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Abstract: The article presents a verification of one of the existing seismic resistance criteria found in domestic 
and international standards. The study examines the limit value of relative displacement of the first-floor column 
in a reinforced concrete building under seismic loading using two different material models in a nonlinear dy-
namic framework. The article introduces a modeling approach that allows for the assessment of the seismic re-
sistance of reinforced concrete buildings and structures in a nonlinear dynamic framework. The objective of the 
work is to verify the standardized limit drift value for a specific structural scheme when modeling the column 
with volumetric elements including direct reinforcement.  
Two different material models, implemented in the LS-DYNA software, were used in the column modeling. The 
first material model is the Karagozian & Case (K&C) Concrete model. This material model represents a three-
invariant model with multiple strength and yield surfaces. The model's input parameters include various factors, 
including empirical ones, such as yield strength, ultimate strength, and residual strength, which are key parame-
ters for the damage accumulation function. The second material model is the Continuous Surface Cap Model, 
represented by a closed surface (a cap model with a continuous yield surface). This model also accounts for 
damage accumulation and the degradation of stiffness and strength under cyclic loading. 
The results include isocontours of the damage accumulation function in concrete, isocontours of strain and stress 
intensities in concrete and reinforcement at various time steps, as well as graphs of the damage accumulation 
functions. The findings confirm the accuracy of the numerically determined limit displacement value and identi-
fy which material model most precisely represents the failure mechanisms of concrete, thus indicating its suita-
bility for further in-depth research. 
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INTRODUCTION  
 
Existing domestic and international seismic design 
standards commonly utilize maximum allowable 
relative displacement, or inter-story drift, as one of 
the criteria for assessing seismic resilience. The 
maximum displacement can be taken equal to 
h/150 (h – floor height). [1] However, this criteri-
on has yet to be substantiated through rigorous 
nonlinear dynamic analysis. [2,3] The article pre-
sents a detailed examination of this specific limit 
state criterion, including an analysis of the seismic 
resistance of first-floor columns in a reinforced 
concrete structure. The study employs two distinct 
material models within a nonlinear dynamic 
framework, implemented using the LS-DYNA 
software package. 
The primary objective of this study is to verify 
the standardized allowable drift criterion for a 
specific structural configuration. This is 
achieved by modeling the column with 
volumetric elements and detailed reinforcement, 
utilizing material models that incorporate effects 
of degradation and damage accumulation. 
 
 
Methods 
 
The study examines a first-floor column (Figure 
1). The concrete used is of strength class B25, 
with a column height of 6 meters and a cross-
section of 400x400 mm. The longitudinal rein-
forcement consists of four rebars with a diameter 
of 28 mm (A500C). The transverse(shear) rein-
forcement is provided by hoops by 10 mm diame-
ter ties (A500C) in the central part of the column 
and 14 mm diameter ties (A500C) at the ends, 

spaced 200 mm apart. The concrete was modeled 
using solid elements, while the reinforcement bars 
were modeled using beam elements. 
The finite element mesh size for both the rein-
forcement and concrete was set at 12.5 mm in 
all directions. Column base is fixed in three lin-
ear directions. The top of the column is subject-
ed to a forced horizontal displacement of 2 cm 
along the X-axis (varying sinusoidally), along 
with a vertical load of 3 tons applied at each 
node. The model consists of 248521 finite ele-
ments. Several material models were used: 
Piecewise Linear Isotropic Plasticity for the re-
inforcement, and both the Continuous Surface 
Cap Model and the Karagozian & Case (K&C) 
Concrete model for the concrete.  
 

  
Figure 1. Finite element model used 
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Considered mathematical models of materials 
are presented below. 
 
KARAGOZIAN & CASE (K&C) 
CONCRETE MAT072R3 

 
This material model is primarily designed for 
simulating the dynamic responses of reinforced 
concrete structures. It accounts for various con-
crete properties such as hardening, softening, 
strain rate effects, compaction, and shear dila-
tancy. The model is a three-invariant formula-
tion featuring multiple yield and strength sur-
faces. The initial parameters of the model are 
various parameters, including empirical ones. In 
particular, the yield strength, ultimate strength 
and residual strength of the material, determined 
as functions of damage accumulation during 
compression and tension. 
The model decomposes the stress into hydro-
static pressure and deviatoric stress components: 
 

1

3ij ij ii ijs ,  (1) 

 
where: 

ij  - is the stress tensor: 

ijs  -  is the  deviatoric stress tensor; 

ij  - is the hydrostatic pressure. 

