

The angle shear connector is one of the shear connectors. angle shear
connectors is easier compared angle shear connectors to the other connectors.
Since in most steel shops, commerical standard sizes for hot rolled steel profiles of
C-shaped shear connectors are available. Moreover, by simple cutting in their long
steel profiles, these types of connectors can be easily prepared[62]. Figure (3.9)

shows angle shear connectors with steel box.
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Spacing 450mm

Figure 3.8 Angle shear connectors with steel box.

3.6.3 Steel reinforcement

In this research, three sizes of steel reinforcement were used (96, 910 &
@25) mm, all beams have the same interior steel reinforcement. The longitudinal
flexural tensile reinforcement is (3025) deformed steel bars. The longitudinal
compression reinforcement is (2¢010) deformed steel bars. The shear reinforcement
(stirrups) is designed with (#6 @ 150 mm). The steel bars were Iragi origins and
can be identified through the brand stamped on the blinds as shown in the Figure
(3.9).

Figure 3.9 Steel bars were used in this research.

Table 3.7 Tensile test results of steel reinforcing bars
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Table 3.8 Tensile test results of steel reinforcing bars

Nominal Yield strength ASTM Ultimate ASTM
diameter (mm) (MPa) | A615/A615M | strength (MPa) | A615/A615M
6 378.57 280 424.5 420
10 416.34 420 618.567 620
25 585.89 420 693.36 620

3.6.4 Reinforcement details of opening

Long stirrups were placed on each sides of opening to avoid beam-type failure,

while short stirrups were used upper and lower of opening to avoid frame-type

failure. At each corner bars were placed to anchorage short stirrups. Also, bars

were placed diagonally on both sides to effective crack control[16], as shown in

Figure (3.10). It’s worth to mention that equation to calculate shear strength of

opening according to AIC code.

V=Vsv + Vsd = (Avxfyv)/S X (dv-do) + Adxfyvxsina,

Short stirrups
[From frame-type failure]

Long stirrups |
[From beam-type failure]ﬁ

Additional bars (nominal)
[ [For anchorage of stirrups]

V%

—

P —

VAN

/ \ Diagonal bars (nominal)
>
N / [For crack control]

—

2al

" N—

3.1
-~
h
do

oo hy

Figure 3.10 Reinforcement details around a small and large opening[16].
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In this search reinforced opening as follow:

1-Put longitudinal stirrups (two stirrups) @6mm at each sides of small and
large opening to avoid beam-type failure as shown in Figure (3.11).

2-After that put short stirrups (@6mm) at top and bottom of small and large
opening the number of stirrups used dependent on available distance around
opening. And the aim of use short stirrups to avoid frame-type failure, as shown in
Figure (3.11).

3-To anchorage short stirrups put additional bars (nominal) @6mm at top and

bottom of opening, as shown in Figure (3.11).

4-placed diagonal bars (@#6mm) around opening to crack control, as shown
in Figure (3.11).

ST

Diagonal bars

Figure 3.11 Reinforcement opening details for small and large openings.
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3.7 Extruded encasing transversely (EET)

Extruded encasing transversely which consisted steel section welding around
square opening, dimensions of steel section welding depend on dimensions of
transverse square opening and extends to the end of beam width. Where steel
section welding dimension in small opening were (50x50) mm and extends 70 mm
from beam’s width in both sides of the opening, as shown in Figure (3.12). In the
same way steel section welding dimension’s in large opening were (136%136) mm
and extends 70 mm from beam’s width in each sides of opening. This steel section
was welded in normal welding method. The composite method is one of the new
strengthening methods used in this research to study effecting presence of this
welded steel section around opening on improving shear strength of beam, , as

shown in Figure (3.13).

Figure 3.12 Small squre transverse openingstregthening by composite
method CISL1.
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Figure 3.13 Large square transverse openings strengthening by composite
method CIS2.

3.8 Reinforcement arrangement

This method used bars reinforcement arrangement as a strengthening
technique for encased composite steel-concrete beams with transverse web
openings. This method included placing the diagonal bars reinforcement (@6mm)
and arrange it around the openings in manner that ensures the increase in the
efficiency of the beam. To avoid cracks that arise at the corners of the openings as
result focus of stresses around corners of openings, so this method used. Where the
inclined bars restrict the movement of the cracks that expected initiated from the
corner of the opening toward load point and supports, , as shown in Figures (3.14)
& (3.15).

X a5 y ASUIKER=.— = U
1N G W SR ?
P Vo ¢ U . N

Figure 3.14 Small square transverse openings strengthening by reinforcement
arrangement RIS1.
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Figure 3.15 Large transverse square openings strengthening by reinforcement
arrangement RIS2.

3.9 Specimens preparation

3.9.1 Molds

Fifteen wooden molds, (200x300x2100) mm dimensions, were used to
pour beam specimens. The molds were manufactured with (18mm) thick plywood
base and two movable sides. The sides were fixed to the base by screws. It may be
noted that to ensure that it would be easy to remove the samples when the concrete
hardened, the inner faces of the molds were oiled. When the mixing process was
completed, the beam specimens were then cast in three layers and compacted by
vibrator to shake the mix and consolidate it into the molds. The surface of the
concrete (top face of beam specimens) was leveled with a trowel, as shown in
Figure (3.16).

Figure 3.16 Molds.
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3.9.1.1 Mold preparation

Fifteen plywood molds were prepared, and the plywood was selected
with the highest thickness available in the market. The mold parts were tightly
linked in a way that made it easier to separate the parts after the casting process
without any effect on the concrete beam, and the single wooden mold consists of
five parts:

1- Base mold dimensions 2100 x 200 x 18 mm.
2- Sidewalls with dimensions of 2100 x 300 x 18 mm and have square openings.

3- Small side pieces of dimensions 300 x 200 x 18 mm.

In the present work, the beams have transverse square openings and
longitudinal openings. Where longitudinal opening made by steel box section and
transverse square opening made by using cork material.

After completing the mold, plastic spacers were placed on the base of the
mold and on the two side walls of the mold to provide a concrete cover for the

reinforcement steel cage. As shown in Figure (3.17).

Figure 3.17 Preparing the molds.
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3.10 Mixing procedures for the specimens

The materials of concrete were cement, sand, coarse aggregate, and water.
Batching plant mixing was done to ensure consisting mixing followed by pouring
the concrete into molds of size (200x300x2100) mm, also six cylinders of size (150
x300) mm and three prisms of size (100 x100 x500) mm.

