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Effect of tightening zone length of reinforced concrete beams on beam capacity

This study investigated seismic analysis of the behavior of reinforced concrete beams
with various shear spans, stirrup shapes, and tightening zone lengths using the Seismo-
struct 2020 program. The load—displacement relations of 24 reinforced concrete beams

Assist.Prof. Sinan Cansiz, PhD. CE with different conditions were modeled analytically. The analytical model used in the
Istanbul Arel University, Istanbul, Turkey study was validated by comparing it with the experimental data from the literature. It
Faculty of Engineering was found that increasing the length of the tightening zone, particularly in beams with
Department of Civil Engineering a high shear span, is essential for earthquake safety. In addition, the backbone curve of
sinancansiz@arel.edu.tr each beam was extracted, and comparison graphs were analyzed. The results obtained
Corresponding author demonstrated that the length of the tightening zone limits the effect of stirrup shape

and diameter on beam behavior.
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Prethodno priopcenje
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Utjecaj duljine kriticnog podrucja na nosivost armiranobetonskih greda

U ovom istrazivanju provedena je seizmicka analiza ponasanja armiranobetonskih greda
s razli¢itim posmicnim rasponima, oblicima spona i duljinama kriti¢nog podrucja pomocu
programa SeismoStruct 2020. Odnosi izmedu opterecenja i pomaka 24 armiranobetonske
grede u razli¢itim uvjetima analiticki su modelirani. Analiticki model koriSten u istrazivanju
potvrden je usporedbom s eksperimentalnim podacima iz literature. Utvrdeno je da je
povecanje kriticnog podrucja, posebice kod greda s velikim posmicnim rasponom, vazno
za protupotresnu sigurnost. Nadalje, izdvojena je krivulja kapaciteta nosivosti svake grede
i analizirani su usporedni grafikoni. Dobiveni rezultati pokazali su da duljina kriticnog
podrucja ogranicava ucinak oblika i promjera spona na ponasanje grede.

Kljucne rijeci:

armiranobetonska greda, kriti€no podrucje, oblik spona, seizmicka analiza
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1. Introduction

Currently, reinforced concrete (RC) structures are the most
widely employed structural system. After every earthquake
occurrence, new design strategies for RC structures have been
implemented. Especially, since the 1995 Kobe earthquake,
there have been significant modifications to the design of
RC structures. After earthquakes, structures designed with
force-based approaches become unusable. As a result, new
approaches need to be developed. These new design principles,
emerging from strain-based approaches, dictates that RC
elements be created with a particular performance objective
[1-4].

Beams are a fundamental element of the reinforced concrete
structural system and thus have been investigated by
numerous researchers considering new design approaches. The
experimental studies are limited in terms of cost and time. In
some of these studies, the shear capacity of reinforced concrete
beams was analyzed, and models based on shear span were
developed. Many researchers have conducted studies on the
shear span, the most important parameter that determines
the fracture shape of beams, and as a result, seismic code
recommendations have been made [5, 61.

Stirrups are the most important factor in determining the shear
resistance of beams. Numerous researchers investigating the
effect of stirrups on behavior have proposed various seismic
code moadifications [7-11]. Lateral reinforcement layouts for
reinforced concrete elements are defined in seismic codes
widely used worldwide. Stirrups are tightened to reduce damage
in plastic hinge areas where intense damage is expected during
earthquake loads. All seismic codes recommend taking various
precautions in the plastic hinge areas where intense damage to
beams is observed under earthquake loads. As the length of the
plastic hinge region is typically expressed in terms of the section
height, researchers have explained this value in terms of various
parameters. Recent studies have revealed that the shear span
influences the length of the plastic hinge [12, 13]. As seismic
codes limit the plastic hinge region from exceeding two times
the section height, the length of the stirrup tightening region
is maintained at two times the section height. Considering the
improvement in concrete quality and the advantages of concrete
additives, many structures employ beams with extensive spans.
In addition, the preference for short spans in conventional
reinforced concrete structures has necessitated a re-evaluation
of high-span beams.

In recent years, computer programs [14-16] have enabled the
analytical modeling of numerous experimental sets with various
parameters. In some studies, analytical models of experimental
sets are created, and the results are compared. According to the
results of the analysis, analytical models accurately predicted
the experimental outcomes. Thus, investigating the effect of
stirrup tightening zone lengths on reinforced concrete beams
with varying shear spans using analytical models and validating
them with experimental models will significantly contribute to

the literature. In this study, the seismic analysis of beams with
different shear spans, stirrup conditions, and tightening zone
lengths has been performed using the Seismo-Struct 2020
program. This study investigates the effect of the tightening
zone length on the behavior of reinforced concrete beams and
determines the optimal length of the tightening zone.

