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1. ABSTRACT

This paper presents an experimental program conducted on four simply supported deep
beams. One of these beams was kept solid without openings as a reference beam,
whereas the rest of the beams had two openings one in each shear span which opened
after casting using a drilling core machine. All the tested beams were manufactured
using high-strength concrete and tested up to failure under the effect of two
concentrated loads one on each shear span. The main objective of these experiments is
to investigate the behavior of deep beams with openings strengthened using ferrocement
outer layers. The use of the shear connectors to join the ferrocement outer layers with
the original beam was the main studied parameter. Beam deflection, steel strain, crack
propagation, and failure modes were recorded for all the tested beams. The results have
shown that the presence of openings resulted in a significant reduction in both the initial
stiffness and the shear strength. Also, the retrofitting of the deep beams with
ferrocement outer layers and adding shear connectors can regain the beam capacity.
Finally, the presence of the shear connectors changed the failure mode of the
strengthened beam from de-bonding to shear failure.

Keywords: Shear strengthening, deep beams, ferrocement layer, web openings

2. INTRODUCTION

Deep Beams have plenty of applications such as walls in tanks, foundations, floor
diaphragms, and shear walls [1-7]. In the architecture of modern structures, transverse
openings are also created through beams for the passing of service ducts, air conditions,
and pipes to make better use of the other dead spaces below the beam soffit [8-12]. If
the web openings intersect the load path that connects between the support and loading
points, a significant reduction in the beam capacity will happen [13-15]. As a result,
special reinforcement should be provided either internally or externally around the
opening to limit the width of cracks to keep the beam from failure and regain the
original strength of the beam. Many studies have recorded attempts to improve the
ultimate capacity of deep RC beams with web openings by using different strengthening
methods such as fixed-external Steel plates, the near-surface mounted bars (NSM), and
bonded fiber-polymer strips sheets (FRP).
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Siriluk et al. [16] investigated the efficiency of hemp fibers polymer composites in
shear strengthening of deep beams. Hemp fibers are natural fibers that can be extracted
from plants. Two different techniques of hemp fibers with different thicknesses were
conducted in this study including two vertical sides of the beam, and three sides as U-
shaped. The hemp fibers were externally fixed using an epoxy adhesive material after
preparing the surface. Test results indicated that hemp fiber reinforced polymer
composite was capable of enhancing. The experimental results showed that using hemp
fibers as U-shaped was the best strengthening scheme. Also, the capacity of the
strengthened beams was increased by 29% to 46% comparing with the control beam.
Khalaf et al. [17] studied the effect of the prestressed external strands as a
strengthening method on 9 deep beams with different sizes of precast rectangular
openings in the shear span. Two different orientations of strands were used in this study,
which were vertical, and horizontal bars. Steel plates were used to anchor the strands
were placed at the end faces of beams. A hydraulic prestress jack was used for pre-
stressing the external strands. It was found that the ultimate load of deep beams was
increased in the horizontal strands by the range of 32-53%. On the other hand, the
vertical scheme increased the beam capacity by the range of 27-33%. Rahim et al. [18]
conducted a study on nine opened web deep beams strengthened using externally carbon
fiber reinforced polymer strips (CFRP). The CFRP sheets were wrapped around the
openings at both the tension and compression zones in one layer and up to three layers
using epoxy adhesive after preparing the concrete surface. The results showed that the
presence of openings in shear spans decreased the ultimate capacity by 30% when
compared with the solid beams. However, the strengthening by CFRP for beams with
openings regain the capacity load by 10%-40% comparing with the opened deep beam
without strengthening. Chin et al. [19] presented an experimental study on 3 deep
beams with circular openings strengthened by using externally bonded Carbon Fiber
Reinforced Polymer (CFRP). CFRP was wrapped vertically around the openings using
epoxy adhesive after preparing the concrete surface. The results showed that the
presence of circular openings in shear spans decreased the ultimate capacity by 51%
when compared with the solid beams. However, the strengthening by CFRP for beams
with openings regain the capacity load by 15.4% comparing with the opened deep beam
without strengthening.

3. Research significance:

The main purpose of this paper was to study the behavior of simply supported deep
beams with openings retrofitted by the ferrocement outer layers and shear connectors.

