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ABSTRACT

Web openings in beams have found many applications in practice such as they provide
convenient passages of electrical and mechanical conduits. Over the past several decades, many
researchers exerted great efforts to predict and interpret the behavior of beams with web openings.
They recommended convenient methods for the design of such beams. These methods are
successfully used if openings were decided before casting of beams. But, what will be the case if it
is required to provide new openings in existing beams? The current work aims to give a satisfactory
answer for this question, in which CFRP were used to strengthen and improve the behavior of
beams with created openings. Eighteen reinforced concrete beams with rectangular cross section
(13 x 25 cm) were tested under two concentrated static load. Three of the beams were taken solid
without openings as control beams. Each one of the other beams was provided with a rectangular
web opening of 20cm length. CFRP was used to strengthen some beams. The variable parameters
are the opening height, the percentage of cut web reinforcement, the distance between the opening
edge and the nearest unaffected web reinforcement, the shear span to depth ratio and type of
strengthening, as well as concrete strength. The pattern of cracks, final mode of failure, cracking
load, failure load and deformational characteristics (deflection, and strains) were recorded, analyzed
and discussed. Finally, some important conclusions were reported.

Keywords: created web openings, openings strengthening with CFRP, Percentage of cut stirrups
(ps), height of opening (h), and Concrete compressive strength f.,.

1. Introduction

Transverse web openings are often provided through beams to accommodate utility
ducts and pipes to be benefit from the unused space above the beam soffit. It is obvious
that such openings are potential source of weakness in the beams. When the service
systems are preplanned and the size and location of required openings decided upon well
in advance, adequate strength and serviceability may be ensured during the design stage.

This, however, is not always the case. There are at least two circumstances that
necessitate drilling of holes in an existing structure. The first is in a recently constructed
building, when laying the service ducts, the M&E contractor frequently comes up with the
request to drill an opening for the sake of simplifying the arrangement of pipes not
carefully considered during the design stage.
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The second circumstance arises in an old building. Where, the openings are created by
removing concrete cores for structural assessment of the building. In such a case, however,
the holes are generally filled in by non-shrink grout. If the structure is to remain, then the
question is whether such a repair is adequate to restore the original level of safety and
serviceability of the structure.

On the other hand, fiber-reinforced polymers (FRP) have started to be attractive new
materials for structural engineers for the use in strengthening reinforced concrete beams.
Carbon, Aramid, and Glass fibers are the most commonly used types in manufacturing
FRP strengthening systems. Most, if not all, of these systems, however, suffer from some
drawbacks when dealing with strengthening of concrete beams. They exhibit a linear
stress-strain response up to failure. As a result, the steel may yield before the strengthening
material even begins to carry any significant load. However, external bonding of FRP
laminates become available alternative to bonding steel plates for strengthening concrete
structures due to its high strength-to-weight ratio, resistance to chemicals, good fatigue
strength, and nonmagnetic property. In 1999, N. F.Grace et al [1] conducted a research
on the behavior of reinforced concrete beams strengthened with various types of fiber
reinforced polymer (FRP) laminates, Ahmed and D. Van Gemert (1999) [2] studied the
effect of cross-sectional area of the CFRP laminates on the pattern of cracks and mode of
failure, the anchorage shear stress distribution, the maximum deformation, and the load
carrying capacity. Mahmoud T. ElI — Minhilmy et al [3] investigated the deflection of
reinforced concrete beams strengthened with fiber-reinforced polymer (FRP) plates. Alex
Li et al [4] studied the effect of the shear strengthening of RC beams on the stress
distribution, initial cracks, crack propagation, and ultimate strength. Xinbao Yang and
Antonio Nanni (2001) [5] investigated the effect of fiber misalignment on the performance
of concrete beams strengthened with FRP laminates, experimentally. Y. H. Hammad [6]
et al 2002, investigated the shear response, including the load-carrying capacity and mode
of failure, of simply supported reinforced concrete T-beam strengthened with CFRP
fabrics. Sergio F. Brena et al (2003) [7] discussed the flexural behavior of reinforced
concrete beams that were strengthened using four types of CFRP composites. J. Barros
and S. Dias (2003) [8] presented an evaluation of the effioncy of the shear strengthening
technique and compared the behavior of the beams strengthened by using CFRP laminate
strips with that using conventional stirrups. Francesco Bencardino et al (2005) [9]
presented a study of the behavior of RC beams externally strengthened in flexure. Venees
Faied Ibrahem (2007) [10] study the strengthening of R.C beams with openings created
after casting using F.R.P. The Strengthening schemes around the opening and at mid-span
beam were found to be the best in reducing mid-span deflection than schemes around the
opening only. Mahmoud Abdou Mahmoud Hassanean (2014) [11] studied the Behavior of
High Performance R.C. Continuous Deep Beams with Openings and Its Strengthening.