2. Materials and methods

Figure 1 depicts the stirrup tightening zone (hugging zone) in
reinforced concrete beams, according to EUROCODE [17].
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Figure 1. Transverse reinforcement in critical regions of beams for
EUROCODE

From Fig. 1, the critical region is defined as /, equal to 2h.
Similarly, the Turkey earthquake building code (TBEC-2018)
accepts 2h as the length of the critical section [18].

This study analyzed 24 reinforced concrete beams with various
shear spans and stirrup conditions analytically, with load—
displacement relations extracted using the Seismo-Struct
program. The performance of RC beams using the material
strain values in TBEC-2018 are determined. Panagiotakos and
Fardis [19] proposed formulations for chord rotation capacity
at yielding and “ultimate” (at 20% strength drop) strengths. The
“ultimate” strength value was determined through an empirical
and a semi-empirical (i.e., based on the plastic hinge length)
approach derived from a large database of flexure-controlled
experimental tests for RC elements.

According to TBEC-2018, the performance levels are calculated
using material strain values. These calculations are depicted in
equations (1)—(3).

£ =0.0035+0.07,/w,, <0.01 ()
£ =0.04¢,, (2)
gloP) _ 2 L1 05L” 4.5¢,d

b —5 (¢u_¢y) pl 'Y I: +4.5¢,d, (3)

where ¢ is the shortening in the outermost concrete
compression fiber, o _is the mechanical index of the lateral
reinforcement, ¢_is the unit elongation of the longitudinal
reinforcement, ¢_ is the unit elongation at the moment of

858

GRADEVINAR 74 (2022) 10, 857-868



Effect of tightening zone length of reinforced concrete beams on beam capacity

maximum stress of the longitudinal reinforcement, ep is the
plastic rotation of the element, ¢, is the maximum curvature of
the section, ¢v is the yielding curvature of the section, Lp is the
plastic joint length, L_is the shear span, and d, is the longitudinal
reinforcement diameter.

EUROCODE-8 contains asection forassessing reinforced concrete
beams, where it recommends estimating chord rotations using
the given formulation in the code. This formulation is dependent
on several variables, including the axial load ratio, longitudinal
reinforcement ratio, transverse reinforcement ratio, and yield
strength of the transverse reinforcement, as shown in Eq. (4).

fy

N \0225 035 [, fw
g,, = —-0.016x0.3°| MaX(0.0MW) . min(Q;L—”j 25[ il ](1.25“’0/’“) (&)
Vel max(0.01w) h

where v, is the seismic element coefficient (equal to primary
elementis 1.5andsecondary elementis 1), 3isthe dimensionless
axial load levels (N/A f), his the height of the section, w is the
mechanical reinforcement ratio for compression and tension, [,
is the shear span, f. is the concrete strength, fywis the transverse
steel yield strength, p_ is the ratio of transverse steel to parallel
to the direction x of loading, « is the confinement effectiveness
factor, and p, is the steel ratio of diagonal reinforcement.

FEMA 356, the American code for the seismic rehabilitation of
buildings, expresses the displacement limits of RC beams in
the form of plastic rotations [20]. The following equations were
used to estimate the plastic capacity for the limit state that
prevents collapse.

PP oV _<3,0,-0025 (5)
Pral, b,dyft,
PP v

<0 <60, =0.020 (6)
Pral. b,d\f,
PP v

<05 <356, =0.020 (7)
pbal. bwd\/E
p=p v

<05 <6-6,=0.015 (8)

Poal b,d\f,
3. Confirmation of the analytical model

The Seismo-Struct 2020 program was utilized to investigate
the analytical results of RC beams [21]. The accepted material
models for TBEC-2018 were selected and modeled in the
program. In addition, the results of the experiments used in
the literature are compared with the program’s outputs to
ensure that they are accurate. Two beam samples tested in the
literature are modeled in the Seismo-Struct 2020 program. The
comparison of the experimental data with the analytical data is
shown in Figures 2 and 3.