Hydrostatic pressure is related to the material's 
volumetric strain, while deviatoric stress is as-
sociated with its shear resistance. The deviatoric 
stress is usually expressed through the second 
invariant of the deviatoric stress tensor: 
 

2 2 2
1 2 3

2

1 1

2 2 2ij ji
s s sJ s s :

 

(2) 

The model features three independent strength 
surfaces: the maximum strength surface, the 
yield surface, and the residual strength surface, 
as illustrated in Figure 2. 

 

 
Figure 2. Strength surfaces for the Karagozian 

and Case concrete model (KCC)  
material model [4] 

 
The general expression for the strength surfaces 
can be written as: 

 

2 23J f p J( , ),  (3) 
 
where:  - is the difference between the prin-
cipal stresses; p -is the hydrostatic pressure.  
Typically, equation (3) refers to the compressive 
meridian. The whole failure curve can be ob-
tained through rotation of the compressive me-
ridian around the hydrostatic pressure axis by 

multiplying L [5] (4-5): 
 

2 2 2 2

2 2 2

2 1 2 1 4 1 5 4

4 1 1 2

L
c

L L

L

r
r

( )cos ( ) ( )cos
( )cos ( )

 

3 2 2 3

1 3
3 2
2

3

3 3
3

2

Lr J f p J J

J
J /

( , , );

cos /
 

 

(4) 

0
1 2

1
0

2
31

2 2 3

2
1 15

2 3
3 2

0 753 3

1 000 8 45

t c

c

c c

c

c

c

c

p

f fp
f

f fpfa m
a m a m f

p f
p f

if 

if 

if , .

. if 
. if .

 (5) 

Rating the Limiting Shift of a Story as a Criteria for a Special Limiting State



200 International Journal for Computational Civil and Structural Engineering

where: 
- is the ratio between the tensile and compres-

sive meridians. This ratio is a function of pres-
sure and can be calculated using the Malvar 
method [5]. 

cf  - is the compressive strength; 

tf  - is the tensile strength.  

At the initial increase in hydrostatic pressure, 
deviatoric stresses remain within the elastic 
range until the yield surface is reached. Devia-
toric stresses can continue to evolve until the 
ultimate strength surface is attained, at which 
point the material begins to fail. Following the 
onset of failure, the material progressively loses 
its load-bearing capacity and eventually reaches 
the residual strength surface. The equations for 
these three surfaces are provided in the follow-
ing equations [4]: 
Yield surface: 
 

0
1 2

y y
y y

pa
a a p

.  
(6) 

 
Maximum strength surface: 
 

0
1 2

m
pa

a a p
.  

(7) 

 
Residual strength surface: 
 

1 2
r

f f

p
a a p

.  
(8) 

 
The parameters a0, a1 ,a2 a1f ,a2f ,a0y ,a1y ,a2y, 
used for these three surfaces, can be determined 
based on the results of experimental tests, such 
as triaxial compression, biaxial compression, or 
uniaxial tension/compression.[5] 
After reaching the initial yield surface but be-
fore attaining the ultimate strength surface, the 
current surface can be obtained through linear 
interpolation between the yield surface and the 
ultimate strength surface.  
Once the maximum strength surface is reached, 
ongoing failure is interpolated between the max-

imum strength surface and the residual strength 
surface. The dynamic form of the failure surface 
is implemented by interpolating between pairs 
of fixed strength surfaces based on the damage 
parameter . The evolution of this parameter is 
defined as a function of the plastic strain rate 
tensor pˆ : 
 

ph p ˆ( ) ;  (9) 

2

3
p p pˆ : .  (10) 

 
The function h(p) describes the dependency be-
tween pressure and the rate of change of dam-
age accumulation. 
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(11) 

 
where : 

fr - is the Dynamic Increase Factor(DIF).  