4. METHODOLOGY:

4.1 Specimens’ details:

Four RC deep beams were considered in this study, the beams were divided into a solid
beam as the reference beam while the remaining three beams were with openings
located at the middle of each shear span. All the openings were formed after casting
using the drilling core machine described in AASHTO [20], while four small adjacents
drilled cylinders with 100 mm outer diameter were drilled through the beams in each
shear span and reshaped to be a square opening with dimension 200*200 as shown in
Fig. 1. All the beams had an identical cross-section of 150 mm x 800 mm and an
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effective length of 1300 mm. The ratio of the effective length to the beam depth (Le/d)
in this study was 1.25, thus the beam dimensions fulfilling the code's requirements [21-
22] for deep beams.

The control beam (B1) was a concrete beam with no opening while the second beam
(B2) had two symmetric square openings of dimension 200 x 200 mm, one in each shear
span, and was formed after casting using the core technique. The third one (B3) is the
same as the previous one but strengthened by a 50 mm ferrocement layer on both
exterior sides of the beam after roughening the surface manually by hand-chiseling,
whereas the next one (B4) was strengthened by adding shear connectors of diameter 12
mm to the ferrocement layers in (B3). Fig. 2 illustrates the details of all the tested
beams, whereas Table. 1 summarized the strengthening techniques for the tested beams.
As for the flexure steel reinforcement, six 16 mm diameter bars were used as the
bottom tension reinforcement, whereas two 16 mm diameter bars act as the compression
reinforcement. For shear resistance, the side reinforcements used in both horizontal and
vertical directions were 2 branches of 12 mm in diameter with a spacing of 100 mm.
Fig. 3 illustrates the reinforcement details of the tested deep beams.

Table. 1: strengthening schemes of the tested beams.

Beam Tvpe of openings The thickness of the Shear connectors
yp pening ferrocement layer diameter
(coﬁtlr ol) Without openings N.A. N.A.
B2 N.A. N.A.
Two square openings
B3 (200*200) in each shear span S0mm N-A.
B4 50mm 12mm

N.A. not available.

Fig. 1: construction of the openings using drilling core machine.
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Fig. 3: reinforcements details of the tested beams.
4.2 Material characteristics:

The concrete mix and the ferrocement mortar had weight proportions shown in Table. 2.
Also, Table. 3 Presents the mechanical properties of the steel reinforcement. The
concrete mix consisted of ordinary Portland Cement, crushed dark basalt natural
siliceous sand, and water. The Cement weight was 650 kg for each cubic meter of
concrete and the nominal size of the basalt was 9.5 mm. A fine admixture (silica-fume)
was used by replacing 10% of cement weight to reach the required strength. Also, the
superplasticizer admixture (Master Glenium RMC 315) was used to increase the
workability and fulfilling the target strength of the mix. All specimens were cured under
proper conditions using wet sheets for 7 days. For the Ferrocement layer, a
polypropylene fiber was added to the mortar to increase the tensile strength and reduce
the microcracks. The average value of the compressive and tensile strength of the
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concrete mix and the ferrocement mortar were illustrated in Table. 4. To determine the
tensile strength, six prisms of 100 x 100 x 500 mm were tested as shown in Fig. 4.

Table. 2: mix proportion by weight for HSC and Ferrocement mortar with respect of
Cementitious material.

Cementitious material water
Mix fine Sand | Basalt bangler superpl_astlmzer
) ratio admixture
cement | admixture
- (W/b)
(silica-fume)
. 3% of the
High strength | ) 0.1 16 | 255 | 026 cementitious
concrete (HSC) .
weight
3% of the
Ferrocement 0.9 0.1 125 | ... 0.26 cementitious
weight
Table. 3: mechanical properties of steel reinforcement.
Item Bar diammater fy (MPa) fu (MPa)
_Bottom 16 mm 560 720
reinforcement
_ Side 12 mm 570 700
reinforcement
In which

(fy): Yield stress.
(fu): Maximum stress.

Table. 4: mechanical properties of the concrete and Ferrocement mix.

Tupe Average compressive strength | Average rapture tensile
yp (MPa) strength (MPa)

Concrete mix After 28 days (74) 2.4

Ferrocement mix After 21 days (64) 4.0
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b- Rupture test machine.
Fig. 4: determination of the tensile strength for the concrete or ferrocement mix.

4.3 Test setup:

Tests were carried out with specimens placed vertically under a 4-point load. All the test
specimens were tested using a 3000 kN hydraulic machine and the load was applied
with a small increment of loads equal to 50 kN. The instrumentation consisted of a
loading machine, distributing girder, roller supports, and three dial gauges mounted on
the longitudinal face of each specimen to measure the vertical deflection of the
specimens as shown in Fig. 5. In all the tested specimens, three strain gauges were used
to detect the strain of the reinforcement, each one was 10 mm in length as shown in Fig.
6.

