
 

 

  
Abstract— The simulation of multistory reinforced concrete 

structures through the use of 3D detail modeling approaches that 
account for cracking through the smeared crack approach, under 
ultimate limit state cyclic loading conditions, is currently an approach 
that is not available in any research or commercial software, due to 
the excessive computational demand that rises when dealing with this 
type of large-scale numerical models. Through this research work, the 
numerical results that were obtained through the use of the simplified 
hybrid modeling (HYMOD) approach are presented. HYMOD is 
used herein to illustrate the capabilities of the method in capturing 
the experimental results of a full-scale 4-storey RC building that was 
retrofitted with infill walls and carbon fiber polymer jacketing. The 
adopted modeling approach was found to be able to have a superior 
computational performance, thus being able to solve the at hand 
problem thousands of times in an affordable computational time. It is 
demonstrated that this type of analysis can provide with the ability to 
study the cyclic mechanical behavior of full-scale structures under 
ultimate limit state loading conditions, whereas will further utilize 
scientists to perform parametric investigations towards the optimum 
retrofitting design of RC structures at a large-scale numerical level. 
 

Keywords— Hybrid Finite Elements, Cyclic Loading, 
Retrofitting Walls, Large-Scale Numerical Problems.  

I. INTRODUCTION 
ealing with the modeling of reinforced concrete (RC) 
structures under extreme cyclic loading conditions has 

many numerical challenges given the complexity of the 
mechanical behavior of the concrete material when cracking 
occurs. In the last three decades, researchers tried to develop 
different numerical models that would provide the ability of 
accurate and computationally efficient simulations. The 
accuracy limitations of 1D and 2D numerical models is well 
documented thus researchers turned towards more detailed 3D 
approaches [1-7] in an attempt to develop accurate and 
objective modeling methods that will be able to predict the 
mechanical response of any RC structural member or structure. 
These research studies foresaw the use of solid elements (8-, 
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20- and 27-noded hexahedral finite elements) that model the 
crack openings through the use of the smeared crack approach 
and model rebars as embedded rod or beam finite elements 
(FE). Research studies found in the international literature that 
used this numerical modeling approach for the analysis of the 
cyclic mechanical response of RC structures, were limited to 
the study of single RC structural members or relatively small 
structural configurations (i.e. 1-span RC frame with 1 or 2 
storeys). 

In order to overcome the computational limitations that arise 
when using solid FEs, several scientists proposed the use of 
hybrid models that foresee the combination of different in 
dimensionality finite elements that discretize the frame of any 
moment frame. Markou and Papadrakakis [8] presented their 
findings of a literature review performed on mixed element 
formulations and other hybrid techniques that were proposed 
through several publications [9-22], where it was found that 
only one of them attempted to deal with the nonlinear cyclic 
analysis of RC frames [19]. As it was reported by Mata et al. 
[19], they used two different FE models (3D solid and 1D 
beam elements), where the structure was initially discretized 
only by using beam finite elements. When predefined regions 
of the frame entered the nonlinear state, they were assumed as 
prismatic and were discretized with 3D solid elements so as to 
compute the updated stiffness matrix and the internal stresses. 
Then through the use of special transformation procedure, the 
updated stiffness was send back to the beam model. Due to the 
increased computational demand [20], the authors had to 
deployed a parallel solver that was used during the dynamic 
analysis of their numerical model. 

The most recent research work that uses the HYMOD 
approach was presented in [8] and has set the foundations for 
the full-scale RC structure simulations by presenting an 
integrated algorithm that uses 8-noded hexahedral finite 
elements that treat cracking through the smeared crack 
approach and model the reinforcement through the use of 
embedded rebar finite elements (rod or beam). In this work 
[8], it was shown that a direct discretization of the frame 
through solid and beam elements has the ability to capture the 
overall mechanical behavior of RC structures, while 
maintaining a high accuracy and computational efficiency. 