In the current work, an experimental study for beam with created web openings
strengthened with CFRP laminates will be presented; the main object is to study the
possibility of providing rectangular web openings in an existing solid beams. It aims to
declare their effect on both strength and stiffness and try to decrease their bad effects by
strengthening opening zone.

The main parameters taken into considerations are:

1- The height of opening (h);
2- The percentage of cut stirrups (ps);
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3- The shear span to depth ratio a/d;
4- The concrete compressive strength .
5- Number of CFRP layers as a strengthening material for reinforced concrete beams.

2. Experimental work

1.1 Test specimens

In order to investigate the above points, eighteen reinforced concrete beams were
prepared. All tested beams have the same total length of 2 m and overall cross section of
13%25 cm, as shown in Fig (1). They were simply supported with span of 1.8m .The steel
reinforcement of all beams was: two bars 12 mm diameter as tension reinforcement; two
bars 10 mm diameter as compression reinforcement and stirrups 6mm diameter with 14 cm
spacing. The beams "B01, B02 and B03” were solid without any openings and were
considered as a reference beams. Each of the other beams was provided with one opening
of 20 cm length, and 8 cm height for beams (B2, B5, B6, B9, B10, B11, B12 and B13) and
10cm height for (B3) and 12 cm height for beams (B4, B7, B8, B14, B15 and B16). Details

for tested reinforced concrete b

L
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2 e

Fig. 1. Typical Details of the Tested Beams

eams are given in Fig (1) and table (1).

Table 1.
Details of the tested beams
(5]
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= ayers
2 | B10 gcm | 250 | 35 Ione 4 | 513 |550| 450 | 7.30
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B13 48 | 449 | 6.00| 3.00 | 810
B14 250 28 550 | 4.50 6.26
o
3T | Bs | 2™ [35 35| WO 28 | 769 | 7.30| 7.00 | 9.30
o layers
B16 450 28 790 | 7.50 8.94

* a = distance between the load point and support of beam

* d = depth of beam.

* b = width of beam.

*S' = distance between unaffected stirrups in the opening zone.
*)s = cut Stirrups reinforcement ratio (Aq/b.s")

U-shape stirrups are used at the opening location to simulate the cut Stirrups when
drilling a hole in an existing beam.

1.2 Strengthening scheme

The beams, “B01”,”B02”and “B03”, were solid and used as control beams, without any
opening. In eight beams the opening was left without any strengthening to declare the
effect of creating an opening in different situations. However in the other beams the
opening was strengthened with CFRP sheets around it. See Table (1).

The external strengthening system using CFRP and epoxy adhesives were performed,
according to the manufacture recommendation.

Variable number of layers has been used for strengthening. The inner surfaces of the opening
and the beam surface adjacent to it were covered with one or two layers of CFRP sheets. The strip
width was to cover the whole height of both the upper and lower chord. See Fig (2).
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strengthened the inner surfaces of opening

Photol. Strengthening Schemes of CFRP around the opening zone.
2. Test results
2.1 Pattern of cracks and modes of failure

The crack pattern for the solid beam “B01”, “B02” and “B03”. The crack pattern is
shown in Fig (3) to Fig (5), and in photo (2) to (4); the first crack was initiated vertically at
the mid span of the beam bottom face at a load of 2.0t, 2.5t and 4t respectively. As the load
increased, other cracks initiated and extended towards the points of load application.
Diagonal cracks were observed in the shear zones at mid height at a higher load of about
3.0t. The number of cracks increased with increasing the load and finally the mode of
failure, was a typical flexural one; which was occurred due to yielding, the beam failed at
load of 7.3t, 7.8t and 8.2t respectively.

