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Abstract

This paper presents an experimental and numerical study which was carried out to examine the influence of the size and
the layout of the web openings on the load carrying capacity and the serviceability of reinforced concrete deep beams. Five
full-scale sinply supported reinforced concrete deep beams with two large web openings created in shear regions were
tested up to failure. The shear span to overall depth ratio was (1.1). Square openings were located symmetrically relative
to the midspan section eithatrthe midpoint or at the interior boundaries of the shear span. Two different side dimensions
for the square openings were considered, mainly, (200) mm and (230) mm. The strength results proved that the shear
capacity of the deep beam is governed bysike and location of web openings. The experimental results indicated that

the reduction of the shear capacity may reach (66%). ABAQUS finite element software program was used for simulation
and analysis. Numerical analyses provideecanservative estimas for deep beam load carryingpecity in the range

between (821%). However, the maximum scatter of the finite element method predictions for first diagonal and first
flexural cracking loads was not exceeding (17%). Also, at service load the numeriddspan deflection was greater

than the experimental values by-{8%).
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1. Introduction

Deep beams are important construction elements that are often used in foundations, water tanksyiodasisiin
buildings, etc. Almost, reinforced concrete deep beams are extensively used in bridges and naval structures. Creation of
openings in this type of structural members is frequently required for the passage of utility ducts. It is well known that
the creation of openings in the web of reinforced concrete deep beam affects the loading carrying capacity, specifically
shear resistance. Principally, the shear capacity of reinforced concrete deep beams is much greater than that of shallow
beams. This idue to the tiedarch action in which the externally applied load is transmitted to the support by the diagonal
concrete strut. Accordingly, the effect of concrete compressive strength becomes more significant for the shear strength
of deep beams. The shesrength of deep beams was found to be effected by the value of the principal tensile strain of
the diagonal concrete strut-f.

Mansur and Tan (1996) [1] were classified the web openings in reinforced concrete beams into two categories (small
and lar@ openings). They suggested that the web opening could be considered small when the ratio of the circular
opening diameter or web opening depth to overall depth of the deep beam is less than or equal to (25%). Otherwise, web
opening could be classified Esge web opening. For large web opening, this ratio is limited to (40%). Several studies
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were conducted to determine the effect of openings on the shear resistance of deep-bpah&[iafaji et al., (2014)

[5] conducted an experimental study on eigjhtply supported reinforced sealbmpacting concrete deep beams under

static twopoint load. Authors focused on the shear span to effective depth ratio (a/d) as main variable in their work.
Results of the aforementioned study indicated that, increas@ay shan to effective depth ratio from (0.6) to (1.0) led

to reduction in the values of the first cracking and failure loads by (28.6%) and (23.3%), respectiiéalyatyl et al.,

(2016) [6] investigated eleven simply supported reinforcedcsgtfpactingconcrete deep beams subjected to-potnt

load to study the influence of circular web openings on the performance and response of deep beams. Variables which
were investigated include the size and position of opening, the area of the transverse rieicifoetement around
openings and the shear span to effective depth ratio (a/d). In this research, all specimens had similar overall dimensions,
flexural reinforcement, and concrete compressive strength. The results of the experimental analysis ratyeetheh th

opening was positioned at the center of the shear span, the behavior of the beams was significantly affected regardless
the value of the (a/d) ratio and the opening size. Also it was found that, the cracking and ultimate loads were dramatically
reduced due to the creation of web openings. Grande et al., (2008) [7] and Sayed et al., (2013) [8] considered in their
studies the influence of the shear span to depth ratio (a/d), which selected to be between (2) and (3). While, Li et al.,
(2015) [9] invetigated the behavior of reinforced concrete beams, where the adopted variables the value of the (a/d)
ratio, which ranged between (1.0) and (3.5). The specimens were strengthened by FRP strips around the shear span.
Twelve specimens were tested up to fa|isix of which were wstrengthened, and the other six were strengthened by

FRP strips. The test results indicated that, the FRP shear contribution increased initially with the increasing of (a/d)
ratio, but decreased when the ratio was more than (4.6}.al., (2015) [9] mentioned that, the design guidelines for

the fiberreinforced polymer for strengthening reinforced concrete structures may exceed thstreingginening
effectiveness at low (a/d) ratios, therefore they have to be used with caution.

