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Abstract

Contrary to top-loaded deep beams, Inverted-T (IT) deep beams are loaded on ledges at the beam’s bottom chord. The
presence of the load near the bottom of the beams creates a tension field in the web at the loading points. An experimental
investigation was carried out in which 8 specimens of reinforced concrete IT deep beams were tested and the effect of the
following variables was studied: changing the hanger diameter, hanger arrangement in terms of spacing and distribution
distance, hanger reinforcement ratio, vertical and horizontal web shear reinforcement diameter, and spacing. In addition,
all the tested beams had long ledges extending to the end of the beam. It was concluded that hanger reinforcement diameter
and horizontal web shear reinforcement have an insignificant effect on the IT deep beam capacity. While the change in
hanger arrangement, vertical web reinforcement, and ledge length has a significant effect on IT deep beam capacity. The
maximum spacing of the hanger reinforcement and the minimum hanger reinforcement ratio passing through the load plate
length will be studied in the following publication. A finite element model (FEM) was presented to predict the behavior of
IT deep beams. The simulation was carried out using the ABAQUS 2017 software program. The results of the numerical
model showed good agreement with the experimental program. Analysis using design codes was checked against the
experimental data, where the computed beam capacities were compared to those obtained from the test results. The
comparison showed a remarkable difference between the predictions using the design codes and the test results.
Computation using design codes significantly underestimated the capacities of the beams.
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1. Introduction

Reinforced concrete inverted-T (IT) deep beams provide a popular and natural structural form for use as a girder
supporting precast members. It is commonly used in most special structures that sustain heavy loads, such as bridges
and high-rise buildings. The ledge of the inverted-T deep beams acts as a shallow shelf supporting precast beams while
the stem rises to the supported beam height, providing the required depth to sustain shear and flexure forces. Figure la
shows how the use of inverted T-beams increases the clearance underneath the bridge deck while still maintaining an
attractive appearance by minimizing the visible size of transverse supporting members. In large-span slabs, IT beams
are usually used to support precast hollow core slabs and double T slabs, as shown in Figures 1b and 1c.

IT deep beams have different structural behavior than the more conventional top-loaded deep beams as the load
transfers from the ledges to the bottom of the web, then "hung" vertically to the compression chord, forming tension
fields in the web at the load location as shown in Figure 2. The loads are then transmitted longitudinally to the supports,
as in a typical top-loaded deep beam.
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Figure 1. Typical inverted-T deep beams
Figure 2. Load transfer of top-loaded deep beam vs. inverted T-deep beam

1.1. Codes’ Definition of Deep Beams

Both ECP 203-2020[1] and ACI 318-19 [2] stated that deep beams are members with one loaded face and supported
on the opposite face, allowing compression struts to form between the loads and the supports and having clear spans
equal to or less than four times the member depth, while the deep beam in EN 1992-1-1[3] is defined as a member with
a span that is less than three times the section depth. Figure 3 shows the main components of the IT deep beam.

Before establishing the experimental investigation, a thorough literature review was carried out. Researchers [4—-11]
have studied the shear behavior of IT deep beams since the 1940s. Based on the test data, the effect of the following
parameters was evaluated: longitudinal reinforcement ratio, shear span to depth ratio, and the amount and configuration
of web reinforcement.

In 1943, Graf et al. [4] tested one tension-chord-loaded specimen. The load was applied through horizontal nips built
into the soffit. The hanger reinforcement stopped at the mid-height of the IT deep beam. The failure occurred as a result
of the main reinforcement yielding and the deterioration of the section directly above the horizontal nips.
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Figure 3. Inverted T-deep beam components

In 1966, Leonhardt et al. [5] tested four tension-chord-loaded specimens. It was concluded that the optimal methods
of providing main reinforcement were using well-anchored bars as support and horizontal hooks for anchoring. It was
also recommended that the main reinforcement be distributed across the bottom 20% of the beam height. It was
suggested that stirrups be extended at a height equal to the span. Closely spaced (<400mm) stirrups were suggested to
decrease crack widths, with vertical stirrups covering the whole height of the beam.