Table 3.9 Concrete Mix Design

Cement (kg) | Sand (kg) | Gravel (kg) | Water (L)
For 1m3 of concrete

500 800 1150 205

3.11 Workability test

Measurement of slump test was taken immediately after mixing concrete

before casting it into specimens molds.

3.11.1 The slump test

The slump test of concrete measures the consistency of fresh concrete before
it sets. It is performed to check the workability of concrete. In this study, the slump

test in the normal type of concrete was (10-40) mm, according to EN 206-1:2000.

Figure 3.18 Slump test.
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3.12 Pouring of the specimens

Before starting the pouring process into the beam molds, the molds of
structural beams were placed on the ground and leveled. The water used in the
casting process was RO water (Reverse Osmosis, is water purification technology).
After the pouring of concrete, the surface of the specimens is leveled by a steel

trowel.

3.13 Curing and age of testing

After (24) hours, the beam specimens, cylinders, and prisms were

stripped from the molds. cylinders and prisms cured (kept) in a water bath for (28)
days. In addition to beam specimens cured by using wet burlap was used to cover

the specimens. Before (24) hours from the date of testing, they were taken

out of the wet burlap and cleaned by a water-jet pump. To prepare the surfaces of

specimens for paint by white-color to detect the crack pattern, and then tested.

Figure 3.20 Cleaning of specimens by water jet pump.
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Figure 3.21 Painting the specimens by white color.

3.14 Testing for mechanical properties of normal concrete

To determine the main mechanical properties of normal concrete mix, three
tests were performed to determine three mechanical properties (compressive
strength, splitting tensile strength, and modulus of rupture). These tests were
carried out according to the specifications of the American Society for Materials
Testing (ASTM). Figure (3.22) shows a simple outline for these tests. All these

tests were done at the University of Misan- Faculty of Engineering Laboratory.

)
‘_EU ‘ Compressive strength
- o
o -
< 2
kS E Splitting tensile
= | Modulus of rupture

Figure 3.22 Tests of Normal mixture.

3.14.1 Compressive strength

To test the compressive strength of Normal concrete the cylinders were
used with a diameter of 150 mm and a height of 300 mm. The tests were carried

out in the laboratory of the Faculty of Engineering, University of Misan, by using a
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universal ELE compression Machine model with a capacity of 2000 KN to
test the cylinders by axial loading. By the ACI 318M-19 standard to find
compressive strength, the average of three cylinders readings was taken at the age
of 28 days.

Table 3.10 Experimental values of compressive strength

Cylindrical compressive-strength of (28-Days) MPa
22.9
23
24.7

Average of compressive strength (MPa)=23.53

Figure 3.23 Compressive Strength Results and failure modes.

3.14.2 Splitting tensile strength (fct)

The Brazilian method which is an indirect tensile strength test conforming to
ASTM C496-04 specification was used. Three cylinders with a diameter of 150
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mm and a height of 300 mm were placed horizontally in the universal ELE
Machine with a capacity of 2000 KN to apply the load vertically along the length
of the cylinders. The results of the tests are shown in the Figure (3.24).

Rl

Figure 3.24 Test results of splitting tensile strength.

The results of the test-machine based on the following formal:
Split Tensile Strength (fct = 2P/n*D*L)

Table 3.11 Experimental values for the splitting tensile strength

Load (KN) Splitting Tensile Strength
(MPa)
200.9 2.8
197.9 2.8
192 2.7
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3.14.3 Modulus of rupture (fr)

EXPERIMENTAL WORK

To test flexural strength of concrete according to the ASTM C78-84

standard. The test was performed by using three points of loading by a machine

with 63 KN capacity, which was manufactured by Central Organization for

Standardization and Quality Control (COSQC). Three prisms having dimensions

(100*100*500) mm were cast for this test. The results of tests were calculated by

the mathematical formula below. The results obtained in the present work shown in

the Figure (3.25).
(1 kg) = (9.8066 N)

fr = 3PL/2bd?

where:
fr= Modulus of rupture (MPa).
P= Ultimate failure load (N)

3.2

L= Span length between the supports, (center to center) (mm).

b= prism cross section width (mm).

d= prism cross section depth (mm).

Table 3.12 Flexural test results

Prisms Test Specimens’ values
Test load (kg) | 497 543 539.5
Test load (N) |4873.88 |5324.98 |5290.66
Rupture test
Stress (MPa) | 3.29 3.59 3.57
Average stress 3.48
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Figure 3.25 Test results and failure modes of modulus of rupture for prisms.

3.15 Carbon fiber reinforced polymer (CFRP)

The carbon-fibers-materials are one technique that improves the
performance by increasing the ultimate capacity Composite encased steel-concrete
beams. So our thesis will investigate shear behavior, and the shear-behavior
performance of [(Normal concrete) Composite encased steel-concrete beams]
strengthened by [CFRP (bars and sheets)].

3.15.1 CFRP sheets

The use of FRP as external reinforcement to strengthen RC beams has
received research interest. Carbon, aramid, or glass fibers are the most common
types of FRP in the concrete industry. FRPs are usually found as sheets, strips,
wraps, or laminates. These materials were applied to the external surfaces of the
beams in various configurations and layouts by bonding each other. Because FRPs
are well-known for providing good mechanical properties. Using them to repair
and rehabilitate damaged steel and concrete structures has become increasingly

appealing, particularly with their high strength and low weight. Thus, in an existing
62



CHAPTER THREE EXPERIMENTAL WORK

beam external strengthening materials such as steel plates or Fiber
Reinforced Polymer (FRP) materials are crucial to strengthen the area around the
opening. The experimental test results show that the CFRP system's strengthening

technique is effective in improving the strength capacity of composite beams[77].

CFRP sheets

The table (3.14) below shown property of CFRP sheets.
Table 3.13 Properties of CFRP sheets.

Property CFRP sheets
Modulus of Elasticity (MPa) 175000
Rupture strain 0.015
Ultimate tensile strength (MPa) 3500

3.15.2 Adhesive material (epoxy)

The process of externally covering concrete members with polymer fibers
requires the presence of binders, which works to adhere the polymer fibers to the
concrete surface tightly. In this study, a medium-viscosity epoxy called (Sikadur
330 C) was used, which is made up of two main parts: the resin (Resin (A)) and the
hardener (Hardener (B)), as shown in the Figure (3.26). The resin (A) is mixed

with the hardener (B) in a proportion by weight (4:1), as shown in the Figure
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(3.27). As recommended by the company producing this material.
(Appendix A). To form an epoxy mixture which is used in the process of gluing

the fibers on the concrete surface.

