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A numerical finite element study is conducted in this paper to examine structural

'%\ behaviour of high strength RC columns exposed to biaxial and uniaxial lateral
- displacement histories with constant axial load. The numerical analysis of 24 models
Assist.Prof. Ibrahim S.I. Harba, PhD. CE was made using ABAQUS / CAE. The comparison between numerical analysis and
Al-Nahrain University, Baghdad, Iraq experimental results shows good agreement through validations. The considered
College of Engineering parametric study involves determination of the longitudinal reinforcement ratio, total
Department of Civil Engineering cross-sectional area of confinement steel (Ash), and uniaxial and biaxial cyclic shear
Ibrahim.S.Ibrahim@nahrainuniv.edu.iq load. Numerical analysis results show that an increase of longitudinal reinforcement

for a uniaxial and biaxial lateral historic load will significantly increase maximum and
ultimate load of columns, corresponding deflections, number of cycles at maximum and
ultimate loads, and initial stiffness Ki, while the effect of transverse reinforcement is
less pronounced. The columns load and deformation capacity decreases significantly
with application of biaxial cyclic shear load, compared with uniaxial load. Also, this effect
reduces with an increase in longitudinal reinforcement ratio (%p) and Ash.
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U ovom se radu prikazuje numericka analiza konacnih elemenata koja je provedena kako
bi se ispitalo ponasanje AB stupova visoke Cvrstoce za slucaj dvoosnog i jednoosnog
bocnog pomaka pri konstantnom uzduznom opterecenju. Numericka analiza provedena
je na 24 modela pomocu programa ABAQUS / CAE. Validacijom je utvrdena dobra
podudarnost numerickih i eksperimentalnih rezultata. U okviru parametarske studije
odreden je koeficijent armiranja uzduznom armaturom, ukupna plostina spona za ovijanje
(Ash) te jednoosna i dvoosno ciklicno posmicno opterecenje. Rezultati numericke analize
pokazuju da povecanje koli¢ine uzduzne armature u slucaju jednoosnog i dvoosnog bocnog
opterecenja dovodi do znatnog povecanja maksimalnog i granicnog opterecenja stupova,
progiba, broja ciklusa maksimalnogi granicnog opterecenja, te pocetne krutosti Ki, dok je
utjecaj poprecne armature manje izrazen. Otpornost stupova na opterecenja i deformacije
znatno se smanjuje pri nanosenju dvoosnog ciklicnog posmicnog opterecenja, u odnosu
najednoosno opterecenje. Isto tako, taj utjecaj se smanjuje s povecanjem udjela uzduzne
armature (%p) i vrijednosti Ash.

Klju¢ne rijeci:
stupovi, beton visoke €vrstoce, numericka analiza, numericka simulacija, prethodno poprecno opterecenje,

jednoosno i dvoosno opterecenje
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1. Introduction

The currentinvestigation, conducted within the topic on seismic
behaviour of RC structures widely studied over the past several
decades, focuses on the performance of RC columns subjected
to axial and biaxial horizontal load [1, 2]. Structural response
registered during earthquakes reveals that high shear stresses,
decrement of concrete material characteristics, and the effect
of bidirectional loading, have been a major cause of column
failure [3]. It is quite clear that earthquake damage to RC
elements is due to multi-axial excitation. As is generally known
from interaction diagrams, both ultimate moments and yielding
rise with the amount of the axial load until an equilibrium stage
is achieved [4, 5].

During an earthquake, a change in axial load can change
the ultimate displacement capacity, strength, and stiffness,
in addition to all hysteretic properties of an RC section.
These variations occur due to vertical component of
seismic load, or to load exerted at the bottom. At external
columns of RC frames, the axial load decreases on the one
side and increases on the opposite side, which is caused
by overturning moments. In fact, the inelastic response of
columns is significantly affected by variations in axial force
during the response cycle [6-9].

In general, the cycle of biaxial transversal load increases the
degradation in strength and stiffness compared with the
uniaxial load. Also, the RC column failure mechanism depends
on the path/history of load, and strongly affects ductility and
energy dissipation capacity of columns [10-14]. The intensity of
axial load has little effect on the specimen load-displacement
envelope curve of the second-cycle under variable or constant
axial load with unidirectional horizontal load [15].

Several studies have shown that an increase in compressive
strength of concrete decreases displacement ductility of
columns. On the other hand, the effect of high strength concrete
(HSC) on the ductility (drift limit) of columns is still questionable
[16].