Furlong et al. (1971) [6] and Mirza et al. (1988) [7] tested two full-scale and four one-third-scale specimens to study
ledge and web shear reinforcement of the inverted T cross-section. Some specimens were loaded on both chords
simultaneously. Open stirrups were used in some of the specimens. The findings provide advice for hanger
reinforcement. It was also recommended that hanger stirrups be closed at the bottom. It was concluded that it is not
necessary to superimpose loads on stirrups acting as hangers and loads on stirrups acting as shear reinforcement. The
width of the bracket that can be considered effective in flexure and the reinforcement were also presented in this study.
In 1974 and 1985, Furlong et al. and Mirza & Furlong [8, 9] recommended design procedures and formulas for
determining hanger strength and serviceability requirements and the required flange thickness to resist punching. Other
recommendations for designing flange transverse reinforcement in prestressed or non-prestressed beams were proposed.
Supplementary guidelines for designing stirrups and defining ledge depth requirements were also presented.

Smith & Fereig (1974) [10] tested four tension-chord-loaded specimens. Specimens were indirectly supported on
both ends of the beam. The effect of web reinforcement on ultimate capacity was studied, and it showed that web
reinforcement has a significant effect on beam capacity. A comparison between the ultimate capacity of top- and bottom-
loaded deep beams was investigated. The comparison showed that the crack width, steel strain, and deflection are higher
in bottom-loaded deep beams. However, both types can sustain the same load if adequate vertical steel is located at the
load location in the bottom-loaded deep beam. In 1977, Smith & Fereig [11] tested two tension-chord-loaded specimens
(indirect loading). A study of the influence of loading and supporting conditions on the ultimate shear strength and the
behavior of beams with short shear spans was provided. Tension-chord-loaded specimens exhibit a much smaller gain
in strength by reducing the shear span-to-depth ratio than top-loaded beams, and the increase only occurs in the case of
a shear span-to-depth ratio lower than 1.5. The addition of web reinforcement to the short shear span beams decreased
crack widths, tensile steel strains, and deflections in general, but for the used reinforcement ratios, there was only a
minor effect on the ultimate capacity of the directly loaded beams compared with a considerable strength contribution
in the indirect case.
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Cussens & Besser (1985) [12] tested five tension-chord-loaded specimens. The vertical reinforcement ratio was
changed, and the effects on crack formation and ultimate shear capacity were investigated with the design
recommendations of the American Concrete Institute and the Construction Industry Research and Information
Association. In 1997, Tan et al. [13] tested six tension-chord-loaded specimens. Specimens had two load points. Two
types of web reinforcement were investigated. The web reinforcement was detailed according to the recommendations
of the UK CIRIA Guide 14. It is found that the CIRIA [14] detailing rules help to ensure ductility in the behavior of the
specimens, and this, in turn, yields consistent ultimate shear strengths irrespective of the loading condition imposed on
the beams. Comparisons with test results also show that the CIRIA predictions are both conservative and consistent.