Figure 3.27 Light gray paste of Sikadur®-330 components (A+B) mixing.
3.16 Strengthening procedure of CFRP sheets

The external strengthening (Carbon Fiber Reinforced Polymer and epoxy

adhesives) was performed as follows:

1- Shear zones surfaces were scraped with electrical abrasive paper and then
cleaned with a brush to achieve good bonding between the composite
encased steel-concrete beams and the CFRP sheets.

2- Scissor was used to cut the CFRP sheets to the proper dimensions.

3- For at least 3 minutes, the epoxy resin parts A (Resin (A)) and B

(Hardener (B)) were mixed in a 4:1 ratio.
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4- At the specified regions (prepared surfaces) the mixed resin was applied
to surface of composite encased steel-concrete beams and CFRP sheets, then the
strips were installed to composite encased steel-concrete beam surface with a small
pressure to force air bubbles and excess epoxy to out.

The strengthened specimens were tested at least 7 days after CFRP

installation.

Rk,

e

Figure 3.29 Composite encased steel-concrete beams with square openings
strengthened by CFRP strips.
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3.17 Strengthening by using NSM CFRP bars

To achieve the process of NSM strengthening, the following steps were
followed: The boundaries of the desired grooves which were needed for
embedding the strengthening bars (@6mm) were first fixed by a sketch. The sketch
was made to ensure that the grooves were drilled with the correct shapes and
dimensions. Ensuring that the strengthening bars were kept at a distance of at least
20 mm from the opening edges. The grooves were drilled in depth and width
of about 1.5db (db. is the diameter of the bar). Using a special concrete saw with a
diamond blade the grooves were made in the concrete with the required
predetermined size. They were cleaned with water and then dried by air to remove
dust. The epoxy paste layer that was added was half the depth of the groove. The
strengthening bar was placed gently and then slightly pressed into the groove.
Allowing the epoxy paste to flow around it and fill the space between the bar and
the groove's sides. The second layer of epoxy paste was added, and the surface was
leveled, such that the bar was completely hidden. The specimens were left

for seven days to let the epoxy paste reach the desired strength[58],[78].

NSM (@6mm) bars
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The table (3.15 ) below shown property of CFRP bars.

Table 3.14 Properties of CFRP bars.

Property CFRP bars
Modulus of Elasticity (MPa) 175000
Nominal bar diameter (mm) 6
Tensile stress in the CFRP bar (MPa) 2.05

(c) ECR3 (d) ECR4
Figure 3.30 Grooves installation.

©ECRL & (@)ECRS
Figure 3.31 NSM Installation.
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3.18 Test Procedure

After the curing of the specimens was completed, the specimens were
extracted from the treatment tank at the age of 28 days. Beams were coated in
white color so that the cracks can be easily observed that are appearing during the
loading process. Beam specimens were sited on the testing machine and attuned so
that centerline, supports, point load, and LVDT were in their correct positions.
Each beam was tested individually and placed inside the frame of the testing
machine for testing on a supported where beams length was 2100 mm, while a
clear span becomes 1800 mm centerline of supports. Beam specimens were tested
up to failure under four-point loading with static load using a Universal Testing
Machine (UTM) of 600 KN. Loading rate was applied as 5kN/min. A spreader
beam was used to transference the load to test specimen over two loading points at
540 mm at a distance. At the end of each load raise, notes and measurements were
recorded for the mid-span deflection and crack development and propagation on
the beam surface. Beam deflection was observed by a number of linear variable
displacement transducers (LVDTSs) sited at the bottom soffit of the beam. Crack

progress and propagation were marked and failure mode was verified.

Figure 3.32 Universal Testing Machine.
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Loading eell—\
\

Hydraulic jack
Device frame
Hinged joint
Plate girder
Specimen
Hinged support Roller support
ged supp B, s
Plate girder — |

Device base —

Figure 3.33 Schematic Testing Setup.
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|CHAPTER FOUR: EXPERIMENTAL RESULTS AND
DISCUSSION

4.1 Introduction

The main purpose of this work was to investigate the structural behavior of
composite encased steel-concrete beams, which including (15) beams; control
beam (solid beam) (CB), composite encased steel-concrete beam with small square
openings (BW1), composite encased steel-concrete beam with large square
openings (BW2). As well as, other of composite encased steel-concrete beams
were strengthened with different strengthening techniques. All the presented beams
have the same dimensions, properties, reinforcement, and the same concrete type
(Normal Concrete). This chapter will show all the results recorded after the shear
test of the fifteen beams tested under two-point loads. Results were collected and
discussed. All the load-carrying capacity and deflections were recorded. The
records included ultimate loads, first cracks, and crack patterns in which applied
load occurs. The stiffness, ductility and toughness are also presented and discussed

in this chapter.

4.2 General structural behavior of beams during the testing

The recorded test results have shown in Table (4-1). The table consists of
fifteenth specimens of simply supported beams subjected to two-point loads.
During the testing, each beam showed a different behavior when reaching the
ultimate load, but in the initial phase of loading, all the beams have shown an
elastic behavior and the deflections were very small. During this phase of loading,
it was observed that the cross-section was fully effective in resisting the loads. By
increasing the loads. The first crack was observed in the lower part of the beams in
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the shear zone (near support) between the point load and support. After
increasing the loads, non-linear behavior began which is an indicator that tested
beams reach their plastic phase. At the end of loading, the existing cracks began to
grow and extended rapidly to the loading point and support. Table (4.1) shows the

details of the results recorded during the testing.

