Pamukkale Univ Muh Bilim Derg, 24(3), 384-389, 2018

Pamukkale Universitesi Miihendislik Bilimleri Dergisi

Pamukkale University Journal of Engineering Sciences

Numerical modeling of rebar buckling in reinforced concrete members
using truss analogy

Betonarme elemanlarda donati burkulmasinin kafes Kkiris analojisi ile
sayisal modellenmesi

Sadik Can GIRGIN*

1ingaat Mithendisligi Boliimii, Miihendislik Fakiiltesi, Dokuz Eyliil Universitesi, Izmir, Tiirkiye.
sadik.girgin@deu.edu.tr

Gelis Tarihi/Received: 09.11.2016, Kabul Tarihi/Accepted: 06.05.2017

* Yazisilan yazar/Corresponding author

doi: 10.5505/pajes.2017.13549
Arastirma Makalesi/Research Article

Abstract

Reinforced concrete (RC) structures in earthquake prone regions are
designed to achieve the seismic performance objectives. In end regions
of RC members, longitudinal reinforcing bars may develop buckling due
to high compressive strains under reversed cyclic loadings. The
performance based assessment for RC structures should rely on
analytical models which can account for the effect of rebar buckling on
the nonlinear response. This study extends a previously proposed
nonlinear truss modeling approach for modeling RC elements whose
response is affected by rebar buckling. Nonlinear truss model includes
diagonal truss elements accounting for biaxial effects in compression
and tension stiffening for concrete elements in the horizontal and
vertical directions. The truss elements representing reinforcing steel are
provided with a uniaxial material model which can explicitly account
for inelastic buckling and fracture of rebars. The modeling approach is
validated with experimental test results on one RC beam considering
mesh size effects on the response. Numerical model computed strength
degradation in moment-drift ratio response of the beam in accordance
with the experimental results.

Keywords: Nonlinear truss model, Rebar buckling, Reinforced
concrete

Oz

Deprem kusaginda yer alan bélgelerdeki betonarme yapilar, sismik
performans hedeflerini saglamak lizere tasarlanir. Betonarme
elemanlarin ug¢ bolgelerinde, boyuna donatilarda burkulmaya bagh
yanal sekil degistirmeler gelisebilir. Betonarme yapilarin performansa
dayali degerlendirilmesi dogrusal olmayan davranis tlizerinde donati
burkulma etkilerini hesaba katan analitik modellere dayali olmalidir.
Bu ¢alismada, literatiirde yer alan dogrusal olmayan kafes modelleme
yaklasimi donati burkulmasindan etkilenen betonarme elemanlar igin
genisletilmistir. Dogrusal olmayan kafes kiris modeli basing etkisi
altinda diyagonal elemanlarda cift eksenli etkileri, yatay ve diisey beton
elemanlarda ise ¢ekme gliclenmesini dikkate almaktadir. Donatilari
temsil eden kafes elemanlar, elastik olmayan burkulma ve kopmay! actk
sekilde hesaba katan tek eksenli bir malzeme modeli ile tanimlanmigtir.
Sunulan ¢alismada, modelleme yaklasimi bir betonarme Kkiris testi
sonuclari ile dogrulanmis ve sonlu eleman boyut degisiminin modeldeki
etkileri aragtirilmistir.  Sayisal model moment-ételenme orani
iliskisindeki dayanim azalmasini deney sonuclariyla uyumlu olarak
hesaplamigtir.

Anahtar  Kelimeler:  Dogrusal
Donati burkulmasi, Betonarme

olmayan kafes model,

1 Introduction

Modern reinforced concrete (RC) frames are designed to
develop inelastic flexural deformations in their end regions.
During earthquakes, longitudinal reinforcing bars of frame
members have a tendency for buckling resulting from high
compressive strains. Reinforcing bar buckling may occur due to
the interaction between rebars and concrete in that cover
concrete provides initial restraint till crushing while core
concrete exerts outward pressure on rebars [1]. Experimental
studies revealed that compressive behavior of reinforcing bars
are mainly affected by buckling length [2]-[4]. The occurrence
of longitudinal bar buckling in inelastic regions can crucially
affect the ductility of RC members.

Analytical prediction of ductility of RC elements can be
overestimated if buckling of rebars is not accounted for in the
numerical models. Numerical simulation modeling approaches
for RC structures can be categorized as concentrated plasticity,
distributed plasticity, finite element and truss-based models.

