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Abstract

Web openings are created in reinforced concrete deep beams for various purposes. The CFRP
strengthening technology is commonly employed to mitigate the adverse consequences of these
openings. The impact of openings generated in areas of stirrupless or by arranging the stirrups at the
bottom and top chords of the opening in a closed configuration has been examined in numerous
studies. However, in reality, stirrup damage frequently occurs when openings are made due to the
high number of stirrups employed in deep beams. In this study, three specimens tested in a previous
experimental study were modeled via ABAQUS, and the results obtained were validated by
comparing them with the experimental results. To create openings of varying sizes in the elements,
the reinforcements were cut, and these beams were strengthened with CFRP laminates, followed by
a parametric study. The findings indicated a 56% reduction in the load-carrying capacity of the
unstrengthened beam (h =500 mm) featuring a 300 mm diameter opening, alongside an 87% decrease
in energy dissipation. Although the diameter of the opening, which was formed by cutting the
stirrups, is less than one-third of the beam's height, the application of 1.8 mm thick laminates resulted
in only limited improvement.

Keywords: CFRP (carbon fiber-reinforced polymer); deep beam; web opening; FEM (finite element
model)

1. Introduction

Reinforced concrete deep beams are widely used, especially in high-rise buildings, because they
possess high shear capacity. Web openings of various shapes and sizes are drilled in these beams to
provide infrastructure services such as power lines, water lines, telephone networks, and gas, etc.
[1,2]. These openings can be drilled during the construction phase of the beam, tailored to the project,
or they can be drilled later if necessary. Because core drilling is often used, circular openings are
common [3].

Necessary precautions are taken for planned openings during the design phase. However,
openings drilled later disrupt the normal stress flow that would occur under load and cause cracks
to form at the edges of the opening [2]. These cracks, caused by stress concentrations at the edges of
the openings, reduce the stiffness of the element and, consequently, its load-carrying capacity [4-17].

Studies have indicated that the rate of change in the load-carrying capacity depends on the
location and size of the opening. In a study investigating the effects of openings drilled at different
locations [18], wider diagonal cracks formed when the opening was located in the shear span than
when the opening was located outside the shear span of the beam element. Another study [19]
indicated that having an opening in the middle of the beam did not significantly alter the behavior
of the element and that crack formation and failure mode varied depending on the opening location.
When the opening was located in the load flow path, the load-carrying capacity and ductility of the
beam decreased significantly compared with those in other situations [10]. Additionally, studies have
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shown that symmetrical openings yield more negative results than asymmetrical openings located in
the middle of the element [20,21].

Not only the location of the openings but also their size is an important factor influencing the
behavior. When different opening diameters and reinforcement ratios were used in two-opening
beams, the load-carrying capacity and toughness decreased as the opening diameter increased, but
the ductility change was not significant [22]. For elements with multiple circular openings, the
opening diameter was found to be more effective than the shear span length, and the opening size
had a dominant effect on the element's performance of the element [23]. In the study by Ali and Saeed
[24], increasing the opening size significantly reduced the shear strength of the element, resulting in
a decrease in performance.

Structures are designed to maintain their functionality over a long period, encompassing
decades [25,26]. Therefore, it is necessary to prevent deterioration that may arise from subsequent
interventions. Special strengthening applications are available to limit crack widths in the element
and prevent premature failure of its strength [27]. Among these applications, carbon fiber-reinforced
polymers (CFRPs) stand out because they are relatively easy to apply to beams with large openings
and are supported by studies showing that they improve element performance. In a series of
experiments using CFRPs, the stiffness capacity of beams with large circular and square openings
increased by 33% and 17%, respectively [17]. Wrapping the square opening with CFRP increased the
element's capacity by 54% [8], whereas applying the same application to a beam with a large circular
opening increased the ultimate load capacity by 15.32% [28]. Experimental studies have
demonstrated that CFRP laminates have positive effects on the initial crack load [29] and ultimate
load-carrying capacity [5,13], as well as the cracking pattern of the element.

However, these studies were conducted on deep beams with predesigned openings. These
openings were created either in areas without reinforcement or by configuring the upper and lower
stirrups in a closed configuration. In real life, however, not only the web reinforcement but also the
stirrups are cut to create openings, which unintentionally reduces the performance of the element.

Owing to various difficulties, conducting experiments is not always possible. Therefore, the use
of finite element programs is becoming increasingly common among researchers. In this study, the
ABAQUES finite element program was used to investigate the effects of cut circular symmetric web
openings on the structural performance of the deep beams. The numerical models were validated by
comparison them with the experimental results reported in the study by Jasim et al. [29]. Afterwards,
the effects of strengthening the elements with circular openings of different sizes using CFRP
laminates of varying thicknesses on the performance of the element were studied parametrically, and
the results are presented in this article.