Table 4.1 Tests results of tested beams

The load capacity of Max.
Beam shear (KN) Deflection Failure mode
Designation | Frist Ultimate (mm)
Crack | load
CB 60 295.4 14.734 Diagonal shear
BW1 45 320 15.779 Diagonal shear
BW?2 18 153.9 15.98 Diagonal shear
CIS1 30 307 16.57 Diagonal shear
CIS2 45 127 16.36 Diagonal shear
RIS1 65 367 13.709 Diagonal shear
RIS2 35 143.4 16.27 Diagonal shear
ECW1 35 346 14.23 De-bonding failure
ECW2 35 176 11.27 De-bonding failure
ECS1 55 302.7 16.24 De-bonding failure
ECS?2 15 154.1 15.03 De-bonding failure
ECR1 30 308.7 18.698 Diagonal shear
ECR2 25 155.7 15.9 Diagonal shear
ECR3 35 315 16.5 Diagonal shear
ECR4 25 135.2 16.7 Diagonal shear

71



CHAPTER FOUR RESULTS AND DISCUSSION

4.3 General failure modes in the composite encased steel-concrete
beams

The main focus in this work has been to study the structural behavior and the
shear failure mode of the new type of structural elements (composite encased steel-
concrete beams). These beams consisted of a hollow steel box section encased
(embedded) in the concrete section beam (fully encased). In general, in all
specimens, the failure mode that occurred in these new elements has been the
diagonal shear failure. Diagonal cracks have initiated from the top corner of the
opening toward the point load and the bottom corner of the opening toward the

support.

4.4 Load-deflection behavior and crack patterns for tested beams

After the curing process of beams has finished, the beams have painted in
white color and have transferred to the testing machine, and the load has applied in
the center of the beam specimens by increasing the pressure of the hydraulic jack.
Deflections have recorded during the test. The general experimental behavior of
the composite encased steel-concrete beams has noticed during the test can be
summarized as follows; when increased the applied load the first crack occurs in
the tension zone and give us an indication that the concrete loses its tensile
strength. The increase in applied loads led to concentrate diagonal cracks at corners
of openings. Finally, with increasing the load's diagonal cracks (shear cracks)

extended from corners of opening toward support and point of concentrate load.
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The main final cracks were in the shear zone between applied load and
support for all tested beams, including the control beam (solid beam), and has
showed an indication that all the tested beam fails in shear failure without splitting
failure between concrete and hollow steel box.

The data for (control beam in group No.1) solid beam specimen (CB) are
shown in Figure (4.1), the first crack was observed at load of 60 KN in the tensile
tension zone of the specimen which indicate that the concrete start to lose its
tensile strength after the first crack occurs. As the load increases, the final failure
of the concrete is achieved at an ultimate load Pu = 295.4 KN. the results of load-

deflection for (CB) are shown in Figure (4.1).

CB

350
300
250
200
150

Load (KN)

100
50

0 2 4 6 8 10 12 14 16

deflection (mm)

Figure 4.1 Load-deflection behavior and crack patterns for CB.

73



CHAPTER FOUR RESULTS AND DISCUSSION

The data and load-deflection values for different stages for the composite
encased steel-concrete beam with small square openings (BW1) are shown in
Figure (4.2). From the Figure, it is noted that (BW1) cracking at load of 45 KN,
after the first crack with increasing the load the concrete crushing at Pu = 320 KN.

BW1
350
300
250
200

150

Load (KN)

100

50

0 2 4 6 8 10 12 14 16 18

deflection (mm)

Figure 4.2 Load-deflection behavior and crack patterns for BW1.

74



CHAPTER FOUR RESULTS AND DISCUSSION

The data for the control beam for the composite encased steel-concrete beam
with large square openings (BW2) are shown in Figure (4.3). It is indicated that the
first crack was recorded at load of 18 KN, and concrete lost its tensile strength
after the first crack occurs. The loading continued, with increase the load the
concrete crushing at Pu = 153.9 KN. The result of load-deflection for (BW2)
shown in Figure (4.3).

BW2

180
160
140
120
100

Load (KN)
A O ®
o O O

N
o

0 2 4 6 8 10 12 14 16 18

deflection (mm)

S J = 4
-—i o <. iR e Bage =

Figure 4.3 Load-deflection behavior and crack patterns for BW2.

The results of load-deflections behavior and crack patterns for different

stages for all the tested beams are shown in Figs. (4.4 to 4.15).
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Figure 4.4 Load-deflection behavior and crack patterns for CIS1.
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Figure 4.5 Load-deflection behavior and crack patterns for CIS2.
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RIS1
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Figure 4.6 Load-deflection behavior and crack patterns for RIS1.
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Figure 4.7 Load-deflection behavior and crack patterns for RIS2.

77



CHAPTER FOUR RESULTS AND DISCUSSION

ECW1
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Figure 4.8 Load-deflection behavior and crack patterns for ECW1.
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Figure 4.9 Load-deflection behavior and crack patterns for ECW2.
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ECS1
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Figure 4.10 Load-deflection behavior and crack patterns for ECSL.
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Figure 4.11 Load-deflection behavior and crack patterns for ECS2.
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ECR1
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Figure 4.12 Load-deflection behavior and crack patterns for ECRL.
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Figure 4.13 Load-deflection behavior and crack patterns for ECR2.
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Figure 4.14 Load-deflection behavior and crack patterns for ECR3.
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Figure 4.15 Load-deflection behavior and crack patterns for ECRA4.
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4.5 Ultimate load

It is noticed that the shear capacity of the composite encased steel-concrete
beam with the small opening was in general slightly higher than solid beam. This
Increase in capacity of BW1 is due to using special reinforcement has provided in

sufficient quantity with proper detailing, so the strength of BW1 improved.

For GR.No.1, in comparison with the solid beam (CB) as the control beam,
it has noticed that the ultimate load of composite encased steel-concrete beam with
small square openings (BW1) increased by 8%. On the other hand the load
capacity of composite encased steel-concrete beam with large square openings
(BW2) decrease by 48% compared with solid beam (CB). As a result that can exist
small transverse opening in composite encased steel- concrete beam with using an

especial reinforcement around opening.

For GR.No.2, in comparison with composite encased steel-concrete beam
with small and large square openings (BW1) and (BW2); respectively as control
beams. It was noticed that by the using strengthening technique of extruded
encasing transversely the load capacity of the beam with small square openings
(CIS1) decrease by 4% when compared with (BW1). While loading capacity of the
beam with large square openings (CIS2) decrease by 17% when compared to
(BW2). This suggested techniques of strengthening kept load capacity for small

opening approximately equal to load capacity of control beam (BW1).

For GR.No.3, it has noticed that by the using strengthening technique of
reinforcement arrangement the load capacity of the beam with small square

openings (RIS1) increased by 15% when compared with control beam (BW1).