Zong et al. [5] conducted 3-D finite element simulations for
circular RC columns and developed beam-on-springs model by
isolating reinforcing bars. Massone and Lopez [6] proposed a
concentrated plasticity model with four plastic hinges
accounting for initial imperfections. A hybrid finite element

model consisting distributed plasticity and finite element
models predict reinforcement buckling was proposed by Feng
et al. [7]. Kashani et al. [8] studied modeling rebar buckling in
RC columns using nonlinear fiber-based elements and
concluded that material models are needed considering
inelastic buckling and fracture of rebars. Recently, a uniaxial
material model has been developed by Kim and Koutromanos
[9] capable of representing rebar buckling and fracture
enhancing the material model proposed by Dodd and Restrepo-
Posada [10].

Truss-based models have been studied for design and analysis
of RC members subjected to shear, flexure and axial forces
[11]-[13]. Panagiotou et al. [14] presented a nonlinear cyclic
truss modeling approach for RC walls including flexure-shear
interaction with mesh size effects and biaxial effects for
diagonal elements in compression. The model with finer mesh
computed smaller peak applied force [14]. Lu and Panagiotou
[15] developed a nonlinear beam-truss modeling approach for
modeling RC walls. Moharrami et al. [16] enhanced the truss
model for analysis of shear-critical RC columns including the
contribution of aggregate interlock effects. Lu et al. [17]
presented a 3-D truss model for structures including walls and
slabs with mesh refinement in the bottom story.
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This study extends truss-based modeling approaches for
modeling RC members with significant reinforcing bar
buckling. Reinforcing bars susceptible to buckling are modeled
explicitly with a uniaxial material model proposed by Kim and
Koutromanos accounting for inelastic buckling and fracture [9].
Moreover, the model considers strain penetration effects
resulted by longitudinal reinforcement slip from anchorage of
beam to foundation. Experimental cyclic response of one RC
beam with significant buckling of reinforcing bars is studied by
using truss-based model with mesh size effects on the response.

2 Nonlinear truss modeling approach

Truss modeling approach provides an effective tool for
analyzing stress flow in reinforced concrete members. A truss
model is idealized by using principal stress trajectories
obtained from linear analysis [1]. Nonlinear truss model is
established by assignment of location of horizontal elements
including longitudinal rebars for beams and diagonal element
angles [16]. Truss model herein uses elements in the horizontal,
vertical and diagonal directions representing steel
reinforcement and concrete areas. Nonlinear concrete trusses
for diagonal elements account for biaxial effects on the
compression behavior while tension stiffening effects are
considered in the vertical and horizontal directions. A
cantilever beam, geometry and structural idealization by using
truss model is shown in Figure 1. Figure 1(b) shows the truss
model where H,, is the distance between top and bottom
longitudinal rebars, L is shear span and s is stirrup spacing.
Anchorage deformations are accounted for using additional
truss elements within the length (L,,) in the truss model. L, is
calculated as,
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Figure 1: (a): Details of a cantilever beam, (b): Nonlinear truss
model.

Where s, is total slip at the yield, d, is rebar diameter, f, yield
strength of rebar, f,’ is compressive strength and « is parameter
for local bond-slip [18]. Concrete truss elements have zero-

tensile strength within the region with larger areas than the
horizontal elements to account for stiffness of reaction block.

Vertical and horizontal truss elements were placed and their
effective areas are depicted in Figure 2(a-c) where s and h are
spacing between vertical and horizontal elements, respectively.
Figure 2(d) shows the diagonal cross-section and the area of
diagonal elements is the product of beam width (B) and
effective width (b./).
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(c): Horizontal steel truss elements, (d): Diagonal truss
elements.

Figure 2: Concrete and steel truss section effective areas for
truss model [19].

3 Material models

3.1 Reinforcing steel material model

Kim and Koutromanos [9] enhanced the material model
proposed by Dodd and Restrepo-Posada [10] by adding a
noniterative stress update procedure. Unlike the existing
material model using nonlinear functions, proposed material
model uses NURBS (nonuniform rational b-splines) curves
between the points on the reversal branches.

The enhanced material model considers the effect of
reinforcing bar buckling and fracture. A dimensionless
slenderness ratio (L,/D) is assigned in a derived equation for
stresses of a beam with rotational restraints where L,is
buckling length and D is rebar diameter [9]. Buckling length
(Ly) and buckling mode (n) of longitudinal rebars are
calculated based on the procedure by Dhakal and Maekawa
[20]. After onset of buckling, a coefficient accounting for
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reduction in bar resistance based on buckling was introduced
in the enhanced material model in the core hysteretic law to
multiply the stresses [9]. Monotonic stress-strain relationship
of the material model is given in Figure 3 in the engineering
stress-strain space, where f,, &,; fsh1, €11 and f,, &, are yield,
intermediate and ultimate stresses and strains, respectively.