2.1.1 Tested beams with variable opening height group (A)

The crack pattern for the beam “B2” with created unstrengthened openings and (h
opening=8cm) is shown in Fig (6). The first crack was initiated at the mid span of beam at
1.5t, while the first shear crack was initiated at opening corner nearest to the support at a
load of 2.0t. As the load increased, additional, new cracks were observed at the top and
bottom chord of opening, and finally the beam failed at load of 4t by shear photo (5). In
addition, the major cracks were located at the line joining the points of opening corner and
either the nearest support or the point of load application.

Fig (7) and photo (6) show the pattern of cracks and modes of failure of beam “B3”. With
created unstrengthened opening and (h opening=10cm), the first crack was initiated at the
opening corner nearest to the support at a load of 1.5t, while first crack at the mid span of
beam was initiated at 2.0t. As the load increased, new cracks were observed at the top and
bottom chord of opening, the beam failed at load of 3.7t. The critical crack was formed at the
line joining the points of opening corner and either the nearest support or the point of load
application. The mode of failure, as indicated by photo (6) was a typical shear failure.

The crack pattern for beam “B4” with created unstrengthened opening and (h
opening=12cm) was shown in Fig (8). The first crack was initiated at opening corner nearest to
the support at a load of 1.0t. While the first crack at the mid span of beam was initiated at 2.0t.
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As the load increased, new cracks were observed in the top and bottom chord of opening. The
beam failed by shear at opening zone at load of 3.5t. The major crack was located at the line
joining the points of opening corner and either the nearest support or the point of load
application. The mode of failure, as indicated Lbydphoto (7) was also a typical shear failure.
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Photo 2. Crack pattern of beam "BO1".
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Photo 4. Crack pattern of beam "B03".
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Fig. 8. Crack pattern of beam "B4".
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- 24 e
Photo 7. Crack pattern of beam "B4".

2.1.2 Tested beams with variable a/d ratio, group (B)
The pattern of cracks for beam “B2” with a/d=3.5 is mentioned before in item (2.1.1).

For beam “B5” with created unstrengthened opening and ( a/d = 2.7) the crack pattern
is shown in Fig (9), The first crack at the mid span of beam was initiated at 1.5t, However
first crack at the shear zone was initiated at opening corner nearest to the support at a load
level of about 2.5t. As the load increased, additional, new cracks were observed at the top
and bottom chord of opening, the beam failed by shear at load of 4.9t. In addition, the
major crack were located at the line joining the points of opening corners and either the
nearest support or the point of load application. The mode of failure, as indicated by photo
(8) was a typical shear failure.

For beam “B6” with created unstrengthened opening and ( a/d = 1.8 ) was shown in Fig
(10), the first crack was initiated at the mid span of beam at 2.5t , while the first crack at
opening zone was initiated at the opening corner nearest to the support at a load of 3.5t. As
the load increased, circumferential cracks were observed at the top and bottom chord of
opening, the beam failed also by shear at load of 7.5t. The major cracks were located at the
line joining the points of opening corner and either the nearest support or the point of load
application. The mode of failure, as indicated by photo (9) was a typical shear failure.
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Fig. 9. Crack pattern of beam "B5".

Photo 8. Crack pattern of beam "B5".
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Photo QCrack pattern of beam "B6".

2.1.3 Tested beams with unstrengthened opening and variable F¢,, group (C)
The pattern of cracks for beam “B4” with F.,=250kg/cm? is mentioned before in item (2.1.1).

The crack pattern for beam “B7” with created unstrengthened opening and
(f..=325kg/cm?) shown in Fig (11), the first crack was initiated at the opening corner
nearest to the support at a load of 1.5t, and first crack was initiated at the mid span of beam
at 2.0t. As the load increased, other cracks were observed in the top and bottom chord of
opening, the beam failed by shear at load of 3.6t. A horizontal crack in the bottom chord
was formed prior to failure owing to the absence of effective transverse reinforcement. The
mode of failure, as indicated by photo (10) was a typical shear failure, along the line
joining the load point and the support through the opening.