Hawileh et al., 2012 [10] used the nonlinear finite element software ANSYS, to examine (12) reinforced concrete
deep beams with web openings which strengthened in shear with (CFRP) composite sheets. The variables were: the
location, size of web openingna the method of strengthening (parallels and around) the web openings. Web opening
locations were varied at top (near loading point), the middle, and bottom (near support) of the deep beam. The considered
sizes of opening were (200x200) mm, (250x250) mmeh @50%150) mm. The proposed strengthening patterns were
around strengthening (around the opening) and parallel strengthening (above and below the web operaog)t Two
load and same reinforcement details were used for all tested beams. It was fdutigk taround web opening
strengthening method was considerably increased the ultimate load than the horizontal strengthening. Compared to beam
without strengthening, the percentage of increase in ultimatd loadying capacity was (74%).

Kassim et al.2015 [11] implemented nonlinear finite element software (ANSYS) to examine ten reinforced concrete
deep beams with single large web opening under one point loading. These beams were strengthened by using CFRP
sheets except one which was referred as aerde beam (i.e., beams without strengthening). The dimension of single
web opening was (381x381) mm and located near the left support of the beam. The considered variables were the CFRP
sheets configuration and their thickness. The CFRP sheets configuradis vertical, horizontal and (U) type
configuration. These CFRP sheets were varied in thickness which were (0.7, 1.4 and 2.8) mm. They found that the
percentage of increasing in the ultimate load compared to the reference beam was (26, 53 and 5888n{3 %)
and (86, 92 and 97%) for vertical, horizontal and (U) type configurations of CFRP sheets thickness of (0.7, 1.4 and 2.8)
mm, respectively.

Due to the complexity of behavior for reinforced concrete deep beam, Akinpelu et al., 2018 [12}esliggalyze
these type of structural concrete members based on a simplified approximated method. The complexity is rising from
numerous parameters that affecting the response during exploitation. To evaluate some of these parameters, finite
element studyof the structural behavior of reinforced setfmpacting concrete deep beam was conducted using
ABAQUS finite element modeling tool. Concrete compressive strength, vertical web reinforcement ratio and horizontal
web reinforcement ratio were used as paragatfactors to investigate their influence on the performance of deep
beams. Eight different deep beams were tested under four point loads. Between the three investigated parameters, almost
the concrete compressive strength showed to be the most poeafula met er t hat affected th
average of (41.1%) and (49%) improvement in the diagonal cracking and failure loads, respectively, was attained due
to the doubly increasing in the concrete compressive strength. However, increasingzbetdiorieb reinforcement
ratio from (0.31%) to (0.63 %) led to an average increase of (6.24%) for the diagonal cracking load, while, the failure
load and the loadeformability of the beams were not affected. Meanwhile, the variation in vertical welreemgnt
ratio resulted in average of (2.4%) and (15%) increasing in the cracking and load carrying capacity, respectively, with
no considerable change in the deformability response.

Tseng et al., 2017 [13] proposed an analytical method to predict thecapeaity of reinforced concrete deep beams
with web openings. The goal of the proposed method was to define thersinséer paths based on the stanatiie
method. According to the stiffness ratios, authors proposed to distribute the shears bedvieersfier paths which
existed above and below the web openings. The suggested method has the ability to predict different modes of failure,
including crushing of concrete, yielding of steel, and splitting of concrete. Parameters which included idythigstu
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compressive strength of concrete strengths, reinforcement ratiodsptn ratio, and sizes and positions of web
openings. The comparison of results indicated that the proposed method can rationally evaluate the shear strength of
reinforced concre deep beams with web openings