The effectiveness of confinement and ultimate strain of
columns decreases with an increase in the strength of
concrete. Specimens with a ratio of 1.1 % of confining
reinforcement will give inadequate ductility, while with 3.1
% transverse reinforcement the specimen’s behaviour is
satisfactory[17].

The ductility (drift ratio) of HSC columns is highly affected
by the capacity of lateral reinforcement and the level of axial

Table 1. Mechanical properties of concrete

compression [18-20]. For specimen drift ratios exceeding &4 %
with an axial load of 0.3fcAg, a strong correlation was observed
between the drift limit and axial load. Specimens failed in
shear at higher axial load. For columns subjected to axial loads
exceeding the balanced load, a large amount of transverse
reinforcement was required to obtain ductile behaviour [21].

In this paper, the advanced “concrete damage plasticity” (CDP)
was used in the numerical analysis of 24 models using ABAQUS
software. Numerical model was validated by comparison with
experimental tests [21] as a first step before conducting a
parametric study to develop a numerically validated model. The
following parameters were studied in this paper: longitudinal
reinforcement ratio, total cross-sectional area of confinement
steel (Ash), and uniaxial and biaxial cyclic displacement shear
load, in order to examine structural behaviour of high strength
RC columns.

2. Research significance

Several experimental studies have been made on the behaviour
of columns under lateral historic load. However, a limited
number of studies focus on the effect of longitudinal and lateral
reinforcement with uniaxial and biaxial lateral displacement
histories on the displacement capacity of HSC columns
subjected to constant axial load.

3. Experimental results considered in the
research

The experimental result used for validating accuracy of the
present numerical analysis was presented by Matamoros and
Sozen [21]. Eight specimens of RC columns with normal and
high strength concrete were tested. This experimental program
involved testing of columns subjected to shear reversals, and
the main variables were axial load, concrete strength, and
loading history. The dimensions and specimen reinforcement
detailing are shown in Figure 1. Mechanical properties of
concrete and steel reinforcement are listed in Table 1 and
Table 2. In addition, the displacement history for each direction
was increased by 6.5 (mm) for each subsequent two cycles,
as shown in Figure 2. The considered specimen C70-20 was
used in the current study as control specimen for validation.
The numerical analysis was first validated with experimental
results using ABAQUS[22] and then the parametric study was
developed.

Specimen Axial load Axial stress Target compressive | Mean compressive | Tensile strength | Modulus of elasticity
[kN] [MPa] strength [MPa] strength [MPa] [MPa] [GPa]
C70-20 568 14 70 66 6.4 359
Table 2. Mechanical properties of steel reinforcement
Specimen Reinforcing bar size Yield stress [MPa] Ultimate stress [MPa]
C70-20 5 585 745

980
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Figure 1. a) Specimen'’s dimensions; b) reinforcement details [21]
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Figure 2. Displacement history for each direction [21]
4. Numerical modelling

Numerical modelling was conducted using the ABAQUS
software [22]. Nonlinear three-dimensional FE model with
material properties was used to build up the RC column. The
experimental cyclic behaviour obtained during previous test
results [21] was used in the finite element software ABAQUS
as input data. The concrete and steel constitutive model, type
of element and boundary conditions, as used for numerical
modelling, are discussed below.

4.1. Constitutive model of concrete

Non-linear constitutive behaviour of concrete was modelled
using the “concrete damage plasticity” (CDP) model for defining

b Longitudinal
) Section a-a reinforcement
4316
200 0
Transverse
reinforcement
@10/ 75

Distribution of reinforcement

i 3

All dimensions in millimeter

cyclic and monotonic behaviour of concrete. The CDP model
is defined by five plasticity parameters and concrete stress-
strain curves in compression and tension [22, 23] as illustrated
in Table 3. In 1985, Carreira and Chu [24] suggested a formula
that was adapted to calculate the concrete stress-strain
curve in compression. The behaviour of concrete in tension is
considered as linear—elastic until the uniaxial tensile stress, at
which point the concrete cracks. The behaviour of concrete in
tension proposed by Hordijk [25] is adopted in this study.