The crack pattern for beam “B8” with created unstrengthened opening and
(f.,.=450) was shown in Fig (12), the first crack was initiated at the opening corner
nearest to the support at a load of 1.5t, and first crack at the mid span of beam was
initiated at 2.10t. As the load increased, other cracks were observed at the top and
bottom chord of opening, the beam failed at load of 4.2t. A horizontal crack was
formed in the bottom and top chord of the opening. The mode of failure, as
indicated by photo (11) was a typical shear failure.

Load

0.1 1.8 0.1

Fig. 11. Crack pattern of beam "B7".
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Photo 10. Crack pattern of beam "
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Photo 11. Crack pattern of beam "B8".

2.1.4 Tested beams with different strengthening scheme, group (D)
All the beams of this group “B9", “B10" and “B11" have a created opening which cut
two vertical stirrups.

The crack pattern for beam “B9" with created unstrengthened opening, is shown in Fig
(13). The first crack was initiated vertically at the mid span of beam at 1.5t, while first
crack at the opening corner nearest to the support was initiated at a load of 2.0t. As the
load increased, new cracks were observed in the top and bottom chord of opening, the
beam failed by shear at load of 2.4t. A horizontal crack was formed prior to failure. The
mode of failure, as indicated by photo (12) was shear failure.

Concerning the crack pattern for beam “B10" with opening strengthened by one layer
CFRP. The first crack was initiated at the mid span of beam at, 2.5t. Fig (14). As the load
increased, further flexural cracks were formed. Horizontal cracks were observed in the top
and bottom chord of opening at a load of 4.5t, the beam failed at load of 5.5t. The major
crack was vertical at mid span, accompanied by tearing of the CFRP layer in the top and
bottom chord. The mode of failure is a typical shear-flexural failure. A sound like CFRP
rupture it was heard prior to failure. See photo (13).

The crack pattern for beam “B11” having a strengthened opening with two CFRP
layers. No cracks were observed at the opening zone, and first crack was initiated at the
mid span of beam at 2.5t. As the
load increased, other vertical cracks initiated and extended towards the points of load
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application. The mode of failure, as indicated by photo (14) was a typical flexural one; the
beam failed at load of 6.56t.
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Photo 13. Crack pattern of beam "B10".
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2.1.5 Tested beams with different cut stirrups reinforcement ratio (ps), group (E)
The beams of this group were provided with an opening which cut variable number of
stirrups and have variable distance between unaffected (S') stirrups in the opening zone.

The pattern of cracks for beam “B11” with (S'=42cm, ps =5.13x107°) is mentioned
before in item (2.1.4).

In the beam “B12” having an opening with one cut stirrups and (S'=28cm, ps =7.69x10"
%), strengthened with two layers from CFRP, is shown in Fig (16), the first crack was
initiated at the mid span of beam at 2.6t. As the load increased, other flexural cracks
initiated and extended towards the points of load application. Diagonal cracks were
observed in the solid shear zones without opening at 4.5t. The mode of failure, as indicated
by photo (15) was a typical flexural failure accompanied by crushing of concrete in the
compression zone at load of 6.90t.

For beam “B13” having an opening with two cut stirrups and (ps=4.49x107),
strengthened with two layers CFRP is shown Fig (17), the distance between unaffected
stirrup in the opening zone= 48cm. No cracks was initiated at opening zone, and first crack
was initiated at the mid of beam at 2.0t. As the load increased, other cracks initiated and
extended towards the points of load application. Diagonal cracks were observed in the
solid shear zones at 3.0t. Extended from a vertical crack, the mode of failure, as indicated
by photo (16) was a typical flexural one. The beam failed at load of 6.0t.
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fe-

L———5

N
1o}
10

o

ol 18 01

Fig. 16. Crack pattern of beam "B12".

Photo 15. Crack pattern f beam "B12".
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Fig. 17. Crack pattern of beam "B13".



|Photo 16. Crack pattern of beam "B13".

2.1.6 Tested beams with strengthened opening and variable F, , group (F)
The crack pattern for beam “B14” having a strengthened opening with two layers from CFRP
and (f,,=250), is shown Fig (18), the first crack was initiated at the mid span of beam at 1.5t.