82



CHAPTER FOUR RESULTS AND DISCUSSION

While loading capacity of the beam with large square openings (RIS2)
decreased by 7% when compared with the control beam with large square openings
(BW2). So the use of reinforcing bar perpendicular on the path of crack at both
sides of opening this lead to increase the shear strength of beam. Generally, it is

consider this suitable technique of strengthening especially for small openings.

For GR.No.4.a, using strengthening technique of CFRP sheets, it has noticed
that load capacity of composite encased steel-concrete beam with small square
openings strengthening by CFRP fully wrapping system around the square
openings (ECW1) increased by 8% when compared with control beam (BW1).
while beam with large square openings strengthening by CFRP fully wrapping
system around the square openings (ECW2) load capacity increased by 14% when
compared with control beam (BW?2). This strengthening technique can be

considered the successful technique than others.

GR.No.4.b, load capacity of the beam with small square openings
strengthening by CFRP diagonal sheets (ECS1) decreased by 5% when compared
with control beam (BW1). In addition to beam with large square openings
strengthening by CFRP diagonal sheets (ECS2) load capacity is approximately
equal to the load capacity of control beam (BW2).

For GR.No.5.a, it has noticed that load capacity of composite encased steel-
concrete beam with small square openings strengthening by using CFRP diagonal
bars technique (ECR1) decreased by 4% when compared with control beam
(BW1). while load capacity of the beam with large square openings strengthening
by CFRP diagonal bars (ECR2) is approximately equal to load capacity of control
beam (BW2). This technique keeps the shear strength is constant.
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GR.No.5.b, load capacity of beam with small square openings strengthening
by CFRP diamond scheme bar (ECR3) approximately equal to load capacity of
control beam (BW1). While beam with large square openings strengthening by
CFRP diamond scheme bar (ECR4) load capacity decreased by 12% when

compared with control beam (BW2).

4.6 Load-deflection comparisons for tested beam

Load-deflection curves of the tested beams at all stages of loading up to
failure were shown in Figs. (4.16) to (4.20). For comparison of load-deflection,
five groups of curves are established. These are [Gr.No.1 (effect of opening),
Gr.No.2 (effect of extruded encasing transversely method), Gr.No.3 (effect
technique of reinforcement arrangement), Gr.No.4 (effect technique of CFRP
sheets) and Gr.No.5 (effect technique of CFRP bar)]. All the tested beams have
approximately the same initial load-deflection behavior until reaching the first
crack load.

For Gr.No.1 Figure (4.16) it is noticed composite encased steel-concrete
beam with large opening (BW2) shows higher deflection compared to solid beam
(CB) due to existing square opening in the shear zone which causes to high
concentration of stress around opening. So this leads to excessive cracking and

deflection, and reduction in beam resistance.

84



CHAPTER FOUR RESULTS AND DISCUSSION
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Figure 4.16 Load-deflection comparison for Gr.No.1 (effect of opening).

For Gr.No.2 Figure (4.17) it is clear that composite encased steel-concrete
beam large opening strengthened by using extruded encasing transversely

technique (CI1S2) has maximum deflection and lower ultimate load compared to

(BW1,BW2& CIS1).
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Figure 4.17 Gr.No.2 (effect of extruded encasing transversely technique)
compared with control beams BW1 & BW2.
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For Gr.No.3 Figure (4.18) it important to notice that the composite encased
steel-concrete beam with small opening strengthened by using technique of
reinforcement arrangement (RIS1) give the highest ultimate load and lower
deflection compared to the rest of beams in this group. This can explained that
provided additional of reinforcement bars around the opening make the section

more efficient in resisting the deflection.

GR.No.3
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Figure 4.18 Gr.No.3 (effect technique of reinforcement arrangement)
compared with control beams BW1 & BW2.

For Gr. No.4 in Figure (4.19) it is noticed clearly that composite encased
steel concrete beam with large opening strengthened by using CFRP fully
wrapping sheets (ECW2) has lower deflection than (BW2).
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GR.No.4
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Figure 4.19 Gr.No.4 (effect technique of CFRP sheets) compared with
control beams BW1 & BW?2.

For Gr. No.5 in Figure (4.20) it is clear composite encased steel-concrete
beam with small opening strengthened by using CFRP diagonal bars (ECR1) has
maximum deflection than (BW1). In addition composite encased steel-concrete
beam with large opening strengthened by using CFRP bars rhombus shape (ECR4)

has maximum deflection than (BW2).
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GR.No.5
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Figure 4.20 Gr.No.5 (effect technique of CFRP bar) compared with control
beams BW1 & BW2.

4.7 Initial stiffness comparisons for the tested beams

Initial stiffness was calculated based on the load-deflection curve by
dividing the maximum applied load (Pu) on the yield deflection (Ay) in the case of
initial stiffness. The equations used are shown below:

Initial stiffness = Py / Ay

Stiffness calculation is carried out according to N. Priestley study[79]. The
stiffness values of the tested beams are presented in Figs. (4.21 to 4.25).

For GR.No.1, it is noted that in the first group that the composite encased
steel-concrete beam with small square openings (BW1) has a higher stiffness than
composite encased steel-concrete beam with large square openings (BW2) by 7%.
While (BW1) has a lower stiffness than the stiffness of solid beam (CB) by 29%. It
indicates that stiffness value decreases with high value deflection.
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Figure 4.21 Gr.No.1 (effect of opening).

In GR.No.2 shown in Figure (4.22) It can notice that the composite encased
steel-concrete beam with small square openings (CIS1) that has strengthened by
extruded encasing transversely give the higher stiffness than (C1S2) and (BW2) by
17% and 4% respectively.

GR.No.2
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Initial Stiffness (kN/mm

Figure 4.22 Gr.No.2 (effect of extruded encasing transversely technique)
compared with control beams BW1 & BW?2.
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In GR.No0.3 in Figure (4.23) it can notice that a composite encased steel-
concrete beam with small square openings (RIS1) which have strengthened by
using the technique of reinforcement arrangement has a higher stiffness than
control beam (BW1) by 50%.

GR.No.3
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)

EBW1 mBW2 mRIS1 mRIS2

Figure 4.23 Gr.No.3 (effect technique of reinforcement arrangement)
compared with control beams BW1 & BW2.