The hydraulic machine started to push the distributing girder down with 50 kN per
increment up to failure. During each load increment, cracks (if any) were marked,
deflection and steel strain readings were recorded. The duration of each increment was
about one minute, and the dial gauges were removed just after the failure occurred.

Loading
Machine
o
(o]
- |
| Box Girder (spreader beam)|
Dial Gauges
o
4 150,150,
i —
A90, 1000 20,
1300

Fig. 5: test setup and position of dial gauges of the beams.
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5. Experiment results

5.1 Effect of web openings

The path of loading of the vertical loads in deep beams was transported from the
loading plates to the supporting plates. If the web openings interrupt the path of loading,
there would be a reduction in the ultimate shear strength of the opened beams. Table. 5
shows both the first cracking (Pcsh) and ultimate load (Py) for all the tested beams,
whereas, Fig. 7 depicts the effect of post drilled web openings in both the cracking load
and ultimate load of the control solid deep and the beam with web opening. It was found
that there was a reduction in both craking load and ultimate load in B2 by 33% and 31%
respectively in comparison with the solid deep beam (B1).

(900)

3000 (2900)

Pultimate

Pcrsh KN
H

a- First cracking load for the b- ultimate load for the unstrengthened
unstrengthened beams. beams.

Fig. 7: reduction in craking load and ultimate load due to the presence of web openings.

5.2 Effect of strengthening with the ferrocement outer layers

To compensate for the reduction due to the web openings in B2, two strengthening
schemes were applied in the present study. For B3 with a 50 mm ferrocement layer on
both exterior sides of the beam, it was found that there was a minor improvement in the
beam capacity, and the first cracking load by 2.5% and 16.6% respectively when
compared with B2. On the other hand, it was recorded as a great enhancement in beam
capacity and cracking load for B4 with a 50 mm ferrocement layer on both exterior
sides of the beam and shear connectors by 50% and 33% respectively when compared
with B2. Fig. 8 shows the effect of the strengthening techniques in the cracking load and
the beam capacity in comparison with the unstrengthened beams.
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Fig. 8: comparison in first craking load and ultimate load for all the tested beams.

5.3 Craking pattern and failure modes

Fig. 9 illustrates the craking patterns of all the tested deep beams at the failure load.
For the control solid beam (B1), hair cracks were observed at both the mid-span and
above supports at a load of 900 kN (about 30 % of failure load, P,), as the load was
increased, the cracks gradually extended upward towards the point of loading. Just
before failure, the two shear spans showed nearly identical crack patterns. The failure
occurred suddenly at a load of 2900 kN in the zone above the supporting plate
accompanied by the crushing of concrete. The mode of failure is classified as bearing
failure.

B2 was an unstrengthened beam with two post square openings one in each shear span,
firstly a set of diagonals hair cracks appeared at both the mid-span and above supports
at a load of 600 kN (about 30 % of Py). As the load was increased, these cracks
gradually extended upward towards the point of loading. Just before the failure, the two
shear spans showed nearly the same crack patterns. The failure occurred suddenly at a
load of 2000 kN along the diagonal crack above and below the web opening extending
from the loading point to the exterior end. This mode of failure may be classified as a
shear failure.

For B3 with a 50 mm ferrocement layer on both exterior sides of the beam, it can be
found that the first recorded cracks were vertical in the interface line between the
ferrocement layer and the original beam at a load of 450 kN (about 21 % of Py ). After
that, a set of diagonal hair cracks occurred above and beneath the openings at a load of
700 kN (about 35 % of Py). As the load was raised, the cracks gradually extended
towards the opening and loading plates. The failure occurred suddenly at a load of 2050
kN due to the delaminating and debonding of the ferrocement layers from the beam
which can be classified as the failure of debonding.