The most recent and important experimental studies were conducted by Fernandez Gomez (2012) [15] and Varney
et al. (2015) [16], in which thirty-three tests were performed on large-scale reinforced concrete IT deep beams. Five
parameters were examined, as follows: (1) The length of the ledge (Type 1- cut-off, Type 2- short, and Type 3-up to the
center line of the support as shown in Figure 3); (2) the ledge depth; (3) the amount of web reinforcement; (4) the number
of loading points on the ledge, and (5) the web depth. The results showed that increasing the ledge length enhances the
overall strength of the inverted-T deep beam and delays the formation of the first diagonal crack. Shear strength was
found to be the lowest for specimens with cut-off ledges, while long ledges generally resulted in higher strength as well
as diagonal cracking loads. The effect of ledge length on the increase in beam capacity will be studied in clause 7. It
was also proposed by Fernandez Gomez [15] that the strut’s weakest point for beams with long ledges may shift from
the strut-to-node interface to the position where the thickness of the strut varies from the ledge width to the web width.
This proposal will be verified in clause 6. The results also indicated that the strength of the inverted-T beams is not
significantly affected by increasing the ledge depth. However, it was found that increasing the depth of the ledge could
delay the formation of the first diagonal crack. It was also observed that increasing the web reinforcement ratio, increases
the shear strength of inverted-T beams. The reinforcement ratio had minimal influence on the diagonal cracking load. It
was found that a higher web reinforcement ratio was more effective in limiting the widths of the diagonal cracks.
Consequently, at a given crack width, inverted-T beams with a larger web reinforcement ratio are more likely to be
closer to their ultimate capacity than those with a lower ratio. AASHTO LRFD-2020's [17] minimum reinforcement
ratio of 0.3% in each orthogonal direction for effective crack width control in rectangular deep beams was also
determined to adequately restrain cracks at service loads in inverted-T beams. The test results also showed that the
number of loading points has an insignificant influence on the capacity and the formation of the first diagonal crack. As
loads increased, no change in the crack distribution or crack width progression was noticed in inverted-T beams. The
strength and serviceability of the inverted T beams were not significantly affected by the change in web depth. A minor
but otherwise negligible reduction in the first cracking load was detected.

Garber et al. (2017) [18] studied the behavior of IT deep beams experiencing ledge failures. It was concluded that
either a 45-degree load-dispersion line extending from the ends of the bearing or the AASHTO [17] empirical approach
can be used to determine the amount of hanger and ledge reinforcement that is engaged. Also, it was found that hanger
reinforcement in IT deep beams contributes to both the sectional shear strength and the transfer of load from the ledge
up into the compression chord within the beam. Moreover, the use of STM also allowed for the capacity of the ledge to
be estimated in a more straightforward manner than the AASHTO empirical method [17]. Both methods will be
evaluated later in this paper. Rai (2021) [19] investigated a numerical modeling technique to study the nonlinear behavior
of RC deep beams by using FEA based on the software ABAQUS [20]. The response of the FE model is verified with
the experimental results in terms of the load-to-midspan deflection curve and damage distribution. The ultimate shear
capacity predicted by the FE model is 0.75% lower, and the corresponding displacement is 6.92% higher than the
experimental results.

Ali et al. (2023) [21] investigated numerically the overall behavior of simply supported concrete deep beams
reinforced with and without carbon fiber-reinforced polymer (CFRP) sheets through forty. It was concluded that the
simulated configurations of failure modes in the FE model (ABAQUS) are consistent with the experimental findings. A
comparison between the load-deflection curves of the modeled members versus the corresponding experimental ones
showed that the predicted load-deflection curve is relatively similar to the experimental curves. It concludes that the
chosen FE model and inputs are capable of providing reliable results and can be further used to evaluate the failure
mechanism of deep beam specimens.