In GR.No.4 shown in Figure (4.24) it is clear that (ECW1) which has
strengthened by using CFRP strips fully wrapping has the stiffness is higher by
36% than (BW1). While composite encased steel-concrete beam with large square
openings (ECW2) which has strengthened by using CFRP strips fully wrapping,
has the stiffness is higher by 74% than (BW2). This indicates that the stiffness of
composite encased steel-concrete beams with square openings increases by using
CFRP strips fully wrapping as strengthening technique.
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Figure 4.24 Gr.No.4 (effect technique of CFRP sheets) compared with
control beams BW1 & BW2.

In GR.No.5 shown in Figure (4.25) it is noticed that for the composite
encased steel-concrete beam with large square openings (ECR2) strengthened by
diagonal CFRP bars around large square openings has stiffness is higher than the
stiffness of control beam with large opening (BW2) by 14%.
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Figure 4.25 Gr.No.5 (effect technique of CFRP bar) compared with control
beams BW1 & BW2.

91



CHAPTER FOUR RESULTS AND DISCUSSION

4.8 ENERGY ABSORPTION CAPACITY COMPARISONS FOR THE
TESTED BEAMS

Energy absorption capacity can be calculated through the load-deflection
curve. The area under the curve represents the value of energy absorption capacity.
Figs. (4.26 to 4.30) represents the energy absorption of the tested beams in this
study. In Figure (4.26), we noted that the energy absorption in Group No.l1. in the
composite encased steel-concrete beam with small square openings (BW1)
approximately equal to the solid beam (CB). while the energy absorption capacity
decreased in a composite encased steel-concrete beam with large square openings
(BW2) by 34% than the solid beam (CB). It seems that the use of small square
openings enhanced the energy absorption capacity better than the use of large
square openings in the beam. In group No.2 it is noticed that composite encased
steel-concrete beam with small square openings (CIS1) which has strengthened by
extruded encasing transversely give energy absorption capacity higher by 14%
than (BW1). In group No.3, the use technique of reinforcement arrangement in the
strengthening of the beam with small square openings has enhanced energy
absorption. In group No.4 in Figure (4.29) it is noticed that the composite encased
steel-concrete beam with small square openings strengthening by CFRP fully
wrapping strips (ECW1) has energy absorption greater by 48% than (BW1). In
group No.5 it is noticed that composite encased steel-concrete beam with small
square openings (ECR1) which has strengthened by CFRP diagonal bars has
energy absorption greater by 44% than (BW1).
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Figure 4.26 GR.No.1 (effect of openings).
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Figure 4.27 GR.No.2 (effect strengthening of extruded encasing
transversely) compared with control beams BW1 & BW?2.
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Figure 4.28 GR.No0.3 (effect strengthening of reinforcement arrangement)
compared with control beams BW1 & BW?2.
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Figure 4.29 GR.No.4 (effect strengthening of CFRP sheets) compared with

control beams BW1 & BW?2.
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CHAPTER FIVE: CONCLUSIONS AND
RECOMENDATIONS

5.1 Conclusions

The current research investigates the shear behavior to new type of
composite encased steel-concrete beams with transverse openings, as it is
composed of a hollow steel section that is fully encased in the concrete. The main
conclusions obtained in this study are as follows:

1-The existing of small transverse square openings in composite encased
steel-concrete beam (BW1) increased shear capacity by 8% when compared with
shear capacity of control solid beam (CB), if used special reinforcement is
provided in sufficient quantity with proper detailing around openings.

2-The existing of large transverse square openings (BW2) in composite
encased steel-concrete beam decreased shear capacity to half shear capacity of the
control solid beam (CB).

3-The results showed that composite encased steel-concrete beam with small
transverse square openings (BW1) in the shear zone increased shear capacity by
107% when compared with shear capacity of composite encased steel-concrete
beam with large transverse openings in the shear zone (BW2).

4-As compared to control beam (BW1) the shear capacity increased by 15%
in composite encased steel-concrete beam with small square openings in shear
zone was strengthened by using technique of reinforcement arrangement (RIS1).
While shear capacity decreased by 7% in composite encased steel-concrete beam
with large square openings in shear zone was strengthened by using technique
reinforcement arrangement (R1S2) when compared to control beam (BW?2).

5-The effective strengthening technique for composite encased steel-

concrete beams with small and large square openings in the shear zone, was the
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external strengthening by using CFRP fully wrapping sheets around square
openings. Where the results showed an increase in the ultimate load of composite
encased steel-concrete beams with small (ECW1) and large square openings
(ECW?2) in the shear zone by 8% and 14%; respectively.

6- Using extruded encasing transversely technique as the internal
strengthening, in strengthening composite encased steel-concrete beams with small
(CIS1) and large transverse square openings (CIS2) in the shear zone. This
technique kept shear capacity of strengthened beams approximately equal to
control beams.

7-Using NSM CFRP bars in strengthening each of small and large transverse
square openings in the shear zone with two different configurations around the
square openings (strengthening of the specimens with diamond scheme
strengthening bar and diagonal strengthening bars). The results showed that shear
capacity of strengthened beams by CFRP bars kept approximately equal to shear
capacity of control beams.

8-All beams failed in shear. Where diagonal shear cracks initiated in
appearance from the top corner of opening toward the point load and the bottom
corner of opening toward the support.

9-Mode of failure associated with CFRP application was preceded by
warning signs such as snapping or peeling sounds of CFRP. In general, all beams
suffered from shear failure and made a loud sound during the failure.

10-The value of stiffness of composite encased steel-concrete beam with
small square openings in the shear zone (BW1) has a lower stiffness than the
stiffness of solid beam (CB) by 29%. While (BW1) has stiffness higher than
composite encased steel-concrete beam with large square openings (BW2) by 7%.
On the other hand stiffness values increased when the internal strengthening of
reinforcement arrangement used. Where the composite encased steel-concrete
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beam with small square openings (RIS1) strengthening by reinforcement

arrangement has higher stiffness than control beam (BW1).

11-The composite encased steel-concrete beam with small square opening in
shear zone strengthening by CFRP fully wrapping sheets around openings (ECW1)
has energy absorption higher than control beam (BW1) by 48%. While composite
encased steel-concrete beam with small square openings (ECR1) which has
strengthened by CFRP diagonal bars has energy absorption greater by 44% than
(BW1).

12-  With respect to strengthening techniques of CFRP diagonal sheets
around small opening in composite encased steel-concrete beam the theoretical
shear strength value calculated as follow:-

Shear strength for steel box
Vbox = 0.6*fyox*Aw*cv = 71.81kN (AISC) 5.1

Where fybox= yield stress of steel box=220MPa, Aw= area of steel
box=544mmz2, cv= web shear coefficient=1.