2. Materials and Methods

In the present study, the beam arrangement evaluated by Jasim et al. [29] was used to investigate
the effect of the openings, which are created by cutting the element, on the performance of deep
beams (Figure 1). Three elements were selected from this study: one without an opening (DP-51), one
with a symmetrical square opening (200 x 200 mm) (DP-S1-C-O1-WS), and one strengthened with
CFRP around the opening (DP-51-C-O1-S). All three elements had a length of 1500 mm, a cross-
sectional area of 150 x 500 mm, and a shear span-to-depth ratio of 1.1. The general reinforcement
applied to all three elements is given in Figure 1, and the mechanical properties of the concrete and
steel used are listed in Table 1 and Table 2.
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Figure 1. Geometric and reinforcement details of beams without and with web openings.
Table 1. Mechanical properties of the reinforcements.
Reinforcement Measured Yield stress, Ultimate stress, Elongation
Diameter (mm) fy (MPa) fu (MPa) (%)

¢6 5.5 623.96 685.5 8.5

¢16 16 569.67 668.79 12.5
Table 2. Concrete properties.

Rupt Elasti i ¢
Compressive Tensile strength, Sl:f :Sre mo:ﬂl:s POIS:,OH S
' €ss, , ratio
t th, MP MP
strength, fo' (MPa) — f, (MPa) f, (MPa) E, (MPa) v
27 3.1 3.5 24667 0.2

The experimental elements were modeled and analyzed using the ABAQUS finite element
program. The results were compared with the experimental results to verify the validity of the model.
The consistency of the results made it possible to use the model in parametric studies. Studies on
deep beams with openings have shown that the most unfavorable results occur in elements with
symmetrical web openings [20,21], so a symmetrical opening was adopted in this study. To evaluate
the effect of the opening diameter on the performance of the element, diameters of 150 mm, 200 mm,
250 mm, and 300 mm were considered. The minimum diameter was chosen to the same as the element
width. By choosing the largest diameter as 300 mm, only the continuity of the top compression and
bottom tension reinforcement was ensured. Each element was then strengthened with 1.0 mm, 1.4
mm, and 1.8 mm thick CFRP laminates, and the analyses were repeated, and the results were
compared.

3. Numerical Model

3.1. Model Description

The experimental elements from the study of Jasim et al. [29] were modeled using full-size finite
element models (FEMs). The elements were modeled as simply supported beams with pin-roller supports
(Figure 2). The pin support point was fully constrained in the X, Y, and Z directions, whereas the roller
support section was modeled to be limited to translation only in the vertical direction. To prevent the
monotonic displacement protocol applied through static analysis from causing damage to the concrete at
both the loading and support points, 20 mm-high and 100 mm-wide steel plates were modeled. The plates,
modeled as discrete rigid plates, were connected to the concrete with tie connections.

Achieving realistic behavior in finite element method applications is closely related to the accurate
modeling of material behavior. To simulate elastic stiffness deterioration in concrete resulting from both
tensile and compressive plastic stresses, it is necessary to utilize structural models from the literature. The
widely used model among these models is the Damage Plasticity Model [30,31]. This model is used in the
ABAQUS finite element program under the name Concrete Damage Plasticity (CDP). The parameters
required for the CDP application in ABAQUS and their values used in the analyses are given in Table 3.
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Figure 2. Modeling of loading and boundary conditions.
Table 3. CDP parameters [29].
Elongation
Parameter
(%)
The dilation angle, ¥ 36°
The eccentricity of the plastic potential surface, e 0.1
The ratio of biaxial to the uniaxial compressive yield stress, f,o/f:o 0.16
The ratio of the second stress invariant on the tensile meridian to that on the 0.667
compressive meridian, k ’
The viscosity parameter, u 0.00001

The model developed by Saenz [32] was used to describe the compressive behavior of concrete.
The model proposed by Nayal and Rasheed [33] and subsequently developed by Wahalathantri et al.
[34] to prevent sudden deformation was used to describe the behavior of concrete in tension. This
model has been previously used in other studies and has been proven to be useful in accurately
predicting the behavior of the element [29,35,36]. The behavior of the steel reinforcement was
considered bilinear isotropic, as defined by Jasim et al. [29]. The values required for this description
are given in Table 1. Furthermore, the Poisson's ratio and modulus of elasticity were assumed to be
0.3 and 200 GPa, respectively. The concrete-reinforcement connection was achieved through an
embedment connection, assuming a perfect bond between the reinforcement and the concrete.