2. Characteristics of Experimental Specimens

The experimental program was carried out on five simply supported reinforced concrete deep beams with two large
web openings originated in shear regions. The experimental beelude one solid specimen which was used as a
reference deep beam while the other four beams were with square openings located either at the middle or at the interior
edge of the shear span. These two openings were placed symmetrically relative taplaa sedtion of the deep beam.
Parameters which were studied involved the size and positions of openings in shear span. Two different side dimensions
for the square openings were considered, mainly, (200) mm and (230) mm. All deep beams had rectasgular cro
sectional dimensions of (150) mm x (500) mm and a total length of (1500) mm. The effective span during testing was
considered to be (1300) mm including two shear spans each of (550) mm, accordingly, the shear span to overall depth
ratio was used to bé (1). The ratio of the opening side dimension to the web depth was adopted to be (40%) and (46%)
for specimens with square opening of (200x200) mm and (230x230) mm dimensions, respectively. In this study, both
square openings were treated as large opdrenguse their dimensions were sufficient to introduce sizeable reduction
in shear strength, since a web containing an opening ofétighéhs the web depth does not result in strength degradation
of the beam (ACI 426H4 1973) [4]. Table 1 shows the pareetric details of the tested deep beams, where the symbols
D and P indicate deep beam, respectively and the subsequent symbol C or E denotes opening at the center or interior
edge of the shear span, respectively. The last digit following the symbolsemtgrédse side dimension of the square
opening. Schematic representation for the configuration of the tested specimens and the arrangement of reinforcement
bars for the reference beam and the reinforced concrete deep beam with square web opening ar€igloasi and
2.

Table 1. Experimental parametric details of experimental deep beams

Beam designation Opening location Opening size, fim)
DP Solid without opening -
DP-C-200 center of shear region
200 200
DP-E-200 edge of shear region
DP-C-230 center of shear region
230 230
DP-E-230 edge of shear region
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Figure 1. Configuration of experimental specimens
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Figure 2. Reinforcement ddails of experimental specimens

3. Material Properties

All deep beams were designadcording to ACI 318M2014 code [3]. Beams initially were designed in such a way
that shear failure will be attained prior to any flexural collapses. To achieve the uniformity of concrete strengtd all test
beams were fabricated using the same batdoiérete. The beams were cast in plywood formworks (Figure 3). After
one day, the specimens were removed from the formworks and cured for (28) days using wetted bags from gunny
materials. Ordinary Portland cement (Type |) was used in the present studynt®em tested chemically and physically
according to the Iraqgi specifications [I.0.S. 5/1984][and [ASTM C150] [¥] for Portland cement. Fine sand and
graded crushed gravel of 10 mm maximum size were used in this experimental program. Their testveesul
complying with the Iraqi specification [No. 45/1984B]land [ASTM C33] [B]. By weight the aggregate: sand: cement
proportion was (2.70: 1.13: 1.00) with a high water/cement ratio of (0.62). Three concrete cylinders with (150x300) mm
were preparg from fresh mix for each deep beam to assess the concrete compressive strength at (28) days age. These
cylinders were tested according to [ASTM G3® 2002] p(], where the average compressive strength was found to be
(27) MPa. The flexural reinforcemeint tension and compression zones of the normal section consisted of 3316 mm
and 26 mm deformed steel bars, respectively. Perpendicular and parallel to the longitudinal axis of the specimen web
reinforcement of @6 mm deformed bars was provided at (90) nth{85) mm centeto-center spacing, respectively.
For shear reinforcement6 mm steel bars were bent up to have the required stirrups configuration. To determine the
mechanical properties, steel bars were tested according to [ASTM A615/A68pJ21]. Accordingly, for each
diameter three bar pieces, of (500) mm length, were exposed to uniaxial tension in the Consulting Engineering
Bureau/College of Engineering/University of Baghdad. Findings from these tests are given in (Table 2).

Table 2. Mechanical properties of steel reinforcement

Nominal diameter, Measured diameter Area, Yield stress Tensile strengthZA&  Elongation at breaking,
(mm) (mm) (mn?) B \mPa) (MPa) (%)
6 5.5 23.75 623.96 684.5 8.5
16 16 200.96 569.67 668.79 125
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Figure 3. Arr angement of Steel Reinforcement

