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Abstract: The main purpose of this paper is to study analytically the behavior of reinforced concrete frames under earthquakesand to
develop a nonlinear finite element beam-column joint model and a moment resistingframe model. The analytical frame model was
implemented using the commercial software SeismoStruct. All details of the reinforced concrete beam-column joint model used in the
analysis were described and verified with the available experimental test results conducted by other researchers. To check the accuracy
of the reinforced concrete frame model, it was verified with the dynamic time history test of three-bays, four-stories frame structure. The
results proved that both beam-column joint and the moment resisting frame models can simulate the seismic behavior with accepted

accuracy.
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1. Introduction

Reinforced concrete moment resisting frame structures
might fail by lateral instability caused by extreme
earthquakes.the beam-column joint is the transmitter of
action between a beam and a column and is one of the main
characteristics of the reinforced concrete frame structures as
it could transferdifferent actions across members and due to
its critical behavior affecting the local and global behavior
of a structure. The main reason of failure in the beam-
column joist is shear, so it is too important to evaluate the
shear capacity of the beam-column joint subjected to
reversed loads. Many analytical and experimental
investigations were conducted to study the behavior of the
reinforced concrete beam-column joints and moment
resisting  frame  structures. Yu [1]investigated
experimentally five reinforced concrete interior and exterior
beam-column joints under reversed horizontal cyclic loads.
The results of this investigation were compared with the
analytical joint model introduced by Yu [1]. This analytical
model followed the numerical model presented by lowes et
al. [2]- [3]. Pinho and Elnashai [4] presented apseudo-
dynamic experimental test for a full scale tworeinforced
concrete frame. The moment resisting frame consisted of
three-bays and four-stories.Ali et al. [5] conducted an
experimental investigation for one-bay, two stories
reinforced concrete frame with one third scale. Also, an
analytical model and approach were presented in his
investigation. On the other hand, several analytical models
were presented in recent decades using the analytical model
presented by Lowes et. [2]- [3] for the analysis of beam-
column joints such as Alam et al. [6], Fernandes et al. [7],
Pan et al. [8], and for reinforced concrete frames like
Naderpour and Mirrashid [9].

The main objective of this paper is to present a nonlinear
beam-column joint model and a moment resisting frame
model subjected to reversed cyclic loads using the
commercial software SeismoStruct. To check the accuracy
of the analytical models, the beam-column joint model and
the moment resisting frame model were verified with the

experiential results conducted by Yu
Elnashai [4], respectively.

2. Finite Element Model Component

[1] and Pinho and

The main important of the analysis of any analytical model
is selecting and defining the elements and the components of
the analytical model. This analytical study focused on
development a nonlinearfinite element model using the
commercial software SeismoStruct [10]for modelling to
simulate theavailable tested beam-column joints and
moment resisting frames. Different types of springs can be
modelled by defining a link elementin SeismoStruct
software, which is a zero-length element has a structural
node at each end to define the force displacement or moment
rotation relationship. To simulate the rotation of both beam
and column cross-sections due to steel bar bond-slip, a bar-
slip rotational springs located at the interface of beam-
column joint region was used, as shown in Fig. 1. Also, a
shear spring wasadded at the same locationto introduce the
shear transfer. To introduce the inelastic shear response of
the beam-column joint, a rotational spring was placed in the
centerline of beam-column joint. For modelling beams and
columns inside and outside the panel zone,the rigid elastic
frame elements and the inelastic force-based frame elements
were selected, respectively. In order to describe the
mechanical properties of the material models of concrete and
steel, the concrete model proposed by Mander et al. [11]and
the uniaxial steel model introduced by Menegotto and Pinto
model [12] were selected.Also, to define the unload-reload
path and representing the degradation of the stiffness and
strength during the cyclic loading,a response curve from the
several models included in SeismoStruct were selected. In
this analytical study the considered constitutive curves were:
e The modified Richard-Abbott curve, to present the
moment rotation relationship of the rotational spring
due to reinforcing bar slip at beam and column cross-
section. This curve was introduced by Richard and
Abbott [13] to predict a simulation curve for the
response of connection subjected to monotonic loads. It
was updated and modified to simulate cyclic loading
and to include the pinching effect by Della Corte et al.
[14] and Nogueiro et al. [15].
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e The modified bilinear Takeda curve, to introduce the
relation between force and displacement of the interface
shear springs, and the moment rotation relationship of
the rotational spring at of the joint core region. This
model programmed based on the bilinear simplification

interface shear spring element

bar-slip rotational spring element

of the original trilinear model of Takeda et al. [16]
beside the hysteresis loop introduced by Otani [17], and
the unloading path presented by Emori and Schonobrich
[18].
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Figure 1: Details of the proposed RC beam-column joint model