) ——
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y €sh €sh1 &y

Figure 3: Monotonic stress-strain relationship of steel model
[91.
3.2 Concrete material model

The stress-strain law for concrete proposed by Lu and
Panagiotou [12] which is schematically presented in Figure 4
where f." is the compressive strength at £,=0.2% strain for
unconfined concrete. The initial concrete modulus is
E .= 5000@ (MPa). Ultimate strain (g,) of concrete is
adjusted by accounting for the mesh-size effects due to the
procedure outlined by Lu and Panagiotou [15].
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Figure 4: Stress-strain law for concrete material model [9].

For horizontal and vertical concrete truss elements, tensile
strength is f; = 0.33\/E (MPa) with a softening portion in
accordance with tension stiffening based on Eq. (3) by Stevens
etal. [21]:

f=fe [(1 = M)e~HEE) 1 ] 3)
p

M=Cog “

ae=220 5

t — \/M ( )

Where p, is steel ratio in the horizontal and vertical truss
elements, M is tension stiffening parameter, d, is rebar
diameter and C,= 75 mm.

The concrete material model for the diagonal elements
considers for the reduction of compressive strength due to
transverse strains described by Vecchio and Collins [22].
Compressive stresses are multiplied by a reduction coefficient
(B) at each analysis step based on calculated transverse strains

using fictitious strain gauge elements. Figure 5 shows the
relation between stress reduction factor, , and normal
strain, ¢,. The values of 8, = 0.3 and S,.s = 0.1 are considered
for analyses.
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Figure 5: Relation between reduction factor and normal strain

[9].
4 Buckling length of reinforcing bars

Reinforcing bars idealized as fixed ends between subsequent
stirrups are considered to have local buckling mode. However,
buckling length can span within a few times stirrup spacing as
a result of global buckling. Dhakal and Maekawa [20] proposed
the determination of buckling length of longitudinal rebars for
RC rectangular sections based on energy method.
Determination of buckling mode and buckling length of
reinforcing bars are summarized in Figure 6.

Calculate actual tie stiffness (k)

¢ = Ehen

71, ny

E.: elastic modulus of transverse rebar
A area of transverse rebar
le: leg-length of transverse rebar
n;: number of tie legs in buckling direction
np: number of longitudinal rebars in buckling

direction

Buckling mode (n=1) |

1

Calculate required stiffness (k,)
m*El
ky = keq s3

kq: equivalentrequired stiffness-
(dimensionless parameter)

El: flexural rigidity of rebar

s: transverse rebar spacing

!
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—
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Figure 6: Determination of buckling mode and buckling length
for longitudinal rebars [adapted from 20].
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5 Case Study

5.1 Nonlinear truss model

Nonlinear truss modeling approach is verified by experimental
test results of one RC beam tested by Visnjic et al. [23]. Visnjic
et al. studied [23] experimental cyclic behavior of two large RC
beams, namely Beam#1 and Beam#2 with various hoop
spacing subjected to vertical tip displacements. Section
reinforcing details of Beam #2 with reduced hoop spacing is
shown in Figure 7. The beam had longitudinal reinforcing bars
with a longitudinal steel ratio p;, = 0.56% at the top and bottom
of the beam. The volumetric confinement reinforcement ratio
was p; = 0.51% for Beam#2. Concrete and reinforcing steel
stress (MPa) and strain material test results are given in Table
1.

Table 1. Material properties of Beam#2 specimen.

Concrete Reinforcing Steel
fe & fe fy fu &y Esh &y
#5 455 706 0.23% - 17%
0,
42 03% 214 #11 503 685 03% 11% 23%

]

~H

457,
1448 3810

dimensions in mm

5 #11 (Top and Bottom)

-
#4:12 mm ( 8 }
#5:15.875 mm 1 ’
#11:35.81mm #5@ 152 1219
- 5ee |
#4

z

'1- )

5y

Figure 7: Geometry and reinforcing details of Beam#2
specimen [23].

The drift ratio 8 is defined as A/L, where A is the vertical
displacement and L is the shear span between the support and
the applied load. During the test, damages due to flexural
deformations including buckling of rebars were observed. For
Beam#2, the initiation and increase of buckling were reported
at 8 = 2.9% and 3.9% drift ratios, respectively. Following that,
excessive buckling of the bottom rebar was observed during the
cycle at 8 = 5.4%.