Table 3. Summary of CDP parameters used

Parameter Explanation Value
1 Dilation angle 18
e Flow potential eccentricity 0.1

Ratio of initial equi-biaxial
ob0/cc0 compressive yield stress to initial 1.16
uniaxial compressive vield stress
Ke The coefflaen.t detgrmlnlng thel 0.667
shape of the deviatoric cross-section
u Viscosity parameter 0.001

4.2, Constitutive model of steel

The constitutive model of steel was used to properly simulate
behaviour of steel reinforcement under cyclic load reversals,
since the yield stress decreases as the number of load cycles
increases in the direction of plastic deformation. It was also
used to account for the effects of hardening and softening
of steel reinforcement. The behaviour is assumed to include
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the bilinear kinematic hardening also considered in relation
to Bauschinger effect [26-28]. In this study, the behaviour of
longitudinal and transverse steel reinforcement is simulated
using the model proposed by Ucak and Tsopelas [29]. To identify
a more reasonable behaviour, the input data are measured in
relation to the reinforcement tensile test results discussed in
the validated experimental test [21].

4.3. Element, loading and boundary conditions

In ABAQUS, the concrete was modelled using C3D8R element
type and T3D2 element type for modelling the longitudinal
and transverse reinforcement. The reinforcement elements
were embedded in concrete elements to simulate the bonding
correlation between the concrete and reinforcement. A set
of steel gaskets was used in the position of applied load and
supports to avoid local failure and stress concentration in the
RC column loading surface and supports, as shown in Figure 3.

. Longitudinal steel reinforcement a)

Steel plate

Boundary conditions
Ux=Uy=Uz=0

b)
Uniaxial cyclic
displacement
load
Uniaxial cyclic Axial
displacement applied
load . @
Axial g
applied
oad

Boundary conditions
Ux=Uy=Uz=0

q

Biaxial cyclic
displacement
load

Biaxial cyclic
displacement
load

Figure 3. a) Steel reinforcement and steel plates detail; b) uniaxial
specimen’s load detail; c) biaxial specimen’s load detail

During the analysis, various element mesh sizes were used to
avoid the convergence problem. Thus, the mesh sizes of 45mm,
40 mm, and 35 mm were used in the analysis.

The element size 35 mm shows accurate FE analysis results
when compared with relevant experimental results [21]. To

make the simulation in accordance with the real test, all nodes
at the top and bottom surfaces of the central stub are totally
constrained as fixed boundary conditions. A constant axial load
is modelled as compression pressure on steel gasket at the
column face in the x-direction.

The uniaxial load is simulated by applying the uniaxial cyclic
displacement load in the —Y and +Y directions, as shown in
Figure 3b. The biaxial cyclic displacement load is achieved by
applying load in the -Y and +Z directions, and reverse in the
+Y and —Z directions, as shown in Figure 3c. The displacement
history in both directions is shown in Figure 2.

Meanwhile, the transverse displacement controlled cyclic
load is imposed based on the insert amplitude on the free
end of the column in Y-direction as shown in Figure 4, which
is the same model that has been used in the experimental
work [21].

a)

Uniaxial cyclic
displacement
load

Biaxial cyclic
displacement Y
load

Figure 4. Specimen’s mesh: a) uniaxial displacement cyclic load;
b) biaxial displacement cyclic load

5. Validation of numerical modelling

A comparison of the load-deflection hysteresis obtained from
experimental testing of specimen C70-20 [21] and the FE
numerical modelling specimen C1, reveals good correlation
with experimental results, as shown in Figure 5. Table 4
shows the ultimate cyclic shear load of column specimen
obtained from the numerical model, with the corresponding
ultimate deflection and initial stiffness Ki, which also shows
good correlation compared with values obtained from
experimental analyses [21], with an acceptable error equal
to 3 %, 4.2 % and -2 % respectively. Figure 6 shows flexural
cracks distribution from experimental analysis and damage
to concrete (plastic strain) defined from numerical modelling.
The plastic strain is concentrated at the bottom of the column
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Table 4. Experimental and numerical results

State Specimen designation Ultimate shear load Ultimate deflection Initial stiffness Ki
[kN] [mm] [kN/mm]
Experimental C70-20 51.68 38.06 11.502
Numerical C1 53.28 39.74 11.482
Percentage of error - +3.1 +hlb -2

specimen, which is similar to flexural cracks that occurred in
the tested specimen C70-20 [21]. The validation between
experimental and numerical modelling shows the accuracy
of the material model and finite element in simulating the "\>$(\ (o /\ ) ) )
behaviour of HSC columns subjected to uniaxial displacement LN \(\‘ e 115

histories with constant axial load.