2.1. Bar-Slip Spring

The bond slip mechanism refers to the movement of the
beams and columns longitudinal steel reinforcement
embedded in joint zone due to the bond strength
deterioration of these bars. As stated in the previous
research,the bond strength is a function of the material state
of the anchored bar as well as of the concrete and transverse
reinforcing steel in the vicinity of the reinforcing bar. To
define the bar-slip springs, the bilinear moment rotation
curve is defined by the critical points of yield and ultimate
conditions (My, 6y) and (M,, 6,). This moment rotation
relationship was derived based on the bar stress and slip
relationship by Eq. (1) introduced by Lowes et al. [3]. The
average bond-strength values are listed in Table 1, based on
the experimental data provided by Eligehausen [19]. The
yielding (My) and the ultimate moments (M,) were
developed from the equilibrium between the tensile and
compressive forces in the cross-section, which were
calculatedusing a rectangular concrete stress block and the
actual stress-strain relation of reinforcing steel bars.
However, the yielding (6y) and the ultimate rotations (6,)
were calculated from Eq. (2).

. 125
Slip = zE—E({—b forf.<f, (1a)
. w12 fyly wy 13
—Ss A g _ Sy Ay, _fsThy Ap
lfs - TET T[db rte TET T[db ry - TyT ndb (1C)
6 = Slip/(d — c) (2b)

where, f; is the steel stress at the interface of joint, f, is the
steel yield stress, E is the steel elastic modulus of elasticity,
Esn is the steel hardening modulus, ¢ is the bond strength for

elastic steel, g7 is the bond strength for elastic steel in
tension, ty is the bond strength for yielded steel, Tyt is the
bond strength for yielded steel in tension, A, is the nominal
steel bar area, dy is the nominal steel bar diameter, d is the
effective depth of the cross-section and c is the neutral axis
depth of the cross-section.

Table 1:Average bond strengths [19].

Bar stress, fs Average bond strength (MPa)
Tension, f<f, Tgr = 1.8 \/f
Tension, f>f, tyr = 0.4 /£, t0 0.05 /f.
Compression, -f<f, T = 2.2f.
Compression, -f>f, Tyc = 3.6 \/ﬁ
* Note:f. is the CompressiveStrength of concrete in MPa.

2.2. Shear Spring

While the cracks at beam-column joint region widen due to
cyclic loading, the shear transfer capacity across the crack
surface decreases. This behavior was represented in the
proposed analytical model by the interface shear spring
based on the relation between the interface shear stress and
slippage by Walraven [20], which was a function of crack
width, concrete strength and the maximum diameter of
aggregate. This model was used to describe the force-
deformation envelope curve in the case of open concrete
cracks. However, for the case of cracks are closed, the
interface shear response was assumed linear stiffness for a
relatively small crack width () equal to 0.10 mm, as shown
in Eq. (3). On the other hand, assuming a constant crack
width (@ = 0.1 mm) is less reasonable during the cyclic
loading because the crack width will increase after every
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load cycle. The hysteretic properties of the adopted one-

dimensional constitutive curve will partly compensate this

shortcoming.

Ty = — fou + [1.80708 4+ (0.23407°797 —0.2) x £, ] X S

®)

Where, 1, is the shear stress along the crack plane, f., is the

cubic compressive strength of concrete, o is the crack width,

S is the slip at the beam-column joint.

2.3. Shear Joint Spring

In the current analytical study and to describe the shear
panel strength of the reinforced concrete beam-column joint,
the simplified approachproposed byKim and LaFave
[21]were used, which considering the recommendations of
ACI-352R-02 [22].The relation between shear stress and
shear strain for the shear panel defined by four main point,
as shown in Fig. 2. The crack, yield, ultimate and post
ultimateshear stresses and the corresponding strains
weredetermined by Equations (4) to (7).The coefficients of
the crack, yield, and post ultimate shear stresses were 0.44,
0.89, and 0.90, respectively, and the coefficients of the
crack, yield, and post ultimate shear strains were 0.02, 0.36,
and 2.02, respectively. In this paper, only the yield and
ultimate strength were considered in modelling and the other
points were ignored, as shown in Fig. 4.b. The rotation of
the beam-column joint (0;) is considered equal to the joint
shear strain (yx,) andthe moment of the joint panel was
calculated byEq. (8) [9].