As the load increased, other cracks initiated and extended towards the points of load
application. The mode of failure, as indicated by photo (17), was a typical shear failure
accompanied by sound like CFRP rupture. the strengthening layers were removed to see
the cracks in the concrete beneath them. Diagonal and horizontal cracks were observed in
the top and bottom chord of opening

However For beam “B15” having a strengthened the same strengthening scheme as in
“B14” but with (f,,=325 kg/lcm?), the first crack was initiated at the mid span of beam at
load level of about 2.0t. As the load increased, other cracks were initiated and extended
towards the beam failed at load of 7.3t. The mode of failure, as indicated by photo (18)
was a typical shear and flexural failure accompanied by sound like CFRP rupture.
Horizontal cracks were observed after the removal of the strengthening layer in the top and
bottom chord of the opening.

The crack pattern for beam “B16” (Fcu=450 kg/cm?) is shown in Fig (20). The first
crack at the mid span of beam was initiated at 2.50t. As the load increased, other cracks
were observed at the top and bottom chord of opening, the beam failed at load of 7.90t.
Prior to failure horizontal cracks were formed in the strengthening at top and bottom chord
of opening. The mode of failure, as indicated by photo (19) was a typical shear and
flexural failure accompanied by sound like CFRP rupture.
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Photo 17. Crack pattern of beam "B14".
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Photo 18. Crack pattern of beam "B15".
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Photo 19. Crack pattern of beam "B16".

2.2 Effect of opening on crack and ultimate load

For beams "B2", "B3" and "B4" with variable unstrengthened opening height the first
shear cracks was initiated in the opening zone at a load 2t, 1.5t and 1t respectively. As the
opening height increased the cracking and ultimate load decreased. In beam "B2" having
an opening height of 8cm, the ultimate load was 4t, while for beam "B3" which has an
opening height of 10cm, the ultimate load was 3.7t. Finally for beam "B4" with opening
height of 12cm, the ultimate load was 3.5t. The value of ultimate loads of beams "B2",
"B3" and "B4" compared with those of the solid reference beam "B01" were 54.79%,
50.68% and 47.95% respectively, see Fig (21) and Fig (22).
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Fig. 21. Effect the opening height on the ultimate load and first shear cracks load.
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Fig. 22. Ultimate and first shear crack load relative to those of "B01" versus opening height ratio h/d

Also, strengthening the interior faces of the openings and around the openings on both
sides of the beams by using one or two layers vertical and horizontal CFRP laminates
increased the ultimate load; first shear cracks load and relative ultimate load as shown in
Fig (23) and Fig (24).
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5
- — = == X
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7
”
3 ” B10,0nhe layer
B9, Bh‘ut lalyer

2 >< B9, without layer

11, two layers

load (ton)

o] 0.5 1 1.5 2 2.5
No. Of layers strengthened

Fig. 23. Effect of Number of Layers CFRP Strengthening on the ultimate load and first shear cracks load.
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Fig. 24. Effect of Number of Layers CFRP Strengthening on the relative ultimate load and
relative first shear cracks load

For beams "B14", "B15"and "B16", the concrete compressive strength was 250, 325, and 450
and the first shear cracks was at loads of 3.5, 7.0t and 7.50t, respectively. As the concrete
compressive strength (f,,) increased the first shear cracks appeared later and ultimate load increased.
The ultimate loads for the mentioned tested beams were 5.5t, 7.30t and 7.90t respectively.

2.3 Deflection

The measured values of mid span deflection at the bottom surface of the tested beams
were plotted versus the corresponding applied load from zero loading up to failure, and are
given in Fig (25) and Fig (26). As it was indicated in curves, the relation between the
applied load and the corresponding deflection is approximately linear up to the cracking
load. After cracking, deflection tends to deviate from linearity as the load increased, prior
to failure, deflection increased rapidly and the curve became more flat.