200 —

Experimental specimen C70 - 20

PE, Max. principal
(Average-compute)

+1.698e-01

= 159535783
Ii +4.244e-02
3 fpaees

g +0.000e+00
-

Numerical specimen C1
=150 —(70-20
J —a Figure 6. Experimental and numerical damage for specimens with @
-200 10 mm stirrups and longitudinal reinforcement ratio (p =
Displacement [mm] 0.02) under uniaxial load
Figure 5. Experimental and numerical load-deflection curve for
specimens with @ 10 mm stirrups and longitudinal
reinforcement ratio (p = 0.02) under uniaxial load
Table 5. Details on numerical specimens
- . . . . .
No. Specimen symbol Longitudinal relnfoorcement ratio Asl: Lateral shear load Stirrups tie
(p)) [%] [mm?] [mm]

1 **C1 0.02 142.96 Uniaxial @10

2 c2 0.02 254.352 Uniaxial @12

3 3 0.02 377.17 Uniaxial @16

4 C4 0.04 142.96 Uniaxial @10

5 5 0.04 254.352 Uniaxial ?12

6 ce 0.04 377.17 Uniaxial P16

7 Cc7 0.06 142.96 Uniaxial @10

8 c8 0.06 254.352 Uniaxial @12

9 (@] 0.06 377.17 Uniaxial P16

10 Cc10 0.08 142.96 Uniaxial @10

M 1 0.08 254.352 Uniaxial P12

* Ash = total cross-sectional area of confinement steel within one tie spacing, **C1 = control specimen

GRABEVINAR 73 (2021) 10, 979-994 983
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Table 5. Details on numerical specimens - continuation

No. Specimen symbol Longitudinal u('::)n[f)z]rcement ratio [*mA;E] Lateral shear load Sti';::r[:]s] tie
12 €12 0.08 377.17 Uniaxial P16
13 C13 0.02 142.96 Biaxial @10
14 C14 0.02 254,352 Biaxial P12
15 c15 0.02 377.17 Biaxial P16
16 c16 0.04 142.96 Biaxial @10
17 c17 0.04 254,352 Biaxial P12
18 c18 0.04 377.17 Biaxial P16
19 C19 0.06 142.96 Biaxial @10
20 C20 0.06 254,352 Biaxial P12
21 c21 0.06 377.17 Biaxial P16
22 €22 0.08 142.96 Biaxial @10
23 €23 0.08 254.352 Biaxial P12
24 C24 0.08 377.17 Biaxial P16
* Ash = total cross-sectional area of confinement steel within one tie spacing, **C1 = control specimen

6. Numerical parametric study

In the present study, four parameters were considered to develop
the control numerical validated specimen C1. These parameters
are: longitudinal reinforcement ratio, total cross-sectional area
of confinement steel (Ash), and the uniaxial and biaxial cyclic
shear load. The displacement history considered for the uniaxial
and biaxial cyclic shear load is the same as the one previously
presented in Figure 2. Details on numerical specimens are given
in Table 5. All specimens were subjected to constant axial load
similar to that applied to the experimental specimen C70-20[21].

Table 6. Numerical results for all specimens

7. Numerical results

Numerical results are presented based on the finite element
model of twenty-four specimens with the considered
parametric study as mentioned earlier in the previous
section. Load-deflection hysteretic curves of specimens are
shown in figures 7 to 12, while the data obtained from curves
are summarized in Table 6. The damage to concrete (plastic
strain) is presented in figures 13 to 18. Comparison of
specimen results are shown in tables 7 and 8 and in figures
19 to 22.

Stirrup Total Maximum Deflection at Ultimate Ultimate I_nitial
Specimen p Ash diameter | No. of load maximum load C.ycle at load deflection stlffrress
[mm?] [mmi cycles (kN [mm] maximum load (kN] [mm] Ki
[kN/mm]
1 0.02 142.96 @10 21 106.02 256 9 53.28 39.74 11.482
C2 0.02 254.352 P12 27 109.0 25.83 9 92.04 52.1 11.684
a3 0.02 377.17 @16 30 113.67 259 9 94.21 58.27 11.760
C4 0.04 142.96 @10 23 137.57 259 9 1234 48.33 13.354
c5 0.04 254.352 P12 27 140.43 26.2 9 132.04 55.02 13.405
«) 0.04 377.17 P16 27 144.53 26.22 9 135.07 54.88 13.506
c7 0.06 142.96 @10 27 154.01 26.8 10 163.02 53.85 15.582
8 0.06 254.352 P12 26 172.52 27.6 9 168.58 54.29 15.658
o 0.06 377.17 @16 34 179.31 28.51 29 179.2 60.35 15.747
c10 0.08 142.96 @10 25 167.98 25.12 5 125.12 45.23 17.795
C11 0.08 254.352 P12 27 190.5 25.2 169.33 51.69 17.846
C12 0.08 377.17 P16 25 207.37 26.1 10 203.81 47.65 17.926
Cc13 0.02 142.96 @10 14 60.94 18.59 5 55.33 32.06 9.601
14 0.02 254.352 P12 20 60.7 18.57 5 51.36 39.35 9.695
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Table 6. Numerical results for all specimens - continuation