Nonlinear truss models M1 and M2 accounting for the mesh
size effects are developed and presented in Figure 8. Inclination
angle of diagonal elements are considered as 439. Top and
bottom horizontal concrete and steel
(Acny Agni), inner horizontal concrete and steel (Acnz Aghz),
vertical concrete and steel (4., A4,,) and diagonal (4,) truss
element areas of truss models are shown in Table 2. Truss
element lengths (Ly,) were calculated as 13d, and 15d,,,

where d,; (35.8 mm) and d,,, (12.7 mm) are longitudinal and
web reinforcement diameters, respectively.

XXX XXX DD DX XXX DY
DXDXDXDXIXIXDXDXDXDIXIXDIXIXIIXIXIXIX] £
DXDXDXDXIXIXDXDXDXDXDXDXDADCDXDX XXX X] o
XXX DX IX XX DX DX DX DX DX DX XX DX DX XX
DXDXDXIX XXX DXDXDXDXDXIDXIDXDXDXDX DX X X ©
XXX XXX XXX DX XX XXX IXDALS
465 mml' 20@190.5mm

(a) Truss model M1 !

12@89.6 mm

40@95.25mm
(b) Truss model M2

Figure 8: Nonlinear truss models for Beam#2 specimen.

Table 2: Vertical, horizontal and diagonal truss element areas.

A (mm?) M1 M2
Acn 68279 34138
Agny 5036 5036
Acnz 136558 68275
Agnz 203 94
Ay 145161 72580.5
Ay 4285 219.5
Aq 99463 49730

Buckling mode (n) and corresponding buckling length (L,) of
reinforcing bars are computed using the procedure outlined in
[20] as n=4 and L,=608 mm, respectively. Inelastic material
model including buckling is assigned to steel truss elements
representing longitudinal rebars within the buckling length.
For this purpose, slenderness ratio (L,/d,;) calculated as 17 is
assigned to material models in M1 and M2 truss models.
Besides, effect of rebar buckling on the response was studied by
conducting cyclic analysis by neglecting buckling in M2 model.

5.2  Analysis results

OpenSees computer program [24] is used for the analyses
described in this paper. The response is computed with a
displacement controlled algorithm. Newton with Initial
Tangent is used in the solution algorithms. For each iteration,
the residual of error was computed using Energy Increment,
and the relative tolerance was equal to 10-3.

Applied moment- drift ratio of measured and numerical cyclic
responses of truss models are compared in Figure 9. M1 model
computed a significant strength degradation caused by
diagonal concrete crushing at 5.8% drift ratio. However, M2
model showed strength degradation due to rebar buckling at
4% drift ratio. Applied force histories of the beam specimen and
M2 model are shown in Figure 10. The computed strength when
the excessive buckling was observed (5.4% drift) was 0.84
times the experimentally measured strength.
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Figure 9: Comparison of measured and numerical model
responses for (a) M1 and (b) M2 truss models.
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Figure 10: Comparison of (a): Measured and (b): Numerical
model applied force histories.

Stress-strain history of longitudinal steel truss elements i and j
(Figure 7) are shown in Figure 11. M1 model had an abrupt
degradation due to diagonal crushing at an earlier stage and
rebar strains were computed in the tensile direction.
Analytical damage patterns with corresponding truss strains of
truss models at initiation of strength degradation are shown in
Figure 12.

Figure 11: Stress-strain history of steel truss elements for
longitudinal rebars.
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Figure 12: Analytical damage patterns at plastic hinge region
at initiation of strength degradation.

Figure 13 depicts the comparison of the cases with and without
reinforcing bar buckling in M2 model. The model neglecting the
rebar buckling computed larger energy dissipation.
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Figure 13: Comparison of M2 model with and without rebar

buckling.
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6 Conclusion

This paper has presented an extension for a previously
proposed nonlinear truss model accounting for the effect of
inelastic reinforcing bar buckling in RC members. The steel
material law has been combined with an existing uniaxial
model for concrete and implemented in nonlinear truss models.
Numerical simulation model is validated using test results of a
large RC beam with reinforcing bar buckling. Mesh size effects
and effect of reinforcing bar buckling on the response are
investigated for the case study. M1 model computed the
crushing of diagonal elements at the vicinity of the reaction
block. However, M2 model with finer mesh computed strength
degradation based on initiation of rebar buckling in accordance
with the experimental results. Besides, the model without rebar
buckling computed larger energy dissipation compared to M2
model. Further validation of the analysis approach will supply
its use for the assessment of the performance of RC components
and systems. Models with various mesh size for truss elements
as a function of buckling length should be examined for future
work.
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