From the literature, it can be seen that the majority of the specimens were found to give unrealistic results or didn’t
fulfill the definition of the deep beam. A significant number of specimens had an aspect ratio (L/d) of more than 4, and
some have a depth that is more than 12 times their width. Such a high ratio is impractical for deep beams and contradicts
the provisions of the relevant codes, such as ECP 203-2020 [1], ACI 318-19 [2], and Eurocode 2 [3]. Some of the
specimens did not fail to the end of experiments 6, 12, noting that ultimate capacity information is necessary to assess
specimens' performance. Other specimens were tested with combined tension- and compression-chord loading [12].
This condition is not typical of field specimens that do not experience heavy loads on both chords. No shear
reinforcement was used in some specimens, which is an impractical condition because in-service beams normally have
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a minimum amount of transverse reinforcement. Plate size information was incomplete in some specimens. Other
specimens had complicated geometry, support conditions, or reinforcement details, leading to unrealistic conditions
when compared to in-service beams. Figure 4 shows samples of the unrealistic support conditions and reinforcement
details found in the literature. In addition, previous research focused mainly on the size and geometry of the IT deep
beams. Even the effect of web shear reinforcement was studied in most research for both vertical and horizontal
reinforcement simultaneously. The hanger reinforcement was arranged in most cases based on the 45-degree concept of
load spreading proposed by the codes without considering the effect of hanger reinforcement diameter, ratio, and
arrangement on the strength of the IT deep beam. All the experiments were performed on specimens with a ledge of
types 1, 2, and 3, as shown in Figure 3a. The case of a beam with a long ledge (type 4) extended to the end of the beam
has not been studied. It is noteworthy that the theoretical analysis methods used in the design of IT deep beams, which
shall be discussed later, also didn’t account for the effect of the hanger reinforcement and ledge length.
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Figure 4. Examples from the literature of some of the tested specimens

1.2. Research Significance

Based on the above, an experimental program was needed to investigate the different reinforcement parameters of
the IT deep beams. It is important to understand the effect of changing the diameter and ratio of the hanger reinforcement
on the capacity of the IT deep beams. The hanger reinforcement arrangement needed to be examined to check the effect
of changing the reinforcement spacing and determine the maximum spacing required to ensure the transmission of the
tension force from the ledge to the web. Moreover, the impact of placing hanger reinforcement within a distance less
than that calculated according to the 45-degree concept of load spreading and the minimum hanger reinforcement ratio
required to be placed within the load plate length to guarantee that the hanger has sufficient capacity to achieve complete
load transmission need to be studied.

An experimental program was conducted to investigate the effect of the aforementioned parameters on the behavior
and capacity of IT deep beams by testing eight specimens of different reinforcement parameters. The ledge of all
specimens was of type (4) and extended to the end of the beams, which allowed the specimens to sustain extra loads
when compared to beams with short ledges and simulate the most common shape in structural members. The effect of
the long ledge will be studied briefly later in this paper and extensively through a parametric study in the following
publication.

Unlike most research, the vertical and horizontal web reinforcements were tested separately to determine the
influence of each parameter on the beam capacity. A FE numerical model using ABAQUS [20] software was developed
to predict the behavior of IT deep beams considering material nonlinearity. The parameters proposed in the literature
were modified, and the output of the FEM was compared and validated using the experimental program results. The
results showed good agreement with the experimental results.

A comparison between the literature review results and the results obtained from the experimental and FE models
will be presented within this research. Noting that the performed analysis related to the hanger reinforcement diameter,
arrangement, ratio, and beams with type 4 ledge has not been studied in past research, and not sufficient data is available
in the literature regarding this topic.

Figure 5 shows a flowchart for the process of the methodology followed in this study.
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Figure 5. Flowchart of the work methodology

2. Experimental Program

To accomplish the objectives of this study, an experimental program was established to investigate the influence of
hanger and web shear reinforcement on the behavior of inverted-T deep beams, as very little relevant information was
available, as mentioned earlier in the literature review. The experimental program comprised eight specimens divided
into six groups. The objective of the test was to examine the influence of the following parameters on the capacity and
behavior of the IT deep beam:

e Hanger reinforcement diameter;

Hanger reinforcement arrangement;

Hanger reinforcement ratio;

Vertical web reinforcement ratio (spacing and diameter);

Horizontal web reinforcement spacing.