I 3

P
] .
ik ultimate
2 3
= yield
= .
f? post ultimate
Z | Ferack
=
2

joint shear strain, yxy

(a) .
Figure 2: Joint shear stress-strain relationship presented by
Kim and LaFave [21].

Ty = atﬁtmlt(ﬂ)o'ls (31)0'30 (fc')o.75 4)
=)/ fe (5)
Bl = (pyfyp) /1 (6)

where, T, is the joint shear stress, o; is a parameter for the
in-plane geometry: 1.0 for interior connections, 0.7 for
exterior connections, and 0.4 for knee connections, Py is a
parameter for describing the out of plane geometry: 1.18 for
joints two transverse beams and 1.0 for all other cases, 1
describes joint eccentricity: 1.0 for no eccentricity, A, is a
constant value equal to 1.31, JI is the joint transverse
reinforcement index, p; is the volumetric joint transverse
reinforcement ratio in the direction of loading, f,; is the yield
stress of joint transverse reinforcement, Bl is the beam
reinforcement index, py, iS the beam reinforcement ratio and
f,, is the yield stress of beam reinforcement.

Vay = yeByetlyeAye BLUD® (7178 (7)
where,yyy is the joint shear strain, a,, is a parameter for the
in-plane geometry: 1.0 for interior connections, 0.328 for
exterior connections, and 0.093 for knee connections, B is a
parameter for describing the out of plane geometry: 1.40 for
joints two transverse beams and 1.0 for all other cases, 1y
describes joint eccentricity: 1.0 for no eccentricity, A, is a
constant value equal to 0.0055.

_ _Txy-heb;

A

jd Le
where, M; is the moment of the joint, b; is the effective width
of the joint panel, h. is the depth of the column cross-
section, jq is the moment arm of the beam, L, is the total
beam length between the contra flexure points, L. is the sum
of the lower and upper column height, and « is a constant
value equal to 2 for the top floor joints and 1 for other joints.

(8)

3. Finite Element Model Verification

To check the accuracy of the proposed analytical model, the
beam-column joint model and the moment resisting frame
model were verified with the experiential results conducted
by the previously available experimental tests. Two exterior
and interior reinforced concrete beam-column joint and one
three-dimensional  reinforced  concrete  frame  were
considered. The modified Richard-Abbott and the modified
bilinear Takeda curves were used in the analysis to define
the rotational and shear spring elements.All empirical
parameters of the Richard-Abbott curve were defined
according toNogueiro et al. [15].

3.1 Reinforced Concrete Beam-Column Joints

Two experimental reinforced concrete beam-column joints
were considered and modelled in this section. These interior
(Al) and the exterior (B2) joints were experimentally tested
by Yu [1].The reinforcementand detailsof these beam-
column joints are shown in Fig. 3.Also, the geometry and
details of theanalytical joint models are shown in Fig. 4.
First, the beam-column joint model verified usinga
horizontal monotonic displacement loading in each direction
till the failure of joints. After that, the model was subjected
to a prescribed reversed horizontal displacement cyclic
loading. All specified parameters for the interface bar-slip
spring and the shear spring are listed in Table 2 and Table 3,
respectively. Fig 5 presents the moment rotation curve for
the shearjoint spring. The comparison between the obtained
results obtained from the joint model and the experiments
for the beam-column joints Al and B2 are shown in Fig. 6.
The results confirmed the accuracy of the proposed model.
The results indicated that the monotonic loading results and
the cyclic loading results of the model were identically till
yield at 3% drift ratio. After that the cyclic response
deviated from the monotonic loading response due to
stiffness degradation and strength deterioration especially at
the exterior connection.
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Figure 3: Reinforcement and details of beams and columns for the interior joint Al and the exterior joint B2 tested by Yu
[1].
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Figure 4: Analytical modelfor the interior joint Al and the exterior joint B2tested by Yu [1].