b1, b2 – are experimentally determined parame-
ters. 
The concrete model also uses the parameter  
for interpolation between different strength sur-
faces. This parameter varies from zero to one, 
depending on the accumulated effective plastic 
strain. Specifically: 
1. As  begins to increase,  increases from 0 to 1. 
2. When  reaches the value m (plastic strain at 
maximum strength)  becomes 1. 
3.  then decreases back to 0 as   continues to 
increase (1< <2). indicating softening and pro-
gressive failure. The material continues to de-
grade after reaching its maximum strength. 
The parameter  aids in modeling the transition 
between the ultimate strength surface, the yield 
surface, and the residual strength surface, de-
pending on the degree of material damage. 
Theoretically, each of the three strength surfaces 
is described by equations, with nine parameters 
calibrated based on experimental data. Howev-
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er, due to limited data, it may be impossible to 
calibrate the parameters across the entire range 
of pressures. As a result of this scarcity of ex-
perimental data, several assumptions have been 
incorporated into the model when using the 
strength surfaces.[6] 
Firstly, experimental data for calibrating the ul-
timate strength surface at pressures below cf /3, 

are likely unavailable, as damage does not occur 
within this range. Consequently, in the model 
implementation, the ultimate strength surface is 
predefined as: 
 

0
1 2 3

03
3

2
0

3 0

c
m

m m

c
m

m t

t

t m

fpa p
a a p

fp
p f

f p

p f p

 or ˆ ( )

 and 

 

(12) 

Similarly, the yield surface cannot be calibrated 
for pressures between 0 and 0  ycf /3( ycf — is 

the yield limit), as yielding does not occur with-
in this pressure range. Therefore, the yield sur-
face is modified as follows: 
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((13
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The residual strength surface (Figure 2) models 
the transition from brittle to ductile behavior in 
concrete as lateral pressure increases. At very 
high lateral pressures, the concrete may exhibit 
strain-hardening behavior. The model accounts 
for this by defining the residual surface so that, 
at high pressures, it equals or exceeds the ulti-
mate strength surface. 
 

CONTINUOUS SURFACE CAP MODEL 
 
This model also incorporates damage accumula-
tion, with the damage accumulation function 
accounting for both the reduction in material 
strength and the degradation of the elastic mod-
ulus. [7] 
 

 
Figure 3. Continuous surface cap model CSCM 

 
The damage accumulation is mathematically 
expressed as follows: 
 

d p
ij ijd . (14) 

 
Here d – is a scalar damage parameter that 
transforms the undamaged stress tensor, denoted 
as p, into the damaged stress tensor, denoted 
as d. The damage parameter d varies from 0 
(indicating no damage) to 1 (indicating com-
plete loss of strength). The effect of this pa-
rameter also includes the proportional reduction 
of both the bulk modulus and the shear modulus 
simultaneously.[8] 
Brittle damage accumulates under tension. The 
accumulation of brittle damage depends on the 
maximum principal strain max: 
 

2
maxb E . (15) 

 
where b - is an energy-type parameter. Brittle 
damage initiates when b exceeds the initial 
threshold r0b.  
Plastic damage accumulates under compressive 
loading and is dependent on the components of 
the total strain ij: 
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1

2d ij ij ,
(16) 

 
where d - is an energy-based parameter. Plastic 
damage begins to accumulate when d exceeds 
the initial threshold r0d.  
 
 
RESULTS AND DISCUSSION 
 
The key results are summarized as follows: 
Fig. 4 shows the calculation scheme with iso-
fields of the damage accumulation function, and 
also highlights the fragment for which the re-
sults will be presented. 
 