The proposed HYMOD algorithm, which in integrated is 
Reconan FEA [23] research software, is used herein in 

Cyclic Nonlinear Analysis of Large-Scale Finite 
Element Meshes Through the Use of Hybrid 

Modeling (HYMOD) 
George Markou, Christos Mourlas and Manolis Papadrakakis 

D 

INTERNATIONAL JOURNAL OF MECHANICS Volume 11, 2017

ISSN: 1998-4448 218



 

 

modeling the loading history test imposed on a 4-storey RC 
building that was experimentally tested by Martin et. al [24]. 
The computational efficiency, numerical robustness and 
accuracy of the proposed algorithm that derived from the 
numerical investigation will be presented in this paper. 
Furthermore, the algorithm’s ability in capturing the 
mechanical behavior of retrofitted RC structures is also 
demonstrated by comparing the experimentally and 
numerically obtained results.  

II. MATERIAL MODELING  
The adopted HYMOD approach [8] considers two different 

in dimensionality FE models for discretizing the frame of any 
building-like structure. These elements are the isoparametric 
hexahedral element and the Natural Beam-Column Flexibility-
Based (NBCFB) fiber element. Given that two FEs of different 
dimensionality are combined in this case, two concrete 
material models are considered in order to simulate the under 
study multi-storey RC structure. For the case of the 1D model, 
the HYMOD foresees the division of each beam-column 
section into fibers that have the ability to account for 

nonlinearities through the bilinear model (see Fig. 1).  
For the case of the 3D concrete material model the 

constitutive model presented in [6] is adopted for the needs of 
this work. The model is based on the Kotsovos and Pavlovic 
[25] material model, whereas it is also integrated with a 
flexible crack closure criterion that induces numerical stability 
during the cyclic analysis as it was shown in [6]. According to 
the formulation of the 3D concrete material constitutive model, 
the smeared crack approach is used to simulate the crack 
openings. The smeared crack approach was first presented by 
Rashid [26] as an extension to the work published by 
Gonzalez-Vidosa et al. [27]. Through this numerical approach, 
crack openings are accounted for by modifying the stiffness 
matrices and stresses at the corresponding integration points 
(Fig. 2), where the need for remeshing is not required. 

For the needs of this research work, the unified total crack 
approach (UTCA) proposed by Lykidis and Spiliopoulos [2] is 
adopted, which foresees that the state of crack formation or 

closure is treated in a unified way within every Newton-
Raphson internal iteration. The concrete material assumes that 
it loses all of its carrying capacity along the vertical direction 
of the crack, thus behaves in a brittle manner. The expression 
of the strength envelope of concrete is provided in Eq. (1) and 
it’s based on the Willam and Warkne [26] formulae.  
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where the rotational variable θ defines the deviatoric stress 
orientation on the octahedral plane. The τ0e (θ=0°) and τ0c 
(θ=60°) correspond to the state of σ1=σ2>σ3 (triaxial 
extension) and σ1>σ2=σ3 (triaxial compression), respectively 
and expressed analytically by experimental data. 

As it was stated above, the proposed material modeling 
procedure uses a flexible crack-closing criterion that was 
proposed in [6], which was found to be crucial during the 
cyclic loading analysis for establishing faster convergence 
ratio. The criterion for the closure of cracks is expressed as 
follows: 

1cr
i cr

tot

nb
n

ε ε
 −

≤ − 
   (2) 

where εi is the current strain in the i-direction which is normal 
to the crack plane and εcr is the strain that causes cracking 
formation. Parameter b is the number of the imposed 
displacement branch of the load history (i.e. Fig. 3 shows 2 
imposed displacement branches; equal to a half loading cycle), 
ncr and ntot are the numbers of increment that the crack is 
formed at and the total number of increments that an imposed 
displacement branch is divided into, respectively. Fig. 3 

 

 
Fig. 1 Bilinear model for cyclic analysis 

 

 
Fig. 2 Local axes for the case of two cracks at a specific Gauss point. 

 

 
Fig. 3 Schematic representation of the variables of Eq. (2) in an 

example of a half loading cycle. 
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illustrates the case where two branches are divided into 40 
displacement increments each. The y-axis consists the number 
of increments (dincr is the imposed displacement of each 
incremental iteration) and the x-axis represents the number of 
loading cycles.  