Stirrup Total Maximum Deflection at Ultimate Ultimate I.nitial
Specimen p Ash diameter | No. of load maximum load FVCIE at load deflection st|ffr!ess
[mm?] [mm] cycles [kN] [mm] maximum load [kN] [mm] Ki
[kN/mm)]
Cc15 0.02 377.17 P16 19 61.7 18.68 6 56 39.53 9.866
c16 0.04 142.96 @10 12 77.88 25.01 6 77.78 25.6 12.358
c17 0.04 254.352 @12 14 79.44 25.61 9 78.53 31.68 12.458
c18 0.04 377.17 P16 10 80.5 25.7.7 6 81.3 31.72 12.536
c19 0.06 142.96 @10 12 92.72 25.47 9 90.4 255 14.210
C20 0.06 254.352 B12 12 94.88 255 9 93.05 25.5 14.346
Cc21 0.06 377.17 P16 11 97.25 259 10 97.25 259 14.466
€22 0.08 142.96 @10 12 96.61 24.26 6 90.8 25.25 16.267
23 0.08 254.352 @12 12 98.88 25.25 9 96.1 253 16.293
C24 0.08 377.17 P16 10 100.01 26.33 6 99.97 25.26 16.372
Table 7. Ratio increment in load and deflection
- . Incre.ment Deflection Incr.ement . Incre.ment . Incre.ment Initial Incre'ment
g Ash Maximum rat!o at at maximum ratio f?r Ultimate raflo at UItlma.te ra!:lo at stiffness r.at.u:f at
'g‘- p [mm?] load maximum load Defleftlon load ultimate deflection ultlma.te Ki |-n|t|al
0 [kN] load (mm] at maximum [kN] load [mm] deflection k/mm] stiffness
[%] load [%] [%] [%] [%]
1 0.02 | 142.96 106.02 256 53.28 39.74 11.482
2 0.02 |254.352 109.0 7.2 25.83 1.1 92.04 77 521 46 11.684 0.2
(o] 0.02 | 377.17 113.67 259 94.21 58.27 11.760
Ca 0.04 | 142.96 137.57 25.9 123.4 48.33 13.354
5 0.04 |254.352 140.43 5.5 26.2 1.2 132.04 9.75 55.02 12.5 13.405 0.2
(€3) 0.04 | 377.17 144,53 26.22 135.07 54.88 13.506
c7 0.06 | 142.96 154.01 26.8 163.02 53.85 15.582
8 0.06 |254.352| 17252 16.5 27.6 6.3 168.58 10 54.29 13 15.658 0.2
9 0.06 | 377.17 179.31 2851 179.2 60.35 15.747
C10 | 0.08 | 142.96 167.98 2512 160.12 45.23 17.795
c11 0.08 |254.352 190.5 24 25.2 4 169.33 27 51.69 L4 17.846 0.2
€12 | 0.08 | 37717 207.37 26.1 203.81 47.65 17.926
C13 | 0.02 | 14296 60.94 18.59 55.33 32.06 9.601
C14 | 0.02 |254.352 60.7 1.2 18.57 0.5 51.36 1.2 39.35 21 9.695 0.2
C15 | 0.02 | 377.17 61.7 18.68 56 39.53 9.866
C16 | 0.04 | 142,96 77.88 25.01 77.78 25.6 12.358
C17 | 0.04 |254.352 79.44 3.9 2561 2 78.53 4.5 31.68 24 12.458 0.2
C18 | 0.04 | 377.17 80.5 25.7.7 81.3 31.72 12.536
C19 | 0.06 | 142.96 92.72 25.47 90.4 255 14.210
C20 | 0.06 |254.352 94.88 5.4 255 1.6 93.05 7.5 255 1 14.346 0.2
C21 0.06 | 377.17 97.25 25.9 97.25 25.9 14.466
€22 | 0.08 | 142.96 96.61 24.26 90.8 25.25 16.267
C23 | 0.08 |254.352 98.88 4 25.25 8.5 96.1 10 253 1 16.293 0.2
C24 | 0.08 | 377.17 100.01 26.33 99.97 25.26 16.372
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Table 8. Ratio of load and deflection for biaxial and uniaxial load