Shear strength for stirrups
Vs = (d/s)(Av)(Fy) = 37.44KN (ACI) 5.2

Where d= effective depth=261.5mm, Av= area of stirrups=56.52 mmz2, Fy=
yield stress of stirrups=380MPa, s= spacing between stirrups=150mm ,

Shear strength for concrete
Ve =(0.16 Vfc") (bw d - (50*50) ) = 39.84kN (ACI) 5.3

Where fc’=compressive strength of concrete =25 Mpa, bw= beam width=200mm,
d= effective depth=261.5mm, (50*50)= dimension of square opening.

Shear strength for opening
Vso = Vsv + Vsd = (Av* fyv)/s*(dv-do) + Ad*fyd*sina = 70.56kN (AIC) 54
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Where Vsv=shear of vertical stirrups, Vsd=shear of diagonal reinforcement,
Av=area of wvertical stirrups=56.52mmz2, fyv=yield stress of vertical
stirrups=380MPa, s=spacing between vertical stirrups=60mm, dv= distance
between top and bottom reinforcement=230.5mm, do=50mm, Ad=area of diagonal
reinforcement=56.52mmz2, fyd=yield stress of diagonal reinforcement =380MPa,
a=orientation angle= 45-,
Shear strength for CFRP sheets
Vf = (Afv*Ffe*(sinat+coso)dfv)/sf (ACI 440.2R) 55

Where tf= thickness of CFRP sheet= 0.165mm, wf =CFRP width= 30mm with
orientation angle o 30, effective depth of FRP shear reinforcement dfv=261.5mm,
area of FRP shear reinforcement Afv = 2 n*tf*wf = 9.9 mmz2, effective stress in the
FRP ffe = efe * Ef = 700, sf = 50mm, Ultimate tensile strength (ffu*)
(N/mm2)=3500, FRP strength reduction factor (¥f)= 0.85, Modulus of elasticity
(Ef ) (N/mm2)=175000, Number of plies of FRP reinforcement (n) =1, ¢ Vn = ¢
(Vc + Vs + Vbox + Vso +¥f V) = 361.04 kN. The table (5.1) below represents
compared between theoretical and experimental value for strengthening technique
of CFRP diagonal sheets:

99



CHAPTER FIVE CONCLUSIONS AND RECOMMENDATIOS

Table 5.1 Theoretical and experimental result of CFRP sheet.

Shear force (Vf) Theoretical results | Experimental results
Small opening strengthening by 361.04 kN 302.7 kN
CFRP sheets

5.2 Recommendations for future works

Some points are recommended to enfold in future work for composite
encased steel-concrete beams with square openings:

1- The goal of this study to investigate a new structural element (composite
encased steel-concrete beams with web openings in shear zone). Where studied its
shear behavior experimentally. So is recommended future studies to investigate
flexural behavior of this new type of element.

2-In this research, the test was performed by using two point-loadings. So is
proposed for future studies to using different load conditions such as distributed
loads and repeated loads, etc.

3- The work included in this research is only study of the transverse square
openings in shear zone and longitudinal opening fabricated by using hollow steel
box. So is recommended to investigate the behavior of composite encased steel-
concrete beam with opening in flexural zone or using multi openings in the
composite encased steel-concrete beams.

4- 1t is recommend in future studies to use different types of concrete like

high strength concrete.
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PRODUCT DATA SHEET
Sikadur®-330

2-COMPONENT EPOXY IMPREGNATION RESIN

PRODUCT DESCRIPTION

Sikadur®-330 is a 2-component, thixotropic epoxy
based impregnating resin and adhesive.

USES

Sikadur®-330 may only be used by experienced profes-

sionals.

Sikadur®-330 is used as:

* Impregnation resin for SikaWrap® fabric reinforce-
ment for the dry application method

« Primer resin for the wet application system

» Structural adhesive for bonding Sika® CarboDur®
plates into slits

CHARACTERISTICS / ADVANTAGES

* Easy mix and application by trowel and impregnation
roller

* Manufactured for manual saturation methods

* Excellent application behaviour to vertical and over-
head surfaces

* Good adhesion to many substrates

* High mechanical properties

* No separate primer required

APPROVALS / STANDARDS

= Adhesive for structural bonding tested according to
EN 1504-4, provided with the CE-mark

PRODUCT INFORMATION

Chemical Base Epoxy resin

Packaging S kg (A+B) Pre-batched unit

Colour Component A: white paste
Component B: grey paste
Components A + B mixed: light grey paste

Shelf Life 24 months from date of production

Storage Conditions Store in original, unopened, sealed and undamaged packaging in dry condi-
tions at temperatures between +5 °C and +30 °C. Protect from direct sun-
light.

Density 1.30 £ 0.1 kg/| (component A+B mixed) (at +23 °C)

Viscosity Shear rate: 50 /s
Temperature Viscosity
+10°C ~10 000 mPas
+23°C ~6 000 mPas
+35°C ~5 000 mPas

Product Data Sheet

Sikadur®-330

May 2017, Version 02.01

020206040010000004
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TECHNICAL INFORMATION

Flexural E-Modulus ~ 3 800 N/mm2 (7 days at +23 °C) (DIN EN 1465)
Tensile Strength ~30 N/mm2 (7 days at +23°C) (150 527)
Tensile Modulus of Elasticity ~ 4500 N/mm?2 (7 days at +23 °C) (150 527)
Elongation at Break 0.9 % (7 days at +23 °C) (1SO 527)
Tensile Adhesion Strength Concrete fracture (>4 N/mm2) on sandblasted substrate (EN 1SO 4624)
Coefficient of Thermal Expansion 4.5 x 10-5 1/K (Temperature range -10 °C - +40 °C) (EN 1770)
Glass Transition Temperature Curing time Curing temperat- TG (EN 12614)
ure
30 days +30°C +58 °C
Heat Deflection Temperature Curing time Curing temperat- HDT (ASTM D 648)
ure
7 days +10°C +36 °C
7 days +23°C +47°C
7 days +35°C +53°C
Resistant to continuous exposure up to +45 °C.
Service Temperature =40 °Cto +45°C
SYSTEM INFORMATION
System Structure Substrate primer - Sikadur®-330.