When the correct material models were selected, the analytical
results obtained were closest to the experimental data. Examining
Figures 2 and 3 reveals that the analytical models closely predict
the behavior of the experimental models. In the same model,
modifying the length of the tightening zone and the shear span
was also considered to achieve more uniform results.
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Figure 2. Comparison of experimental and Seismo-struct model data
for K3.6YP1 specimen
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Figure 3. Comparison of experimental and Seismo-struct model data
for K6.0YP1 specimen

3.1. Beam properties

The properties of the 24 RC beams examined in this article are
presented in Table 1. From Table 1, a/dis the shear span to depth
ratio and ¢_ is the diameter of the stirrup. Within the scope of
this study, the same reinforcement configuration was utilized for
all models. For the longitudinal reinforcements, 4¢16 is selected
for both the upper and lower reinforcements. For the transverse
reinforcements, 75 mm stirrup spacing in the tightening zone and
150 mm stirrup spacing in the beam spans were selected. The
beam tightening zone lengths to be examined within the scope of
the study are h-2h-3h. Figure 4 depicts the cross-section of the
beams modeled in the Seismo-Struct 2020 program, along with
the schematic loading pattern and cross-section.
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Table 1. Properties of the beams

Beam a/d 0, S Tightening zone Shape of stirrup
B-4-8-2-1H 4 8 ?#8/7.5/15 h 2
B-4-8-2-2H 4 8 (#8/7.5/15 2h 2
B-4-8-2-3H 4 8 ?#8/7.5/15 3h 2
B-4-8-3-1H 4 8 ?#8/7.5/15 h 3
B-4-8-3-2H 4 8 ?#8/7.5/15 2h 3
B-4-8-3-3H 4 8 ?#8/7.5/15 3h 3
B-4-10-2-1H 4 10 ?10/7.5/15 h 2
B-4-10-2-2H 4 10 ?10/7.5/15 2h 2
B-4-10-2-3H 4 10 ?10/7.5/15 3h 2
B-4-10-3-1H 4 10 ?10/7.5/15 h 3
B-4-10-3-2H 4 10 ?10/7.5/15 2h 3
B-4-10-3-3H 4 10 ?10/7.5/15 3h 3
B-8-8-2-1H 8 8 ?#8/7.5/15 h 2
B-8-8-2-2H 8 8 ?#8/7.5/15 2h 2
B-8-8-2-3H 8 8 ?#8/7.5/15 3h 2
B-8-8-3-1H 8 8 ?#8/7.5/15 h 3
B-8-8-3-2H 8 8 ?#8/7.5/15 2h 3
B-8-8-3-3H 8 8 ?#8/7.5/15 3h 3
B-8-10-2-1H 8 10 ?10/7.5/15 h 2
B-8-10-2-2H 8 10 ?10/7.5/15 2h 2
B-8-10-2-3H 8 10 ?10/7.5/15 3h 2
B-8-10-3-1H 8 10 ?10/7.5/15 h 3
B-8-10-3-2H 8 10 ?10/7.5/15 2h 3
B-8-10-3-3H 8 10 ?10/7.5/15 3h 3

Loading
Tightening direction
zone - -
| | 4316 416
£ d
h E d
‘ 416 4016
| 25mm | T
@8/75 >< $8/15 > I ‘ :
h-2h_3h a : S?::gpn::f ShaEe of
Shematic loading pattern stirrup -2 stirrup -3
Figure 4. Schematic loading layout and section of the beams
3.2. Loading profile In this context, the analytically defined loading profile is shown
in Figure 5.

All examined beams utilized an identical loading profile. Similar ~ Kunnath et al examined the effect of loading profiles on the
to the previous study by Lehmann and Moehle [23], increasing behavior of the reinforced concrete element [24]. They determined
the amplitude of cyclic loading was applied from the beam end. that the increasing cyclic loading more accurately reflects the
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damage status of the RC element. In addition, when a large
amount of experimental data from the literature were analyzed, it
was discovered that increasing cyclic loads were utilized.

-
o

Displacement ductility [p]
o O & N O N B O @©

4
o

10 20 30 40 50 60

o

Number of loading

Figure 5. Schematic loading profile

While calculating the loading profile, a multiple of the vyield
displacement determined under monotonic loading was
used. The displacement value, applied as half of the yield
displacement before yielding, was applied once. It is defined as
triple repetitive and increasing ductility multiples (1p-1.5p-2p-
3p-4p...) together with the yield displacement value.

3.3. Modeling in Seismo-Struct

The selection of material models is one of the key parameters
affecting the behavior of the RC beam. The Managetto—Pinto
model was used to describe the behavior of the reinforcement
[25]. For the behavior of concrete, the model representing the
nonlinear behavior defined by Mander et al was used [26].
Images of the models defined in the program are shown in
Figure 6.