Biaxial / uniaxial sample Percentage of max. load Percentage of deflection Percentage of ultimate Percentage of. ultimate
at max. load load deflection

c13/C1 57.5 72.6 103.8 80.7
C14/C2 55.7 71.9 55.8 75.5
C15/C3 54.3 721 59.4 67.8
C16/C4 56.6 96.6 63.0 53.0
C17/C5 56.6 97.7 59.5 57.6
Cc18/C6 55.7 98.0 60.2 57.8
C19/C7 60.2 95.0 55.5 47.4
c20/C8 55.0 92.4 55.2 47.0
C21/C9 54.2 90.8 54.3 385
C22/C10 57.5 96.6 72.6 55.8
C23/C11 51.9 100.2 56.8 48.9
C24/C12 482 100.9 491 53.0

a) b) 200
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Figure 7. Numerical load-deflection curves for specimen with @ 10 mm stirrups under uniaxial load: a) with p = 0.02; b) with p = 0.04;
c) with p = 0.06; d) with p = 0.08 (p - longitudinal reinforcement coefficient)
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Figure 8. Numerical load-deflection curves for specimen with @ 12 mm stirrups under uniaxial load: a) with p = 0.02; b) with p = 0.04;
c) with p = 0.06; d) with p = 0.08 (p - longitudinal reinforcement coefficient)

Load [kN]

Load [kN]

Displacement [mm] Displacement [mm]

Figure 9. Numerical load-deflection curves for specimen with @ 16 mm stirrups under uniaxial load: a) with p = 0.02; b) with p = 0.04;
c) with p = 0.06; d) with p = 0.08 (p - longitudinal reinforcement coefficient)
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Figure 10. Numerical load-deflection curves for specimens with @ 10 mm stirrups under biaxial load: a) with p = 0.02; b) with p = 0.04;
c) with p = 0.06; d) with p = 0.08 (p - longitudinal reinforcement coefficient)
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Figure 11. Numerical load-deflection curves for specimens with @ 12 mm stirrups under biaxial load: a) with p = 0.02; b) with p = 0.04;
c) with p = 0.06; d) with p = 0.08 (p - longitudinal reinforcement coefficient)
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Figure 12. Numerical load-deflection curves for specimens with @ 16 mm stirrups under biaxial load: a) with p = 0.02; b) with p = 0.04;
c) with p = 0.06; d) with p = 0.08 (p - longitudinal reinforcement coefficient)
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GRADEVINAR 73 (2021) 10, 979-994 989



Gradevinar 10/2021

Ibrahim S.I. Harba, Abdulkhalik J. Abdulridha

PE, Max. principal
(Average-compute)

+1.799e-01

+1.4990-02
$0.000e+00

Y

A

Z X

PE, Max. principal
(Average-compute)

+1.407e-01

+2.346e-02
+1.173e-02
+0.000e+00

Y

e

z X

p=006
@]

q

PE, Max. principal
(Average-compute)

+1.677e-01

+1.397e-02
+0.000e+00

Y

A

z X

PE, Max. principal
(Average-compute)

+6.547e-01
+6.001e-01

+0.000e+00

p=004
s

p=008
c11

b)

d)

Figure 14. Concrete plastic strain (damage) for specimens with @ 12 mm stirrups under uniaxial load: a) with p = 0.02; b) with p = 0.04;
c) with p = 0.06; d) with p = 0.08 (p - longitudinal reinforcement coefficient)

PE, Max. principal
(Average-compute)

+1.937e-01
+1.775e-01
4e-01

+1.614e-02
+0.000e+00

z X

PE, Max. principal
(Average-compute)

+2.277e-01

+0.000e+00

(]

q

PE, Max. principal
(Average-compute)

+1.677e-01

+1.398e-02
+0.000e+00

Y

-5

Z X

PE, Max. principal
(Average-compute)

+1.703e-01

p=004
6

p=008
c12

b)
)

d

Figure 15. Concrete plastic strain (damage) for specimens with @ 16 mm stirrups under uniaxial load: a) with p = 0.02; b) with p = 0.04;
c) with p = 0.06; d) with p = 0.08 (p - longitudinal reinforcement coefficient)