4. Testing Setup

The experimental investigation on reinforced concrete deep beams was carried out in the Structural Engineering
Laboratory at the University of Baghdad. Accordingly, the tedesph beams were subjected to static loading increased
monotonically up to failure using load control testing system. During testing these beams were supported on simple
supporting scheme which allowed for rotation and horizontal movement at one end andula movement only at
the other end. Tests were conducted usingesgiflibrating steel frame designed as closed loop ram which equipped
with an actuator of (1000) kN capacity and (10) KN measuring accuracy (Figure 4), that used to expose the&iperime
specimens to foypoint loading pattern in which the two symmetrical external loads creating pure bending moment
region of (200) mm. Preparations and calibrations to all instrumentations and devices were provided prior to the start of
testing. All sufaces of the tested beams were cleaned, accurately prepared, covered with white emulsion painting and
then a squareell mesh of fine black lines were drawn to ease investigating the cracking process starting from
occurrence. The deflection of the testegjol beams was measured at midspan section only using mechanical dial gauge
of (0.01) mm sensitivity and accuracy of (0.001) mm. Cracking, strains in steel and concrete in addition to midspan
vertical displacement were monitored and measured systematitteliythe application of each loading step. External
load was increased monotonically with (5) kN total increment value per stage.
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Figure 4. Test setup for ceep beam with large web opening

213



Civil Engineering Journal Vol. 5, No. 1 January 2019

5. Findings from Testing Outputs
5.1.Modes of Failure of Experimertal Deep Beams

The cracking history of the tested deep beams started with the appearance of diagonal cracks at the corners of the
square openings. As the structural concrete member then exposed to additional loading, it experienced occurrence of
additional diagonal craskin other sections besides the opening zone and flexure cracks in pure bending moment region.
With further increase in the applied load, flexure cracks in the middle part of the member and extra shear cracks at the
bottom chord below opening and the tdmid above opening were propagated. As the applied load attained the failure
value, intensive progress of the diagonal crack along the thrust joining the points of the applied load and the reaction
force was monitored leading the deep beam to collapse.

The failure of the investigated deep beams was characterized by one of the following modes: diagonal splitting mode
of failure, which was took place as the diagonal cracks at the opposite corners of the web openings progressively
propagated and extended gathe thrust joining the points of the application of external load and reaction force, or,
shearcompression mode of failure, which was happened due to the propagation of diagonal crack in shear span that
resulted intensive strains in the compressiondlatmove opening near the applied concentrated load, see Figure 5.

N0 _btm mw

Diagonal splitting failure of (DRC-230) Diagonal splitting failure of (DAE-230)

Figure 5. Crack pattern at failure stage for tested deep beams

5.2.Influence of Creating Large Web Openings on Deep Beam Resistance

Table 3 demonstrates how the creating of openings in shear regions affects the performeinfmradd concrete
deep beams, mainly, in serviceability and ultimate stages. It is clear that, the cracking resistance of these structural
concrete members including the capacity against diagonal and flexural cracks was less than the resistantid of the so
deep beam against the appearance of the above mentioned cracks. Also, deep beams with openings experienced lower
failure loads in comparison to the reference solid deep beam. Obviously, as the opening size increased f260®) (200
mm to (230 230) mm tte dropping in the load capacity was increased from (58%) to (66%).

Based on the location of opening relative to the profile of the shear region, it is very important to pay attention that,
the worst location of opening is that location which exists at the midpoint of the shear span rather than the other locations
(i.e., @ the interior boundary of the shear region). Almost here openings were led to more degradation in the overall
stiffness of the structural member and, consequently, the dropping of the failure load compared to specimens with
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openings at the interior bouniss of the shear spans. Meanwhile, large web openings in shear regions caused
considerable decreasing in the overall stiffness of the reinforced concrete deep beams and, as a result, significant
reduction in the first diagonal and first flexurahckingloads in the range 0#6%-58%) and (41%b6%), respectively.

It is worth to mention that, almost the deflection of midspan section at serviceability stage in beams with openings at the
midpoint of the shear spans was greater than the deflection of thaeaksiection in deep beams with openings at the
interior boundaries of the shear spans. Meanwhile, the deformability of deep beams with openings is considerably
depending on the opening size (i.e., as the side dimension of the square opening was itleeeagizhan deflection

was increased at both serviceability and failure stages).