In the validation models produced for comparison with the
experimental results, the A1 parameter was set to 19.55. The

450
400
350
300
250
200
150
100

50

-50
-100
-150
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-300
-350
-400
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-0.008 -0.006 -0.004 -0.002 0 0002 0.004
Strain [-]

0.006 0.008

Figure 6a. Managetto-Pinto steel model

Stress [MPa]

-0.008 -0.007 -0.006 -0.005 -0.004 -0.003 -0.002 -0.001 0 0001
Strain [-]

Figure 6b. Mander et al. concrete model

same value was used in all beam models to reduce the strength
of the Managetto-Pinto model close to the real behavior. The
tightening zone and the beam span region, which influence the
beam behavior, are defined as separate sections and is designed
with 75 mm spacing between the stirrups in the tightening zone
and 150 mm spacing between the stirrups in the beam span. As
these two beam regions are defined as two different sections in
the program, the verification beams also consider these design
factors. Keeping the stirrup spacing constant was shown to
reflect the behavior correctly. Thus, the analytical model reflects
the effect of the tightening zone as reflected by two different
models. The view of the beam modeled in the program is shown
in Figure 7.

Support zone |Tightening zone

Beam span

uoiyda.ip Suipeoq

Figure 7. Screenshot of the model made in the Seismo-struct 2020
program

4, Analytical results

Figure 8 depicts the analytical results of a seismic analysis
conducted under increased amplitude cyclic loading simulated
from earthquake loads. Considering the load—displacement
curves of the beams, the performance levels calculated
according to TBEC-2018, FEMA356, and EUROCODE were
calculated with the aid of 1-8 relations and marked. In addition,
the displacement demand corresponding to a 20% reduction in
lateral load carrying capacity is plotted on the curve for control
purposes.
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Figure 8. Load-displacement relationships of the beams
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Figure 8. Load-displacement relationships of the beams - continuation 2
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Examining the results reveals that FEMA356 yields the most
conservative results. Previous studies have determined that
TBEC-2018 provides more conservative results in columns
[27]. In contrast, TBEC-2018 stands out as the seismic code
with the highest beam capacity estimation.

4.1. Backbone curves

Using the backbone curve, the available ductility of the
beam considering its post-failure response to cyclic

a)

Test force

/— Backbone curve

| Test deformation

loads can be evaluated more precisely. In this study, the
backbone curves were obtained according to the FEMA356
code.

Figure 9 depicts the schematic backbone curve and
sample beams backbone curve. The backbone curves
have been combined on the same graphs to compare the
results of all beams examined within the scope of the
study.

The combined backbone curves prepared in this context are
shown in Figure 10.

Figure 9. a) Typical cyclic curve and its corresponding backbone curve; b) backbone curve of B-4-8-2-1H
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Figure 10. Backbone curves of the beams
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Figure 10. Backbone curves of the beams - continuation
5. Proposed model for tightening zone length

Analytical models have revealed a correlation between the
length of the tightening zone and the shear span ratio. In this
context, the length of the tightening zone should be expressed
as a function of the shear span ratio. The proposed formula is
shown in Equation 9.
L, =1,7+0,16 (a/d) (9)
where /_is the beam tightening zone length. Five analytical
models with varying shear spans were developed to verify the
proposed equation. The properties of confirmation beams with
varying shear spans are shown in Table 2.

The analytical results of the confirmation models are shown in
Figure 11.
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Figure 11. Load-displacement relationships of the confirmation beams
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Based on the results, the length of the tightening zone

calculated according to the proposed equation yields results
consistent with all seismic codes. In addition, the displacement
capacities calculated according to all seismic codes for the
proposed tightening zone length remained within the safe zone.

Table 2. Properties of confirmation beams with different shear spans

Beam a/d o8 s Tightening Shépe of
zone stirrup
B-2 2 8 ?#8/7.5/15 2.00h 2
B-4 4 8 ?8/7.5/15 2.35h 2
B-6 6 8 ?8/7.5/15 2.65h 2
B-8 8 8 ?8/7.5/15 295h 2
B-10 10 8 ?#8/7.5/15 3.30h 2
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Figure 11. Load-displacement relationships of the confirmation beams - continuation

6.

Conclusion

This study investigated the effect of the length of the tightening
zone on the beam capacity. The results of the study are listed
as follows:

As the length of the tightening zone increases (especially
3h), the displacement capacity also increases. However, the
increase in lateral load capacity is more limited.

Considering the lateral load and displacement capacity, the
influence of the diameter and shape of the stirrup is minimal.
As the length of the tightening zone increases for beams with
a 10 mm stirrup diameter, the lateral load capacity increases
significantly. Therefore, the increase in stirrup diameter and
length of the tightening zone contributes significantly to the
beam capacity.
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