2.1. Specimen Details

The dimensions of the specimens in this research were selected based on calculations performed according to
the strut and tie model (STM) provisions, which were adopted by many structural codes, including ACI 318-19 [2]
and ECP-203 [1]. The width of the hanger ties adopted by the STM method is based on a 45-degree spread of the
load on the ledge under the loading plates [12]. Vertical hanger bars were positioned at the loading point, with the
tie corresponding to the bearing pad center. Figure 6 shows the load transfer in the STM for the web and ledge of
the IT deep beam.
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Figure 6. Load transfer in strut and tie model

The strut-node interfaces of the diagonal strut were designed to govern the failure. The dimensions of the web and
ledge were also checked by using the empirical method of the AASHTO LRFD Bridge Design Specifications-2020 [17].
The AASHTO LRFD method is based on preventing the five potential types of failure in the web and ledge: shear
friction, punching shear, failure of the hanger reinforcement, flexural failure of the ledge reinforcement, and bearing
failure of concrete under the loading point.

Dimensions and reinforcement details of the control specimen are shown in Figure 7. The concrete dimensions were
kept constant for all specimens. The total beam length was 1400 mm, while the distance between support plates was
1200 mm. The web width was 120 mm, the beam depth was 800 mm, and the ledge depth was 150 mm. The loading
plate size was 200x200 mm, while the support plates were 100x300 mm. The flexural reinforcement ratio was about
0.5%, as obtained from the strut and tie model. Ledge reinforcement was constant in all specimens of diameter T12 and
spacing, as shown in Figure 7. Hanger and web shear reinforcement (vertical and horizontal) are varied as shown in
Table 1, Figures 8, and 9.
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Figure 7. The dimensions and reinforcement details of the control specimen

Table 1. Summary of beam details

Hanger RFT. VL. RFT. HL. RFT.
Specimen No. fcu (MPa)
Rft. %Rft. Rft. %Rft. Rft. %Rft.
IDB1 5T12+2Y6  2.25 Y6@170mm 0.28  Y8@220mm  0.39 284
IDB2 3T16 2.20 Y6@170mm 0.28  Y8@220mm  0.39 26.9
IDB3 7T10 2.00 Y6@170mm 0.28 Y8@220mm 0.39 334
IDB4 7T16 5.10 Y6@170mm 0.28 Y8@220mm 0.39 28.8
IDB5 3T16 2.20 Y6@170mm 0.28 Y8@220mm 0.39 28.8
IDB6 5T12+2Y6 2.25 Y6@85mm 0.56 Y8@220mm 0.39 35.7
IDB7 5T12+2Y6 2.25 Y10@170mm 0.77 Y8@220mm 0.39 35.7
IDB8 5T12+2Y6 2.25 Y6@170mm 0.28 Y8@110mm 0.78 334
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Preliminary calculations were performed before the test by using design codes [1, 2, 14] and theoretical methods.
The strut and tie models and the ABAQUS [20] program were used to estimate the expected capacity of the tested
specimens and the required hanger, longitudinal, ledge, and web shear reinforcement. As no specific recommendations
are included in the codes regarding the maximum ratio of the hanger reinforcement, the diameters and spacing were
specified to meet both the capacity requirements and to facilitate the execution and concrete pouring of the specimens.

The experimental variables shall be as follows:

Hanger reinforcement diameter: To evaluate the influence of changing hanger reinforcement diameter two
specimens 1D1 and IDB3 of different hanger diameters with almost the same reinforcement ratio ranging from 2% to
2.25% were compared.

Hanger reinforcement arrangement: In this group, three specimens (IDB 1, 2 & 5) of different arrangements of
hanger reinforcement (spacing and distribution length) were evaluated, keeping almost the same reinforcement ratio of
about 2.2%.

Hanger reinforcement ratio: The effect of increasing the hanger reinforcement ratio from 2.0% to 5.1% was
investigated by comparing the results of three specimens (IDB 1, 3 & 4).