The creation of openings had a noticeable effect on the mid span deflection. Deflection
of the tested beams at any load level increased when providing an opening in their web
compared with the solid beam Fig (25). In the same time as the opening height increased,
the mid span deflection increased, the mid span deflection for beams B2, B3, B4 at about
50% of the failure load was 1.25, 2.20 and 3.31 mm respectively. See Fig (26).

Ductility factor is measured using various methods. it can be defined as the ratio of the
ultimate deformation (curvature or deflection) to the deformation at first yield (or at the
working stage). An accurate value of the ultimate deflection can be considered to that at
90% of failure load. The deflection at working load may be assumed to be that
corresponding to about 50% of failure load. The ductility factor here was measured using
the ratio of the deflection at load corresponding to about 90% of the failure load to that
corresponding to about 50% of failure load. The ductility factor decreased as the opening
height increased. Fig (27).

Strengthening of the opening zone noticeably reduced the mid span deflection, Fig (28).
Mid span deflection for beam B12 strengthened with two layers at the opening zone was
slightly smaller than that of the solid reference beam BO1. This may attributed to the
following reasons:
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- CFRP sheets around openings help in resisting stress concentration at opening
corners and compensate the cut web reinforcement thus delaying cracking and
controlling cracks propagation, which as a result increase the stiffness of the beam.
- The virtual area of CFRP sheets, which confining concrete section above and
below opening helps to strengthen those sections to act as one which improves
stiffness of beam.

5
/ B2
Beam01 solidbeam 4 -

—— Beam2 unstrengthened
opening.h=8cm

—=— Beam3(unstrengthened
opening.h=10cm) 2
Beamd4(unstrengthened
opening.h=12cm) 1

load(t)

0 2 4 6 8

deflection (mm)

Fig. 25. Load-Deflection curves for beams"B2", "B3"and "B4" and "B01"

Relative deflection at about 50% of load
failure for Group (B)

-
£
o

—>»—Relative E
deflection =S \
T_U B2, h=8cm
1.40
= B3, h=10cm
=]
S
— 1.35
o
o
X
< 1.30
[¥p]
4
=
o
o 12° B4, h=12cm
©
4
©
. 120
w 7 9 11 13
= ing height
[=] opening heig
“w©

Fig. 26. Relative deflection for beams"B2", "B3"and "B4"

4

35 \

AN
AN

~

B2,h=8cm

[

y

Dugtilt

N

-
4]

B4,h=12 cm

6 7 8 9 10 11 12 13
OpeningHeight (cm)

Fig. 27. Effect the opening height on Ductility



610
JES, Assiut University, Faculty of Engineering, Vol. 45, No. 5, Sepember 2017, pp.593-612

—+—B01 solid beam 7
BO1
6 —
—8—B2 unstrengthened _
open 5 o—— o1
= /v
———B12strengthened 2
open 54 /./.
3 2
25 B
= 2
1
0
0 2 4 8
deflection

Fig. 28. Load-Deflection curves for "B0O1", "B2" and "B12"
3. Conclusions

From the tests carried out herein on reinforced concrete beams having opening created
after casting, the following conclusions can be drawn:

1- Creating web opening in an existing R.C. beam largely increased mid span
deflection, and decreased both the cracking and ultimate load. This effect increased
as the opening height increased or as the number of cut stirrup increased.

2- Creating web opening in R.C. beams changed the pattern of cracks and the mode of
failure from flexural to shear failure.

3- Strengthening openings with CFRP sheets contribute in reducing deflection, number
of cracks; crack widths and can change the mode failure.

4- Strengthening the opening zone with CFRP sheets, improved the structural behavior
of the perforated beams and can restore the original level of safety and serviceability
of the beam within the range of variables considered in this work.

5- Improving the structural behavior of the perforated R.C. beam increasing as the
number of strengthening layers increased.

NOMERCLUTURE
a/d: Shear span to depth ratio. ao: Opening length the beam
hy.. Effective height of FRP on the sides of thebeam.  h: opening height.
der: Maximum deflection at first cracking load ~ 8: Deflection
du: Maximum mid span deflection stirrups at  a: distance between the force and support of beam
ultimate load
d: depth of beam S': distance between unaffected on the
two sides of the opening
ps: Stirrups reinforcement ratio ( Ay/b.s") b: width of beams cross sections
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