Table 2: Parameters for the interface bar-slip spring using the modified Richard-Abbott curve

Specified parameters Al B2 Specified parameters Al B2
Ko Kap (KN.m/rad) 106570 | 124590 K Kgp (KN.m/rad) 106570 | 124590
M, (KN.m) 85.0 99.36 Mg (KN.m) 85.0 99.36
Kpa Kpap (KN.m/rad) 1811.2 1944.9 K Kogp (KN.m/rad) 1811.2 1944.9
N, N C. 1.0 1.0 Ng. Ngp. Cq 1.0 1.0
M,, (KN.m) 8.50 9.936 Mg, (KN.m) 8.50 9.936
t1a 6 6 tig 6 6
s 0.30 0.30 tq 0.30 0.30
iaiva Ha 0.0 0.0 iicd img. Ha 0.0 0.0
E maxca (rad) 0.10 0.10 Emaxq (rad) 0.10 0.10
Table 3: Parameters for the interface shear spring using the bilinear Takeda curve.
Specimens | F, (KN) | K, (KN/mm) o Po I'n
Al-B2 405 4800 0.000001 |0.00001 |1.0
300
250 ek
2m ,,;_’-if__"__.
E s
315.1 __..-{-{:: -
;1-.'!1 = —d—— Spedmen Al
_Ei‘ /&("" — 8 — Spwwimen B2
Py =
0,000 1,005 010 15 il

Rotrgan, radian

Figure 5: Moment rotation curves of the shear joint spring for the interior joint Al and the exterior joint B2.
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Figure 6: Comparison of the hysteretic and monotonic load drift curves for the interior joint Al and the exterior joint B2

3.2 Reinforced Concrete Moment Resisting Frames

In this section and to verify the moment resisting frame
model, a three-dimensional three-bays and four-stories
reinforced concrete frame structure was used. This
reinforced concrete frame was one of two full scale frames
experimentally tested under apseudo-dynamic load by Pinho
and Elnashai [4], as shown in Fig. 7. The dynamic time
history load consisted of two seismic shocks with duration
15 seconds and a rest time between the two loads with
duration 35 seconds, as shown in Fig. 8. All the details of
the frameare shown in Figures9 and 10. The specified

parameters and the properties of the interface bar-slip spring,
the interface shear spring, and the shear joint spring were
calculated as described in the previous sections. It should be
noted that, the second seismic shock was stopped in the
experimental test due to the major damage of one column in
the frame structure. The comparison between the
experimentalresults and the output model results are shown
in Fig.10. The output top displacement of the finite element
frame model in the two seismic shocks are shown in Figures
11 and 12. The results proved that the proposed model could
simulate the seismic behavior of the moment resisting frame
with accepted accuracy.

(®)

Figure 7: (a) Frame in fixed position for test [4]; (b) Finite element frame model.

Volume 10 Issue 3, March 2021

WWW.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: SR21311214003

DOI: 10.21275/SR21311214003

740



International Journal of Science and Research (1JSR)

ISSN: 2319-7064
SJIF (2019): 7.583

g

T
o
D
]
0.
225
03
-0.35
i 5 10 15 20 25 ﬂmg? e 35 40 45 50 55 (4] 85
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Figure 9: Elevation view of the tested reinforced concrete frame [4]
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Figure 11: Results of the finite element framemodel at the first seismic shock
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Figure 12: Results of the finite element frame model at the second seismic shock

4. Conclusions

The main purpose of this paperwas to present a nonlinear
beam-column joint model and a moment resisting frame
model subjected to reversed cyclic loads using the
commercial software SeismoStruct. To check the accuracy
of the analytical models, the beam-column joint model and
the moment resisting frame model were verified with the
experiential results conducted by Yu [1] and Pinho and
Elnashai [4], respectively. From the results obtained from
the finite element models presented in this study, the
following conclusions may be drawn:

The finite element beam-column joint model using the
commercial software SeismoStruct was able to simulate
the monotonic and the cyclic behavior of the reinforced
concrete beam-column joints. Also, it was able to predict
the stiffness degradation and the strength deterioration
ofthe tested joints.

The obtained results from the finite element frame model
proved that the model could simulate the seismic
behavior of the moment resisting frame with accepted
accuracy.

Volume 10 Issue 3, March 2021

WWW.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: SR21311214003 DOI: 10.21275/SR21311214003 742



International Journal of Science and Research (1JSR)
ISSN: 2319-7064
SJIF (2019): 7.583

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Yu W. Inelastic modeling of reinforcing bars and blind
analysis of the benchmarks tests on beam-column
joints under cyclic loading [MSc Dissertation]. Italy:
University of Pavia; 2006.

Lowes LN, Altoontash A. Modeling reinforced-
concrete beam-column joints subjected to cyclic
loading. Journal of  Structural  Engineering.
2003;129(12):1686-97.