Vertical and Horizontal Web Reinforcement ratio: The impact of increasing vertical web shear reinforcement in
IDB1, ID6, and IDB7 from 0.28% to 0.55% and 0.77% was captured by testing specimens of different spacings and
diameters. While two specimens, IDB1 and IDB8, with different horizontal reinforcement ratios of 0.39% and 0.78%
were tested. These ratios were specified to be more than the minimum reinforcement ratio for deep beams (0.25% in
each perpendicular direction) as recommended in ACI 318-19 [2] to effectively restrict the distribution of the diagonal
cracks under service loads, the diagonal crack width, and allow for sufficient redistribution of forces to achieve full
strength of compression struts.

The variables were divided into 6 groups, Groups 1,2, and 3 for studying hanger reinforcement, and groups 4,5, and
6 are related to studying web shear reinforcement as shown in Table 2.

Table 2. Specimens’ groups

Group (1) Group (2) Group (3) Group (4) Group (5) Group (6)
Hanger Reinforcement Web Shear Reinforcement
Hanger Reinforcement  Hanger Reinforcement Hanger Vertical Web Vertical Web Horizontal Web
Diameter Arrangement Reinforcement Ratio Reinforcement Spacing Reinforcement Diameter Reinforcement Spacing
IDB 1& 3 IDB 1, 2&5 IDB1,3&4 IDB1&6 IDB1&7 IDB1&8

Figures 8 and 9 show the reinforcement details of the tested specimens.

2.2. Materials

The specimens were constructed using conventional materials and methods. The concrete mixture was designed to
reach the target cube concrete compressive strength of 28.5 MPa. The mixture components were 290 kg of ordinary
Portland cement type |, 1160 kg of natural crash well-graded stone as coarse aggregate (gravel) with a maximum size
of about 13 mm, 650 kg of sand with a 2.36 mm maximum size as fine aggregate according to ASTM standard [22, 23],
300 kg of water, and 3 kg/m3 BVF.

Beams were tested approximately 28 days after concrete placement. Steel reinforcement was tested in the material
laboratory of the Faculty of Engineering at Cairo University, satisfying the requirements of the Egyptian code and
specifications to obtain the actual tensile stress. The yield stress of steel reinforcement was 382 MPa for Y6 and Y8,
578 MPa for T10, 515 MPa for T12, and 553 MPa for T16. Reinforcement details of the specimens and the cube
compressive strength of concrete after 28 days (fcu) are provided in Table 2. From Table 1, it can be noted that higher
values of concrete compressive strength were observed in specimens IDB3, IDB6, IDB7, and IDB8 when compared
with other specimens. This increase is because the cement used in these specimens was imported from another supplier.
The average value of concrete compressive strength of all specimens was 31.39 MPa, and the coefficient of variation
was 11.3%, which are considered acceptable values.

2.3. Testing Procedure

The specimens were tested at the Concrete Research Laboratory at the Faculty of Engineering-Cairo University. The
load was applied via a 5000-kN hydraulic loading machine, as shown in Figure 10. A 1200-kN loading cell attached to
an 8-channel data logger was used to transmit the load from the machine to the specimens. The loading cell was placed
on top of a U-shaped steel frame. The steel frame was designed to sustain a concentrated load of up to 1200 kN. The U-

1067



Civil Engineering Journal Vol. 9, No. 05, May, 2023

shaped steel frame was designed and manufactured specifically for this loading setup. It consists of IPE beam no. 300
with two plates welded to the web at each side of 6 mm thickness. The beam was stiffened with three stiffeners of 6mm
thickness on each side. The beam was fixed to two solid square section steel columns 150x150 mm using 20 mm thick
plates by 4 bolts M12. The base of the columns was welded to two plates 200x200x40 mm. The U-shaped frames shown
in Figures 10a and 10b were evenly placed on the ledges on both sides of the web.