990

GRADEVINAR 73 (2021) 10, 979-994



Numerical analysis of RC columns under cyclic uniaxial and biaxial lateral load

PE, Max. principal
(Average-compute)

+2.085e-01

+0.000e+00

Y

A

Z X

PE, Max. principal
(Average-compute)

+1.663e-01

Figure 16. Concrete plastic strain (damage) for specimens with @ 10 mm stirrups under biaxial load: a) with p = 0.02; b) with p = 0.04;

p=006
co

PE, Max. principal
(Average-compute)

+1.457e-01

+1.21de-02
+0.000e+00

Z X

PE, Max. principal
(Average-compute)

+1.693e-01
+1.552e-01
+1.411e-01
+1.270e-01
+1.12%-01

c) with p = 0.06; d) with p = 0.08 (p - longitudinal reinforcement coefficient)

PE, Max. principal
(Average-compute)

+3.923e-01
+3.596e-01
+3.26%9e-01

+2.288e-01
+1.962e-01

+0.000e+00

z x

PE, Max. principal
(Average-compute)

+1.893e-01

+1.578e-02
+0.000e+00

Figure 17. Concrete plastic strain (damage) for specimens with @ 12 mm stirrups under biaxial: a) with p = 0.02; b) with p = 0.04;

€12

PE, Max. principal
(Average-compute)

+2.580e-01

-2.783e-07

PE, Max. principal
(Average-compute)

+1.644e-01

+1.233e-01
+1.096e-01
+9.591e-02
+8.220e-02
+6.850e-02
+5.480e-02

+1.370e-02
+0.000e+00

c) with p = 0.06; d) with p = 0.08 (p - longitudinal reinforcement coefficient)

Gradevinar 10/2021

d)

GRADEVINAR 73 (2021) 10, 979-994



Gradevinar 10/2021 Ibrahim S.I. Harba, Abdulkhalik J. Abdulridha

PE, Max. principal a) PE, Max. principal
(Average-compute) (Average-compute)
+4.320e-01 +1.683e-01
+3.960e-01 +1.543e-01
+3.600e-01 +1.402e-01
+3.240e-01 +1.262e-01
+2.880e-01 +1.122e-01
+2.520e-01 +9.816e-02
+2.160e-01 +8.414e-02
+1.800e-01 +7.012e-02
+1.440e-01 +5.609e-02
+1.080e-01 +4.207e-02
+7.199e-02 +2.805e-02
+3.600e-02 +1.402e-02
+0.000e+00 -7.251e-07
S 4 i
z X z X
PE, Max. principal c PE, Max. principal d
(Average-compute) ) (Average-compute) )
HEES
+1.644e-01 +4.
+1.507e-01 +4.444e-02
+1.370e-01 +4.000e-02
+1.233e-01 3.55
11.0960-01 +3.111e-02
+9.587e-02 +2.666e-02
+8.218e-02 +2.222e-02
+6.848e-02 +1.778e-02
+5.478e-02 +1.333e-02
+4.109e-02 +8.888e-03
+2.739%-02 +4.444e-03
+1.370e-02 +0.000e+00
+0.000e+00
% b
$ p =006 1 p=008
2% ®x c21 4 X C24

Figure 18. Concrete plastic strain (damage) for specimens with @ 16 mm stirrups under biaxial load: a) with p = 0.02; b) with p = 0.04;
c) with p = 0.06; d) with p = 0.08 (p - longitudinal reinforcement coefficient)
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7.1. Effect of longitudinal reinforcement

The effect of longitudinal reinforcement is based on the
numerical FE model results that are presented in figures 7
to 12 and on the data summarized in Table 6 for specimens
under uniaxial and biaxial cyclic shear load. It can be observed
when the longitudinal reinforcement ratio (%p) increases by
0.002, 0.004, 0.006 and 0.008 with the same Ash value.
The ratio of maximum load for specimens (C4/C1, C7/C1,
C10/C1) under uniaxial cyclic shear load increases by (29
%, 45 %, 58 %) and the ratio of ultimate load increases by
(130 %, 200 %, 200 %). The ratio of maximum and ultimate
loads under biaxial cyclic shear load for specimens (C16/
C13, C19/C13, C22/C13) increases by (28 %, 53 %, 60 %) and
(40 %, 63 %, 65 %) respectively. Also, similar behaviour can
be noted for the remaining specimens with the same Ash
value. The significant effect of longitudinal reinforcement
ratio (%p) increment is clearly shown in Figure 19 and Figure
21. A smaller effect of longitudinal reinforcement ratio
(%p,) increment on the maximum and ultimate deflections
is shown in Figure 20 and Figure 22. The number of cycles
at maximum and ultimate loads and initial stiffness Ki have
a small effect on longitudinal reinforcement increment. In
addition, it can be seen from figures 13 to 18, which show
damage to concrete (concrete plastic strain), that the area of
tensile cracks reduces when the longitudinal reinforcement
ratio(%p ) increases. Little cracks indicate ductile behaviour of
columns specimens.