Impregnating / laminating resin - Sikadur®-330.
Structural strengthening fabric - SikaWrap® type to suit requirements.

APPLICATION INFORMATION

Mixing Ratio Component A : component B = 4 : 1 by weight
When using bulk material the exact mixing ratio must be safeguarded by
accurately weighing and dosing each component.
Consumption See the "Method Statement for SikaWrap® manual dry application" Ref 850
41 02.
Guide: 0.7 - 1.5 kg/m?
Ambient Air Temperature +10 °C min. / +35 °C max.
Dew Point Beware of condensation.
Substrate temperature during application must be at least 3 °C above dew
point.
Substrate Temperature +10 °C min. / +35 *°C max.
Substrate Moisture Content <4 % pbw
Pot Life Temperature Pot life Open time (EN SO 9514)
+10°C ~90 minutes ~90 minutes
(5 kg)
+23°C ~60 minutes ~60 minutes
(5 kg)
+35°C ~30 minutes ~30 minutes
(5 kg)
The pot life begins when the resin and hardener are mixed. It is shorter at high temperatures and longer at
low temperatures. The greater the quantity mixed, the shorter the pot life. To obtain longer workability at
high temperatures, the mixed adhesive may be divided into portions. Another method is to chill compon-
ents A+8 before mixing them (not below +5 *C).
APPLICATION INSTRUCTIONS SUBSTRATE QUALITY
Product Data Sheet
Sikadur®-330
May 2017, Version 02.01
020206040010000004
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Substrate must be sound and of sufficient tensile
strength to provide a minimum pull off strength of

1.0 N/mm2 or as per the requirements of the design
specification.

See also the "Method Statement for SikaWrap® manu-
al dry application" Ref 850 41 02.

SUBSTRATE PREPARATION

Also refer to SikaWrap® Technical Information Manual
for dry application method" Ref 850 41 02.

MIXING

Pre-batched units:

Mix components A+B together for at least 3 minutes
with a mixing spindle attached to a slow speed electric
drill (max. 300 rpm) until the material becomes
smooth in consistency and a uniform grey colour.
Avoid aeration while mixing. Then, pour the whole mix
into a clean container and stir again for approx. 1 more
minute at low speed to keep air entrapment at a min-
imum. Mix only that quantity which can be used with-
in its pot life.

Bulk packing, not pre-batched:

First, stir each component thoroughly. Add the com-
ponents in the correct proportions into a suitable mix-
ing pail and stir correctly using an electric low speed
mixer as above for

pre-batched units.

APPLICATION METHOD / TOOLS

Also refer to SikaWrap® Technical Information Manual
for dry application method" Ref 850 41 02.

CLEANING OF TOOLS

Clean all equipment immediately with Sika® Thinner C.
Cured material can only be removed mechanically.

Product Data Sheet
Sikadur®-330

May 2017, Version 02.01
020206040010000004
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LIMITATIONS

Sikadur®-330 must be protected from rain for at least
24 hours after application.

Ensure placement of fabric and laminating with roller
takes place within open time.

At low temperatures and / or high relative humidity, a
tacky residue (blush) may form on the surface of the
cured Sikadur®-330 epoxy. If an additional layer of fab-
ric or a coating is to be applied onto the cured epoxy,
this residue must first be removed with warm, soapy
water to ensure adequate bond. In any case, the sur-
face must be wiped dry prior to application of the next
layer or coating.

For application in cold or hot conditions, pre-condi-
tion material for 24 hours in temperature controlled
storage facilities to improve mixing, application and
pot life limits.

For further information on over coating, number of
layers or creep, please consult a structural engineer
for calculations and see also the "Method Statement
for SikaWrap® manual dry application” Ref 850 41 02.
Sikadur® resins are formulated to have low creep un-
der permanent loading. However due to the creep be-
haviour of all polymer materials under load, the long
term structural design load must account for creep.
Generally the long term structural design load must be
lower than 20-25% of the failure load. Please consult a
structural engineer for load calculations for the specif-
ic application.

VALUE BASE

All technical data stated in this Product Data Sheet are
based on laboratory tests. Actual measured data may
vary due to circumstances beyond our control.

LOCAL RESTRICTIONS

Please note that as a result of specific local regula-
tions the performance of this product may vary from
country to country. Please consult the local Product
Data Sheet for the exact description of the application
fields.

ECOLOGY, HEALTH AND SAFETY

For information and advice on the safe handling, stor-
age and disposal of chemical products, users shall refer
to the most recent Safety Data Sheet (SDS) containing
physical, ecological, toxicological and other safety-re-
lated data.

BUILDING TRUST
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LEGAL NOTES

The information, and, in particular, the recommenda-
tions relating to the application and end-use of Sika
products, are given in good faith based on Sika’s cur-
rent knowledge and experience of the products when
properly stored, handled and applied under normal
conditions in accordance with Sika’s recommenda-
tions. In practice, the differences in materials, sub-
strates and actual site conditions are such that no war-
ranty in respect of merchantability or of fitness for a
particular purpose, nor any liability arising out of any
legal relationship whatsoever, can be inferred either
from this information, or from any written recom-
mendations, or from any other advice offered. The
user of the product must test the product’s suitability
for the intended application and purpose. Sika re-
serves the right to change the properties of its
products. The proprietary rights of third parties must
be observed. All orders are accepted subject to our
current terms of sale and delivery. Users must always
refer to the most recent issue of the local Product Data
Sheet for the product concerned, copies of which will
be supplied on request.

SIKA LIMITED SIKA IRELAND LIMITED
Watchmead Ballymun Industrial Estate
Welwyn Garden City Ballymun

Hertfordshire, AL7 18Q Dublin 11, ireland

Tel: 01707 394444 Tel: +353 1 862 0709
Web: www.sika.co.uk Web: www sika.le

Twitter: @Sikalimited Twitter: @Sikaireland
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BUILDING TRUST

115



APPENDIX B

116



Shear strength for CFRP by using Near Surface (NS)

Eb = 175000
Thond = 0.001 ((Eb *db)/Li) =
Li= 513
dr = 300
dnet = dr-2C= 260mm
S= 50 mm
Ltot-min = dnet - S= 210mm
Ltot-min = 2.dnet - 4.S = 320mm
if dnet/4 < S < dnet/3
0 =30 degree

Vf=[2 m db thond Ltot-min]sind =8.1kN

2.046784

if dnet/3 < S < dnet
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