7

500 ton hydraulic r 1
loading machine
#—— IPE no. 300+two

120 ton loading 6mm plate
cell Plates 6mm both sides

U-Shape steel frame = —— (¢—— 150 x150 mm solid

section column

IT deep beam

Supports —t

L ] 0 e 200 x 200mm plate-
40 mm thick

U-shaped steel frame

Figure 10. Test setup: (a) Schematic, (b) photos

Two linear voltage displacement transducers (LVVDTS) at the mid-span under the beam web and the ledge were used
to capture the vertical deflections. Figure 10 shows the loading and support points. Test specimens were monotonically
loaded (10 kN) with an increment every 30 seconds until failure. After each load increment, cracks were marked.

Several electrical resistance strain gauges (ERSs) were used to measure the local strains in the longitudinal and shear
reinforcement, while the strain in the concrete along the diagonal compression area was measured by other ERSs
connected to the concrete surface. Figure 11 shows the arrangement of the strain gauges and LVDTSs. A static data
acquisition system was used to measure and electronically store the applied load, vertical displacements, and strain
readings during the test at each load increment.
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Figure 11. Locations of ERSs in tested specimens
3. Test Results
3.1. Crack Propagation and Modes of Failure

Figure 12 illustrates the crack patterns of the eight specimens at failure. The figures also show the loads at which
each crack was first detected and the crack extension at that load. At the initial loading stage, all specimens behaved
elastically, and no visible cracks were observed on the surface of the concrete. The first diagonal crack was usually
formed at approximately 30 to 40% of the ultimate strength at the web surface near the middle of the shear span in the
direction of the load support, and then the cracks propagated upward to the compression zone and downward to the
ledge. It can be seen from the figures that IDB1, IDB3, IDB6, IDB7, and IDB8 have almost the same first cracking load.
This behavior until the appearance of the first crack can be explained by the fact that these specimens have almost the
same hanger reinforcement ratio and arrangement; on the other hand, IDB4 and IDB5 had the highest and least cracking
loads, respectively.
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Figure 12. Crack patterns

Flexural cracks initially started at the bottom in the midspan region of the beam. On further loading, the number of
flexural cracks increased gradually. As the loading increased, some of the new parallel diagonal cracks were formed and
rapidly expanded in width and length, while the existing flexural cracks in the pure bending zone spread slowly and
stabilized. These flexural cracks indicate that the long ledge extending to the supports contributes with the web to
transferring the load to the supports, which increases the capacity of the IT deep beam.

Thereafter, all specimens went through a short stored-energy phase, and the previously occurring diagonal cracks
nearly stopped widening and extending. All cracks are distributed symmetrically about the specimen centerline,
confirming the occurrence of a direct strut transfer mechanism. Finally, six specimens failed in combined shear-flexure-
punching under the loading plate except for IDB4 and IDB5, where IDB4 failed in combined shear-punching under the
loading plate and IDBS failed in combined flexure-punching under the loading plate. For IDB5, the insufficient number
of hanger reinforcements passing through the loading plate region led to the formation of a vertical crack at the middle
of the web, causing the beam to act as a slender beam rather than a deep beam. This behavior caused a significant
reduction in the beam capacity, as will be presented later. A noticeable spread of cracks in the specimens containing a
large amount of vertical web shear reinforcement (IDB6 and IDB7) was observed; furthermore, the propagation of
cracks along the beam height for these specimens was the highest among all specimens. IDB5 has the least crack
propagation as the effectiveness of the arch action tends to decrease. The large spacing between the hanger
reinforcements made the hanger unable to transfer the load to the top of the beam, which caused the flexural behavior
to become more dominant. For IDB4, the cracks were definite and concentrated on both sides of the loading plates
without intersecting the middle region.

3.2. Load-Deflection Curves

As a result of the change in the compressive strength of the concrete of the tested specimens, as indicated in Table
2, it was necessary to eliminate the effect of this parameter on the results. As the specimens encountered sectional shear
failure as the diagonal tension in the web affected the shear capacity, the ultimate load was normalized with respect to
(fo,/28.5) to consider the unavoidable differences in the actual compression strength of concrete. This term was
specified for normalization as the specimens experienced shear failures. Therefore, normalizing the results by V(fc,) was
appropriate, and then it was multiplied by V28.5 which is the value of the cubic strength of the concrete mix, to obtain
the specimens’ failure load, which is not affected by the change in concrete strength of the tested specimens. Table 3
and Figure 13 display the capacity and mode of failure of the eight specimens.