7.2. Effect of transverse reinforcement (Ash)

It is based on numerical results of FE models that are
presented in figures 7 to 12 and on the data summarized in
Table 6 for specimens under uniaxial and biaxial cyclic shear
load. It is also based on comparison results shown in Table
7. The longitudinal reinforcement ratio (%p) increases by
0.002, 0.004, 0.006 and 0.008 when the Ash value increases
by 142.96, 254.352, and 377.17 mm. The following can be
observed: maximum load, ultimate load, corresponding
deflections, and initial stiffness Ki for uniaxial load increase
by (7.2 %, 5.5 %, 16.5 %, 24 %), (77 %, 9.75 %, 10 %, 27 %),
(1.1% 1.2%, 6.3 % &4 %), (46 %, 12.5 %, 13 %, 4.4 %) and (0.2
%, 0.2 %, 0.2 %, 0.2 %), respectively, with each increment of
the longitudinal reinforcement ratio. In the case of biaxial
load, the increase amounts to (1.2 %, 3.9 %, 5.4 %, 4 %), (1.2
%, 4.5 %, 7.5 %, 10 %), (0.5 %, 2 %, 1.6 %, 8.5 %), (21 %, 24 %,
1% 1% and (0.2 %, 0.2 %, 0.2 %, 0.2 %), respectively. The
Ash increment has almost no effect on numbers of cycles
at maximum and ultimate loads. This is in accordance with
results reported in previous publications [16-19]. Also,
figures 13 to 18 shows that an increase in Ash has little
effect on the area of tensile cracks.

7.3. Effect of transverse shear force

It is based on the results presented in figures 7 to 12 and on
the data summarized in Table 6 and also on comparison results
shown in Table 8 for specimens with the same longitudinal
reinforcement ratio (%p) and Ash, when the biaxial cyclic shear
load is applied. It can be concluded from differences in behaviour
between specimens subjected to uniaxial cyclic shear load (C1
to C12) and specimens subjected to biaxial cyclic shear load
(C13 to C24) that the maximum and ultimate loads decrease on
an average by 50 % in the case of the biaxial cyclic shear load. In
addition, maximum deflection decreased on an average by 10 %
while ultimate deflection decreased on an average by 43 %. This
behaviour is clearly shown in figures 19 to 22. The numbers of
cycles at maximum and ultimate loads decrease significantly due
to biaxial cyclic shear load. Also, figures 13 to 18 show the location
of maximum tensile cracks area at two opposite corners of the
cross-section. The increase of longitudinal reinforcement ratio (%p,)
and Ash reduces the effect of biaxial cyclic shear load significantly.

8. Conclusions

This paper presents a numerical investigation on structural
behaviour of high strength RC columns subjected to uniaxial
and biaxial lateral displacement histories with constant axial
load. The effect of longitudinal and lateral reinforcement with
uniaxial and biaxial lateral displacement histories is studied.
Based on numerical results obtained during this investigation,
the following conclusions can be made:

- A good correlation has been established throughout
validation by comparison between numerical analysis by
ABAQUS and experimental results.

- An increase in longitudinal reinforcement ratio greatly
increases maximum and ultimate load of columns, and has
less effect on the corresponding deflection, number of cycles
and initial stiffness Ki.

- The column load and deformation capacity decreases
significantly with biaxial cyclic shear load, compared to
uniaxial load. Also, this effect reduces with an increase in
longitudinal reinforcement ratio (%p) and Ash value.

The above concluding remarks in terms of columns capacity,
corresponding deflections, number of cycles, and initial stiffness
Ki, suggest that column behaviour is significantly affected by
uniaxial load effects combined with biaxial loading. These two
aspects cannot be neglected, especially in the case of corner
columns.
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