Lowes LN, Mitra N, Altoontash A. A Beam-Column
Joint Model for Simulating the Earthquake Response
of Reinforced Concrete Frames. Berkeley: Pacific
Earthquake Engineering Research Center, College of
Engineering University of California; 2004.

Pinho R, Elnashai A. Dynamic collapse testing of a
full-scale four storey RC frame. ISET Journal of
earthquake Technology. 2000;37(4):143-63.

Ali U, Ahmad N, Mahmood Y, Mustafa H, Munir M.
A comparison of Seismic Behavior of Reinforced
Concrete Special Moment Resisting Beam-Column
Joints vs. Weak Beam Column Joints Using
Seismostruct. Journal of Mechanics of Continua and
Mathematical Sciences. 2019;14(3):289-314.

Alam MS, Youssef MA, Nehdi M. Analytical
prediction of the seismic behaviour of superelastic
shape memory alloy reinforced concrete elements.
Engineering Structures. 2008;30(12):3399-411.
Fernandes C, Melo J, Varum H, Costa A. Experimental
and numerical analysis of the cyclic behaviour of RC
beam-column connections with plain reinforcing bars.
World Conference on Earthquake Engineering (15th
WCEE); Lisbon, Portugal2012.

Pan Z, Guner S, Vecchio FJ. Modeling of interior
beam-column joints for nonlinear analysis of
reinforced concrete frames. Engineering Structures.
2017;142:182-91.

Naderpour H, Mirrashid M. Evaluation and
verification of finite element analytical models in
reinforced concrete members. Iranian Journal of
Science and Technology, Transactions of Civil
Engineering. 2019:1-18.

Seismosoft. SeismoStruct 2018 - A Computer Program
for Static and Dynamic Nonlinear Analysis of Framed
Structures 2018 [Available from:
http://www.seismosoft.com.

Mander JB, Park R, Priestley MJN. Theoretical stress-
strain  model for confined concrete. Journal of
Structural Engineering. 1988;114(8):1804-26.
Menegotto M, Pinto PE. Method of analysis for
cyclically loaded R.C. plane frames including changes
in geometry and non-elastic behaviour of elements
undercombined normal force and bending. Zirich;
1973. Contract No.: IABSE Reports of the working
commissions Vol 13.

Richard RM, Abbott BJ. Versatile Elasto-Plastic
Stress-Strain  Formula. Journal of the Structural
Division. 1975;101(EM4):511-5.

Della Corte G, De Matteis G, Landolof R. Influence of
Connection Modelling on Seismic Response of
Moment Resisting Steel Frames. In: Mazzolani FM,
editor. Moment resistant connections of steel frames in

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

seismic areas — Design and reliability. london: E&FN
SPON 2000. p. 485-512.

Nogueiro P, Silva L, Bento R, Simdes R. Numerical
implementation and calibration of a hysteretic model
with pinching for the cycling response of steel joints.
Advanced Steel Construction Journal. 2007;3(Vol.3,
n°1):459-84.

Takeda T, Sozen MA, Nielsen NN. Reinforced
concrete response to simulated earthquakes. American
Society of Civil Engineers, USA; 1970. Contract No.:
Technecal Research Report No. 5 1971.

Otani S. A Computer Program for Inelastic Response
of R/C Frames to Earthquakes. Urbana-Champaign,
USA: University of lllinois Engineering Experiment
Station. College of Engineering. University of Illinois
1974,

Emori K, Schnobrich WC. Analysis of Reinforced
Concrete Frame-Wall Structures for Strong Motion
Earthquakes. 1978.

Eligehausen R, Popov EP, Bertero VV. Local Bond
Stress-Slip Relationships of Deformed Bars Under
Generalized Excitations. 1983. Contract No.: EERC

Report 83/23.
Walraven JC. Fundamental Analysis of Aggregate
Interlock. Journal of the Structural Division.

1981;107(11):2245-70.

Kim J, LaFave JM. A Simplified Approach to Joint
Shear Behavior Prediction of RC Beam-Column
Connections. Earthquake Spectra. 2012;28(3):1071—
96.

ACI-352R-02. Recommendations for Design of Beam-

Column Connections in Monolithic Reinforced
Concrete Structures: ACI-ASCE Committee 352;
2010.

Volume 10 Issue 3, March 2021

WWW.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: SR21311214003

DOI: 10.21275/SR21311214003

743


http://www.seismosoft.com/