B4 was strengthened with shear connectors of 12 mm diameter to connect the
ferrocement layers to the original beam. Diagonal hair cracks were found at a load of
800 kN (about 26% of Py) above the supporting plates in shear zones. The diagonal
cracks became wide and intense as the load increased, then these cracks enlarged and
reached the loading plates. A sudden failure occurred at a load of 3000 kN along the
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diagonal cracks extending above and below the corner of the opening. This mode of
failure can be classified as a shear failure

a- Crackin patterns of B3 after failure

b- Side view of B3

Fig.9: crack patterns of all tested beams at failure load.

a- Cracking patterns of B4 after failure

b- Side view of B4

Fig. 9 cont: crack patterns of all tested beams at failure load.
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5.4 Load deflection curves

Three dial gauges were mounted on the longitudinal face of each specimen to measure
the vertical deflection of the tested beam at every load increment. Table. 5 shows the
values of mid-span deflection at both the yielding load of the bottom longitudinal bar
(Py) and the ultimate load (Pu). Also, Fig. 10 shows the load-midspan deflection for all
the tested beams. It can be found that the maximum deflection of B1 was smaller than
B2 about 8.7%. The maximum deflection of the strengthened specimens for B3 and B4
were 7.76 and 6.71 mm respectively, which confirmed the significant usage of the shear
connectors

3500

3000

2000

Load,kN

1500

1000

200

0 1 2 3 4 H 6 7 8 9
Deflection, mm

Fig. 10: load versus deflections for all the tested beams.

55 Stiffness and ductility

Ductility is defined as the ability of deep beams to undergo considerable deflection
before the failure. To evaluate the beam ductility, the area under the load-deflection
curve was calculated. Also, the slope of the load-deflection curve for each beam was
calculated to assess the stiffness of the tested deep beam. Table. 5 illustrates the values
of both stiffness and ductility for all the tested beams. It was found that the reduction in
the beam stiffness and ductility was about 58.4 % and 57.8% respectively as the
presence of web openings in the shear span. On the other hand, strengthening the beam
with ferrocement layers only improved the beam stiffness and ductility by 2% and
37.5% respectively when compared with the unstrengthened beam with openings (B2).
However, adding shear connectors to the ferrocement layers increased the beam
stiffness and ductility by 26% and 33% respectively when compared with the
unstrengthened beam with openings (B2).

5.6 Rebar strain

The load-rebar strain relationship in the side reinforcement and the bottom longitudinal
bars for all tested beams were shown in Fig. 11. It is worth mentioning that the strain on
both the vertical side reinforcement of B4 and the horizontal side reinforcement of B3
could not be measured as the malfunction of strain gauges. Table. 5 reviles the yielding
load values for the bottom longitudinal bar (Py) for all tested beams. It can be found that
the yielding load in the bottom bar of B2 was smaller than B1 about 24%, this reduction
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due to the effect of the web openings. The yield load of the bottom reinforcement for B1
and B2 were 2500 kN and 1900 kN respectively. However, there was no yield recorded
in the bottom bars for B3, as well, the yield load for B4 was 2900kN. Finally, no
yielding occurred at both horizontal and vertical side reinforcements for B2 and B3.

Table. 5: exprimental results.

Cracking Yield Ultimate Deflection
Specimens load (kN) load load (mm) (AJA,) Mode of Ap-s K
(kN) (kN) wey failure (KN.m) | (KN/mm)
Persh Py Py Ay Au
B1 900 2500 | 2900 | 320 | 615 | 186 | Being 17.45 803
failure
B2 600 1850 2000 | 5.87 | 674 | 1.14 Shear 7.36 3333
failure
Debonding
of
B3 700 NY 2050 NY | 776 | ...... | ferrocement 10.12 340
and
shear failure
B4 800 2800 3000 | 561|671 119 Shear 11 420
failure
In which
(Py) is the ultimate beam load.
(Persh) is the first shear cracking load.
(Py) is the yielding load of the bottom longitudinal steel.
(Ay) is the deflection at mid-span at Py
(Au) is the deflection at mid-span at Pu
(Ap-5) is the area under the load-deflection curve (Kn.m)
(K) is the initial stiffness at 30% of the failure load (kN/mm)
(NY) no yield.
= Yield strain 0
——————— b .‘,u
- " N— -
1

werees Yidd strain

o L3 L
00002 00003 00008 00003 00018 00023

0025 00033 00038 00043

Strain

00048

a- Load — rebar strain curve for the side

horizontal reinforcement.

No yield

N\

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 00014
Strain

b- Load — rebar strain curve for the side
vertical reinforcement.
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Fig. 11: load versus strain for all the tested beams.

6. CONCLUSIONS

An experimental program was conducted to investigate the behavior of RC deep beams
with post-drilled web openings in the shear span strengthened by using the ferrocement
outer layers. The loss in the beam capacity of the beam with openings (B2) was in the
range of 31 % when compared with that of the control beam (B1). Surface strengthening
using the ferrocement outer layers could increase the ultimate load capacity by 2.5% in
the case without shear connectors and 50% when shear connectors were included
comparing with the un-strengthened beam with openings (B2).
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