The CFRP material was modeled under the assumption of linear elastic isotropic behavior.
Because the material is essentially orthotropic due to its unidirectional nature, it stretches in the fiber
direction under load, and therefore the modulus in the fiber direction will determines the behavior.
From this perspective, it would be appropriate to use isotropic behavior as a proxy for the behavior
of a CFRP material under loading [37]. Here, the assumption is that brittle fracture will occur when
the material reaches its ultimate tensile strength [38]. Studies modeling the interaction between
CFRPs and concrete have shown that this approach yields highly effective results [37-39]. This
method was also adopted in the current study, and the CFRP laminates were connected to the
concrete using a tie connection to prevent shear damage.

A sensitivity study of the generated models demonstrated that a 25 mm mesh size was sufficient
to capture the load-displacement relationship. Although a 20 mm mesh size is generally adopted in
studies [3,29,40], studies by Gokul et al. [41] and Al-Thairy et al. [42] also showed that 20 mm and 25
mm mesh sizes do not significantly affect the load-displacement curve results. Considering the
analysis times when 20 mm and 25 mm mesh sizes are selected, the use of 25 mm mesh size was
adopted as sufficient in all the models.
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3.2. Model Verification

The load-displacement curves and crack formation patterns obtained from the finite element
analyses are compared with the experimental results in Figures 3 and 4. When the results were
evaluated in terms of load-displacement capacities and possible crack formation patterns, the utility
of FEMs in parametric studies was confirmed.
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Figure 3. Comparison of the experimental and numerical results.

In the experimental study, the stirrups around the openings of the elements with openings were
produced closed (DP-51-C-O1-WS and DP-51-C-O1-5). For this reason, all the stirrups were modeled
as closed during the modeling process of experimental elements. However, in the elements, there is
a cutting of the stirrups in the openings created later. Therefore, to see the effects of closed and open-
ended stirrups on the performance of the element, the DP-51-C-O1-WS element was remodeled and
analyzed with the stirrup ends open (Figure 5 and Figure 6).

The load-displacement relationships obtained from analyses for both open and closed forms of
the stirrups is shown in Figure 5. In the element with closed stirrups, the maximum displacement
and load values are 3.78 mm and 200.22 kN, respectively, whereas in the element with open stirrup
ends, these values are 3.59 mm and 177.09 kN, respectively. In this case, if the stirrups are cut, the
displacement value decreases by approximately 5%, whereas the load-carrying capacity decreases by
11.55%. Figure 6 shows the distribution of Von Mises stress and the formation of concrete tensile
damage (DAMAGET). In the DAMAGET model, the red areas indicate tensile damage. When the
stirrups are closed, the reinforcement stress is greater than when they are open-ended. In contrast, in
the element where the stirrup ends are open, more cracks form, especially above the spans, due to
the reduced contribution of the stirrups. Additionally, a slight reduction was observed in the red
areas of the crush zones located at the corners of the element when open-ended stirrups were used.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Experimental vs. numerical failure patterns: a) DP-S11, b) DP-S1-C-O1-WS, and c) DP-51-C-O1-S.
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Figure 5. Comparison of the numerical results: a) FEM of DP-51-C-O1-WS with closed-end stirrup; b) FEM of
DP-51-C-O1-WS with open-ended stirrup.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.2711.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 December 2025 d0i:10.20944/preprints202512.2711.v1

7 of 14

a)

S, Mises

(Avg: 75%)
+6.507e+02
+5.965e+02
+5.422e+02
+4.880e+02
+4.338e+02
+3.796e+02
+3.254e+02
+2.711e+02
+2.169e+02
+1.627e+02
+1.085e+02
+5.425e+01
+2.902e-02

b)

S, Mises

(Avg: 75%)
+6.436e+02
+5.900e+02
+5.364e+02
+4.827e+02
+4.291e+02
+3.755e+02
+3.219e+02
+2.683e+02
+2.147e+02
+1.611e+02
+1.07 5e+02
+5.386e+01
+2.448e-01

Figure 6. Comparison of the numerical failure patterns: a) FEM of DP-51-C-O1-WS with closed-end stirrup; b)
FEM of DP-51-C-O1-WS with open-ended stirrup.