Table 3. Experimental cracking resistance, deformaility and failure load capacity

. First diagonal First flexural . Reduction of first Reduction of first Reduction  Deflection Deflection
Specimen . . Failure . . . . . ;
designation cracking load,  cracking load, load, (N) diagonal cracking  flexural cracking of failure at service at failure
(kN) (kN) ' load, (%) load, (%) load, (%) load, (mm) load, (mm)
DP 120 135 500 Reference Reference Reference 1.68 9
DP-C-200 60 65 190 50 52 62 11 4
DP-E-200 65 80 210 46 41 58 0.88 4.8
DP-C-230 55 60 175 54 56 65 1.32 4.3
DP-E-230 50 70 170 58 48 66 0.93 5.1

5.3.Load i Deformability History during Testing of Deep Beams

Reinforced concrete deep beams with or without opening experienced three distinguished stages of performance
during the loading process from the moment of application of external load up to failure. These stages can be clearly
illustrated on the plots obhd midspan deflection, in which the slope of loddflection diagram decreases upon the
appearance and later the propagation of cracking along the member longitudinal axis. Linear relationship between the
applied load and the measured midspan deflectias monitored during the first stage of performance that is
characterized the elastic behavior of the materials.

The first stage of performance of deep beam completed at the moment of appearance of the first crack (diagonal or
flexural). The second stagémerformance is characterized by propagation of different flexural and diagonal cracks. The
diagonal cracks which appeared at the top and bottom corners of the opening were progressively extended inclined to
the member longitudinal axis along the thrshing the points of the applied load and reaction force. Also, flexural
cracks which appeared at the soffit of the beam and concentrated, mainly, in the pure bending moment region were
progressively extended perpendicularly to the member longitudinalfAsihe applied load increased, all these cracks
were progressively increased in numbers, depths and widths. As a result, the elastic behavior gradually converted to
inelastic due to the degradation of the overall stiffness of the member. The secoraf peEflermance was finalized
as the slope of the second portion of the {daflection curve started to decrease due to the significant increasing in the
appeared cracking numbers and cracks width.

Finally as the applied load progressed, the{deftiecion curves started to take a flat character due to the excessive
degradation of the member stiffness resulted due to the reduction of cracking resistance and the performance of deep
beams approached the failure point. At this point the deflection valueslgpan sections showed sizeable change in
comparison to the second stage. Figures 6 and 7, respectively, show the effect of the size and position of the openings
created in shear regions on the lgadispan deflection response of deep beams. Obviousty fFigure 6) and (Table
4) that, the size of opening created in shear regions affected the cracking and deformability resistances of the reinforced
concrete deep beams.

Increasing the side dimension of the square opening from (200) mm to (230) mnsuesirin decreasing the dir
diagonal cracking load by {83%), the fist flexural cracking load by {83%) and the failure load by-(B%) depending
on the position of the opening relative to the shear span. That is due to the fact that, the desithteaailer web
openings was experienced less degradation in the overall stiffness than the specimen with larger web openings.
Accordingly, the midspan deflection at service and failure loads for deep beams with |drggrenangs was increased
by (46:51%) and (68%), respectively, compared to deep beams with smaller web openings

It is interesting to observe the second stage of performance on thedfdaction curves illustrated in Figure 6 that the
deflection at midspan section of the deep beams ep#nings which located at the midpoint of the shear region is
greater than the deflection of the deep beams with openings positioned at the interior boundaries of the shear span.
Accordingly, shifting the web opening from the midpoint to the interior batiad of the shear region was resulted in

stiffer behavior that decreasing the midspan deflection at service load of itechdeference deep beam by-Z99%6)
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depending on the size of openings. At the failure load level, it is clear that the deflddtiendeep beams with web

openings which located at the interior boundaries of the shear region was greater than the deflection deep beams with

openings positioned at the center of the shear span by-2088% due to the fact that these deep beams expedenc

higher load carrying capacity. Meanwhile, the shifting of openings toward the boundaries of the shear spans caused in

changing the first diagonal cracking load by (8%), increasing the first flexural cracking load by (:2386) and
changing the failwer load by (3%11%), see Figure 7 and Table 5.
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Figure 6. Influence of opening sizen the loaddeflection response

Table 4. Effect the opening size on strength, cracking resistae and deflection of deep beams
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Table 5. Effect the opening location on strength, cracking resistance and deflection of deep beams
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6. Numerical Analysis of Tested Deep Beams by Finite Element Method