Table 3. Cracking and ultimate loads of the specimens

Specimen no.  Perack (KN) Py (KN) Modes of failure

IDB1 264.9 729.9  Combined Shear-Flexure-Punching
IDB2 294.3 750.5  Combined Shear-Flexure-Punching
IDB3 264.9 761.3  Combined Shear-Flexure-Punching
IDB4 323.7 796.6 Combined Shear-Punching
IDB5 196.2 612.2 Combined Flexure-Punching
IDB6 255.1 814.3  Combined Shear-Flexure-Punching
IDB7 264.9 825.1  Combined Shear-Flexure-Punching
IDB8 264.9 738.8  Combined Shear-Flexure-Punching

Perack: First crack load, Pu: Failure load
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Figure 13. Ultimate capacity of tested IT deep beams

The deflection behavior at mid-span was measured using LVDTs under the beam web and ledge. The deflection was
recorded with load increments up until specimen failure. Figure 14 presents the load-mid-span deflection record of the
eight specimens. It can be seen from the figure that during the initial loading phase, there was a linear relationship
between the applied load and the specimens' mid-span deflection. The formation of critical shear cracks is evidenced in
the curves by a sharp increase in deflection or a sudden decrease in applied load. After reaching the ultimate shear and
flexural capacity, a short straight segment was noticed in the curves, and then the applied load to the beams decreased
rapidly.

As mentioned before, the hanger is responsible for transmitting the loads applied to the ledge to the upper parts of
the web of the IT beam. Group (1) showed that changing the hanger reinforcement bar diameter while keeping almost
the same area of reinforcement and the same spacing between the hanger’s bars has an insignificant effect on the beam
capacity, as shown in Figure 14a. This behavior shows that if the required reinforcement ratio and the proper spacing
are fulfilled in the hanger reinforcement, the hanger will be able to transmit the load to the web regardless of the hanger
diameter.
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Figure 14. Load-deflection curves

Figure 14b shows that the stiffness of all specimens in Group (2) was similar up to the maximum load. Whereas,
IDB5 with the larger spacing between hanger reinforcements had a post-peak ductility, indicating a flexure behavior of
the beam. The beam capacity has also decreased by about 20%. This behavior indicates that the hanger spacing of IDB5
exceeded the maximum required spacing necessary to enable the hanger to transfer the full load to the web. Hence, the
arch action was not complete, and the flexural behavior became more dominant. Also, the non-homogeneity of IDB1
caused by using two different bar diameters for hanger reinforcement caused a slight reduction in beam capacity. Also,
it should be noticed that concentrating the hanger reinforcement only at the loading plate distance in IDB2, where the
45-degree concept of load spreading was not applied as proposed in the literature review, did not affect the capacity of
the IT deep beam. This output indicates that as long as the required hanger reinforcement ratio is achieved, even if it is
concentrated at a distance less than (W+2df), the beam will be able to sustain the same ultimate capacity.

Comparing the results of Group (3) where the hanger reinforcement ratio was increased from 2.0% to 5.1%, more
than twice the original value, the curve in Figure 14c showed that beam IDB4 had a stiffer load-displacement response
after reaching the first diagonal crack. The mid-span deflection of IDB4 at failure decreased by about 15.5% and the
ultimate load increased by 6.5%, indicating that the increase in the hanger reinforcement ratio enabled the hanger to
transfer the full load to the top of the beam and utilized the arch action mechanism. The curve also shows a more brittle
behavior of IDB4 than IDB1 and IDB3.

A diagonal crack tends to form when the concrete diagonal tension resistance is less than