 
 

 
Figure 4. alculation scheme with isofields of 
the damage accumulation function (t=0,8 s) 

Figure 5 shows a group of finite elements for 
which the graphs of damage accumulation func-
tions are given. (For Karagozian & Case (K&C) 
Concrete model - in Figure 6, for Continuous 
Surface Cap Model - in Figure 7) 
 

 
 

Figure 5. The area under consideration 
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Figure 6. Damage accumulation function in  
concrete element  
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Figure 7. Damage accumulation function in  

concrete element 
 

Figures 8-11 depict the isopleths of stress inten-
sity in concrete at different time steps. Figures 
12-15 depict the isopleths of stress intensity in 
reinforcement at different time steps.  
Figures 16-19 depict the isopleths of strain in-
tensity in concrete at different time steps. Fig-
ures 20-23 depict the isopleths of strain intensity 
in reinforcement at different time steps.  
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Figure 8. Stress intensity in concrete 

 (t=1,0 s), Pa 
(Karagozian & Case (K&C) Concrete model) 

 

 
Figure 9. Stress intensity in concrete  

(t=1,0 s), Pa 
(Continuous Surface Cap Model) 

 

 
Figure 10. Stress intensity in concrete  

(t=1,55 s), Pa 
(Karagozian & Case (K&C) Concrete model) 

 

 
Figure 11. Stress intensity in concrete 

 (t=1,55 s), Pa 
(Continuous Surface Cap Model) 

 
Figure 12. Stress intensity in in reinforcement  

(t=1,0 s), Pa 
(Karagozian & Case (K&C) Concrete model) 

 

 
Figure 13. Stress intensity in in reinforcement  

(t=1,0 s), Pa 
(Continuous Surface Cap Model) 

 

 
Figure 14. Stress intensity in reinforcement 

 (t=1,55 s), Pa 
(Karagozian & Case (K&C) Concrete model) 

 

 
Figure 15. Stress intensity in reinforcement  

(t=1,55 s), Pa 
(Continuous Surface Cap Model) 
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Figure 16. Intensity of deformations in concrete 

(t=1,0 s) 
(Karagozian & Case (K&C) Concrete model) 

 

 
Figure 17. Intensity of deformations in concrete 

(t=1,0 s) 
(Continuous Surface Cap Model) 

 

 
Figure 18. Intensity of deformations in concrete 

(t=1,55 s) 
(Karagozian & Case (K&C) Concrete model) 

 

 
Figure 19. Intensity of deformations in concrete 

(t=1,55 s) 
(Continuous Surface Cap Model) 

 
Figure 20. Intensity of deformations in rein-

forcement (t=1,0 s) 
(Karagozian & Case (K&C) Concrete model) 

 

 
Figure 21. Intensity of deformations  

in reinforcement (t=1,0 s) 
(Continuous Surface Cap Model) 

 

 
Figure 22. Intensity of deformations in rein-

forcement (t=1,55 s) 
(Karagozian & Case (K&C) Concrete model) 

 

 
Figure 23. Intensity of deformations in rein-

forcement (t=1,55 s) 
(Continuous Surface Cap Model) 
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Figures 24-28 present the isopleths of the dam-
age accumulation function at various time inter-
vals.  

 

 
Figure 24. Damage accumulation 

function in concrete (t=1 s) 
(Karagozian & Case (K&C) Concrete model) 

 

 
Figure 25. Damage accumulation 

function in concrete (t=1 s) 
(Continuous Surface Cap Model) 

 

 
Figure 26. Damage accumulation 

function in concrete (t=1.55 s) 
(Karagozian & Case (K&C) Concrete model) 

 
 

 

 
Figure 27. Damage accumulation 

function in concrete (t=1.55 s) 
(Continuous Surface Cap Model) 

 

 
Figure 28. Damage accumulation 

function in concrete (t=2.60 s) 
(Continuous Surface Cap Model) 
 
 

CONCLUSION 
 
1. The research results indicate the adequacy 
and validity of the limit value for the inter-story 
drift for this structural scheme, which is numer-
ically set at 2 cm. 
2. The approach to modeling proposed in this 
study enables the evaluation of the seismic re-
sistance of reinforced concrete buildings and 
structures in a nonlinear dynamic framework. 
This approach accounts for the degradation of 
strength and softening of the structural system, 
as well as the accumulation of damage under 
cyclic loading. 
3. Based on the results of the study, it can be 
concluded that the Karagozian & Case (K&C) 
Concrete material model more adequately de-
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scribes the nature of concrete destruction and 
can be utilized in further research. 
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