4. Parametric Study

After validating the FEMs, a parametric study was conducted to investigate the effects of the
opening size and the strengthening of the elements with CFRP laminates of different thicknesses (1.0
mm, 1.4 mm, and 1.8 mm) on the behavior of deep beams with openings created by cutting the
reinforcements. Experimental studies have indicated that the most unfavorable results among holes
opened at different locations are caused by those in the shear path [10,18,19] and by symmetrically
placed openings [20,21]. For this reason, as shown in Figure 7, symmetrical openings with diameters
(D) of 150 mm, 200 mm, 250 mm, and 300 mm were created in both cut openings, and these elements
were then strengthened with CFRP laminates of different thicknesses. In this study, all the properties,
such as the material properties, reinforcement configuration, and dimensions, were kept the same as
those of the elements taken from the study by Jasim et al. [29]. Figure 8 shows the reinforcements that
need to be cut to create the openings. Excluding the DP-51, which was treated as a control element,
16 finite element models were created and cross-comparisons were made. The effects of the opening
size and CFRP thickness were evaluated in the comparisons. The elements used in the parametric
study are named to include the opening diameter and the CFRP thickness. For example, elements
with an opening diameter of 150 mm, unstrengthened and strengthened with 1.0 mm CFRP, are
named D150-0.0 and D150-1.0, respectively.
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Figure 7. Schematic of the locations and strengthening of web openings.
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Figure 8. Schematic showing the reinforcement bars that need to be cut to create the web openings.

5. Results and Discussions

For elements consisting of four series (D150 series, D200 series, D250 series, and D300 series),
the effect of the opening size was first evaluated by comparing the unstrengthened elements of each
series. The DAMAGET results for these four elements are given in Figure 9. In element D150-0.0, a
diagonal crack occurred, starting from the support point and extending toward the point where the
load was applied. It was observed that as the opening diameter increased, shear-compression damage
occurred at the chord near the loading point because of both the stirrup ratio and the decrease in the
concrete area. The FEM analysis of the test element DP-51 was used for control purposes and was
designated DP-S1_FEM. Figure 10 shows comparisons of the load-displacement curves between the
unstrengthened elements and DP-S1_FEM. In addition, the maximum damage load (Py), maximum
displacement (Ay), normalized load (Py), energy consumption capacity (EAC), and normalized
energy consumption (EACy) values used in the comparisons are given in Table 4. The normalized
load was calculated as the ratio of the maximum load of the elements to the maximum load obtained
from DP-S1_FEM. The energy consumption amount, an important parameter indicating the seismic
behavior of the element, was obtained by calculating the area under the load-displacement curve.
The normalized form of the energy consumption amount was calculated as the ratio of the energy
consumption amounts of the elements to the energy consumption amount of DP-51_FEM. As can be
seen in Figure 10, as the span ratio increases, both the maximum load capacity and the consumption
ratio decrease. As can be seen in Table 4, the maximum load capacity decreased by 23% for the 150
mm opening, 40% for the 200 mm opening, 46% for the 250 mm opening, and 56% for the 300 mm
opening. The energy consumption capacities decreased by 27%, 48%, 56%, and 87%, respectively.
These results indicate that the openings created in the shear span significantly reduce the
performance of the element.

The effects of CFRP laminates of different thicknesses on the load-displacement curves of the
elements are shown separately for each group in Figure 11. It was observed that the maximum load-
carrying capacity and displacement ratios increased in the strengthened elements. The values used
for comparisons are given in Table 4. For each series, the initial stiffness of the elements used in the
CFRP laminates slightly increased. A clearer comparison of the performance of the elements is shown
in Figure 12. In the normalized load vs. laminate thickness relationship given in Figure 12, it is
observed that the load capacity increases with increasing laminate thickness in all series. However,
this increase was not uniform across all the elements. For elements with 1.0 mm laminates, the
increase in the D150 series was 13%, whereas it was 15% for D200, 9% for D250, and 5% for D300.
When 1.4 mm and 1.8 mm laminates were used, these values were obtained in the same order as 17%
-36% - 15% - 9% and 21% - 53% - 24% - 18%, respectively. Even if the lamination thickness is increased

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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for large opening sizes, the load-carrying capacity of the element does not increase significantly.
However, when a 1.8 mm thick laminate is used, the maximum load-carrying capacities of the 150
mm and 200 mm diameter openings are nearly equal. The same graph shows that the maximum load-
carrying capacities of all the elements are below the boundary line formed by the DP-S1_FEM
element, which is considered the control element.