An analytical study was carried out to assess the structural performance of the five test deep beams implementing
nonlinear modeling techniques of the finite element method. This metbosidered to be a reliable tool for
investigating the nonlinear response of reinforced concrete structures. ABAQUS (6.13.1 package)}pgqroesal
finite element software, was used for the numerical modeling of the reinforced concrete deep beamwithitiutor
web openings in shear regions. The symmetry was not considered that, the full scale tested beam was modeled. The
typical finite element mesh of specimens DP and@200 (or DRE-200) and DFE-230 (or DRC-230) are illustrated
in Figure 8. The camrete volume was represented by eigbtle solid brick element (C3D8R) with (2x2x2ints
integration (Figure 9). The finite element model of steel rebars for deep beams specimens is depicted Figure 8. The
longitudinal and transverse steel rebars of thesans were modeled using an embedded truss reinforcemenbdé?2
linear 3D truss element (T3D2). Eigimode solid elements were also used to model steel plates under the applied load
and the resisting reactions (Figure 9). It is worth to mention ith#js numerical analysis, the perfect bond between
the surrounding concrete and the steel rebars was assumed (i.e., full compatibility). Damaged plasticity model (DPM)
has been used for the analysis. This model consists of the combinationasfsomieed multihardening plasticity and
scalar (isotropic) elasticity to describe the irreversible damage that happens during fracturing p2pc€bs [ain
two failure mechanisms which adopted by this model are the tensile cracking and the compressigafrashcrete.

face 2 ¢ face s
8 A y 7
face 6 ‘\\ A ,L;j___ face 4 end 2
5 6
S
. . > { . 1 end1
facel face 3
(a) C3D8R (a) T3D2

Figure 8. ABAQUS modeling for tested deep beams (conete, steel bar and steel plate)

217



Civil Engineering Journal Vol. 5, No. 1 January2019

(DP)

(DP-C-200)

(DP-E-230)
Figure 9. Applied finite elements for simulation of materials

Model verification has proved the good correlation between the numerical and the experimentakigstdtd.0
demonstrated that the finite element models showed stiffer response of performance during the loading process up to
failure because ABAQUS softare program assumed idealized condition of bonding between steel and concrete in
addition, it assumed that the concrete is isotropic material which is actually not exactly correct. Fitustdtes the
graphical visualization for the comparison betwéhe experimental and numerical results concerning the first diagonal
and first flexural cracking loads, the load carrying capacity and the deflection at service and failurAdaduasyn
from (Figure 1) the selected modeled response confirms th&abflthe adopted model to simulate the entire behavior
of the tested beams up to failure. The global failure modes of the analyzed, by ABAQUS software program, reinforced
concrete deep beams are represented by the appearance and propagation of ctheksrastung of concrete. The
crack patterns showing the condition of deep beams after collapse are depiigedeari2 The observed crack pattern
at the moment of collapse of deep beams provided excellent evidence that the flow of stresses \dilin leams
was influenced by the opening size and layout. The presence of the opening at the midpoint of the shear region or at the
interior boundaries of the shear region forced the compressive stresses in the specimen (between openings) to flow
mainly invery narrow band. The width of this band was affected by the location of opening. So, in case the opening is
located at the center of shear span the band width of the compressive stresses was greater. It is worth to mention that,
the stress distributiomimain steel reinforcement is an important index to prove of whether thartieanechanism in
reinforced concrete deep beam formed under loading and to what extension this mechanism wagifpmeeti3
shows that, the stress distribution along the naigitudinal bars in tension zone at different stages of applied loading.

It is very interesting to note the following observations during investigatiggre 13which illustrates the bottom
reinforcement stress distribution at different stages of tmadi

1 In control deep beam (DP) without openings as the applied loading increased, the bottom reinforcement stresses
became approximately similar over the entire effective span between the supports. The change of stresses at
different sections followed stepdcharacter. Localized stress jumps were observed in specific sections that
indicated cracks were appeared in the vicinity of these locations. As the diagonal cracks developed, joining the
points of the loading application with supports, the beam actigheofnternal force flow was disrupted and
converted to arch action. At failure stage the stress level in the steel bars was uniformly distributed from support
to support, proving that a tiemtch mechanism had fully developed. The magnitude of stressmaiinbars
approximately reached the yielding capacity.

1 In deep beams with openings as the loading progressed, the flow of stresses within the main longitudinal bars in
tension zone were influenced by the opening size and the opening position, so,rtheatidistof stresses
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