The normalized energy consumption versus laminate thickness curves in Figure 12 indicate that
the amount of energy consumption increases as the opening diameter decreases and the laminate
thickness increases. The increase in energy consumption is expected to be due to the increased load-
carrying capacity and displacement values resulting from the contribution of laminates. Among the
elements used 1.0 mm laminate, the increase in the D150 series was 4%, while it was 27% for D200,
11% for D250, and 123% for D300. When using 1.4 mm and 1.8 mm laminates, these values were
obtained in the same order as 14% - 35% - 25% - 161% and 21% - 70% - 41% - 223%. The element
rigidity is expected to decrease as the opening diameter increases. However, at a 300 mm opening,
unlike the other elements, all the longitudinal reinforcements except for the bottom tensile and top
compressive reinforcements were cut (Figure 8). Since the chords remaining at the top and bottom of
the opening are transformed into a single-reinforced section, these areas are more prone to
compression failure compared to other elements. Therefore, it is likely that the laminated effect will
be more pronounced. The 1.8 mm laminates also caused the energy consumption of the D150 and
D200 elements to be quite close. As with the maximum load-carrying capacity, the energy
consumption capacities of the elements with web openings were below that of the control element.

Table 4. Results of the parametric study.

Specimen Py (kN) Ay (mm) Py (kN) EAC () EACy
DP-S1-FEM 525 8.50 1.00 3610.82 1.00
D150-0.0 405 7.00 0.77 2634.78 0.73
D150-1.0 460 8.27 0.87 2757.76 0.76
D150-1.4 470 8.40 0.90 2981.59 0.83
D150-1.8 488 8.45 0.93 3161.05 0.88
D200-0.0 317 4.21 0.60 1895.68 0.52
D200-1.0 365 8.20 0.69 2389.08 0.66
D200-1.4 430 8.35 0.82 2857.94 0.79
D200-1.8 485 8.42 0.92 3225.58 0.89
D250-0.0 285 3.67 0.54 1573.67 0.44
D250-1.0 310 7.29 0.59 1763.22 0.49
D250-1.4 325 7.44 0.62 2001.79 0.55
D250-1.8 351 7.49 0.67 2255.66 0.62
D300-0.0 230 2.96 0.44 464.74 0.13
D300-1.0 240 5.65 0.46 1053.21 0.29
D300-1.4 252 6.00 0.48 1226.25 0.34
D300-1.8 275 6.60 0.52 1530.71 0.42
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Figure 9. Damage patterns for unstrengthened FEMs.
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Figure 10. Comparison of load-displacement curves for unstrengthened elements: a) DP-S_FEM, b) D150-0.0, c)
D200-0.0, d) D250-0.0, e) D300-0.0.

6. Conclusions

This study investigated the effects of cut circular web openings in the shear span on the behavior
of deep beams. In a parametric study conducted using the finite element method, the effects of the
opening diameter and CFRP laminate thickness were investigated. On the basis of the findings of the

study, the following conclusions can be drawn:

e Theresults have shown that the use of finite element models is suitable for analyzing deep beams.

When the analysis results are compared with the experimental results, it is evident that finite

element models can predict not only the load-displacement relationships but also crack formation
and failure modes with high accuracy.
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e The capacity of deep beams manufactured with stirrups closed in the top and bottom chords is
not the same as that of beams with openings created later by cutting the stirrups. The load-
carrying capacity of the element with cut stirrups was found to be 11.5% lower than that of the
beam with the planned opening. The maximum displacement is also 5% lower.

¢ While shear damage was expected in the beams, shear-compression damage also occurred due
to the increase in the opening diameter.

e The capacities of the unstrengthened elements decreased significantly. The load-carrying
capacity of the element with a 150 mm opening decreased by 23%, that with a 200 mm opening
decteased by 40%, that with a 250 mm opening decreased by 46%, and that with a 300 mm
opening decreased by 56%. Energy consumption has also decreased because the load-carrying
capacity and displacement amount have decreased with increasing opening diameter. The
energy consumption rates of the unstrengthened elements with openings decreased by 27%, 48%,
56%, and 87%, respectively.

e Although the use of CFRP laminates increased the capacity of the elements, the capacity of the
elements with openings remained below that of the elements without openings.

e Even when a high-thickness CFRP laminate is used for strengthening, the load-carrying and
energy consumption capacities of elements with an opening diameter greater than half the
element height can reach only half the capacity of the element without an opening.

e For openings to be created later in the shear spans of deep beams, the maximum diameter should
be less than half of the height of the beam and appropriately strengthened.

e In deep beams with closely spaced reinforcement, where the diameters of the cut circular
symmetrical openings in the shear spans are larger than the transverse reinforcement spacing, it
should be assumed that the capacity of the beam will be lower than the initial state even if CFRP
strengthening is applied.
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Figure 11. Influence of the CFRP thickness on the load-displacement relationship.
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Figure 12. Influence of the CFRP thickness and web opening diameter on the load-carrying capacity and energy

consumption capacity.
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