When a crack closes at the i-Newton-Raphson iteration, the 
elastic constitutive matrix Del is used to calculate the stresses 
of the previously cracked Gauss point through the following 
expression: 

1i i i
elDσ σ ε−= + ∆  (3) 

For the case of the embedded rebar elements found within 
the hexahedral mesh, the Menegotto-Pinto [29] steel model 
that takes into account the Bauschinger effect is used. In 
addition, a full bond model is assumed between the embedded 
rebars and concrete that complies with the experimental 
findings [24], which did not report any pull-out failures or 
insufficient anchorage lengths. 

The under study multi-storey RC structure that is 
investigated in this work, was also retrofitted at the ground 
floor walls through the use of three‐sided Carbon Fiber 
Reinforced Polymer (CFRP) jackets. In order to account the 
additional confinement of concrete, the jacketing was also 
discretized in detail by using hexahedral elements, where the 
material model used to simulate the stress-strain relationship of 
the CFRP material foresaw a linear behavior until complete 
failure for both tension and compression states, as illustrated in 
Fig. 4. Parameter ρc (the compressive-to-tensile strength ratio) 
was set to 0.7, given that the project’s report [24] did not 
provide any material data in regards to the CFRP sheet that 

was used. 

III. HYBRID MODELING FORMULATION  
Based on the HYMOD approach, as it was presented in [8] 

and integrated in this work with the concrete cyclic material 
model, the method combines hexahedral and beam-column 
finite elements, where the coupling between them is achieved 

through kinematic constraints. The kinematic constraints are 
enforced at each hexahedral node, located at the interface 
between the beam and the solid elements, as follows: 

( ) ( ) ( )3 1     3 6 6 1      
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 (5) 
where NBCFB

mu  and HEXA
iu  are the displacement vectors of 

the beam-column FE node corresponding to 6 dofs and the 
hexahedral nodes (3 dof per node) located at the interface, 
respectively. The subscript i of the global coordinates x, y and 
z, refers to the hexahedral node ID which is located at the 
interface section 1

iΩ , while subscript m refers to the beam-
column elemental node ID that controls the displacements 
(master node) of the interface section 1

iΩ  (Fig. 5). The matrix 

imT , is computed from the compatibility conditions of beam-
column and hexahedral nodal Cartesian coordinates.  

If we assume that a hexahedral node is located at the 
interface of a beam-column and hexahedral elements, it should 
follow the body movements of section 1

iΩ , which are enforced 
by the beam-column element nodal translational and rotational 
displacements (Fig. 5). Therefore, the computation of the new 
position for any point on the interface section 1

iΩ  is performed 
through a linear transformation that is expressed in Eq. (6). 

( ) ( ) ( )

HEXA

24 1 24 18 18 1

hybrid
H

x x x
= ⋅U T U

 (6) 

IV. 4-STOREY RC SPECIMEN 
The SERFIN project [24] was design as such in an attempt 

to study a full-scale RC multi-storey building under cyclic 
loading. One of the main objectives of this experiment was to 
investigate the mechanical behavior of the building and assess 
the overall mechanical response of the RC frame that was 
retrofitted with RC infill walls and CFRP jacketing. The 4-
storey RC building was tested through the use of the pseudo-
dynamic method (PSD) and foresaw two 4-storey parallel 
frames connected through a continues 0.15 m slab and four 
out-of-plane central beams that connected the two frames 
between them (Fig. 6). Each frame consisted of 3 bays (8.9 m 

 

 
Fig. 4 Material model of the CFRP jacketing. [28] 

 

 
Fig. 5 Kinematic constraints imposed by the 1D structural member 

on the interface section. 
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of total span) with the central bay (2.1 m net span) infilled 
with a RC wall. The total height of the structure was 12 m and 
the perpendicular distance between the South and North 
frames was 6.25 m.  

According to the experimental setup, the concrete material 
used for the construction of the RC frame was a C20/25 for all 
structural members, which had a uniaxial compressive strength 
of fc = 20 MPa and a Young Modulus of elasticity Ec = 30 
GPa with a unit weight of 25 kN/m3. Two steel grades were 
used to construct the reinforcement of the frame with a 400 
and 450 MPa yielding stress, respectively. 

 

In regards to the loading histories that were chosen to be 
applied on the structure, the experiment foresaw three different 
loading sets that corresponded to three independent earthquake 
intensity levels. The first displacement history shown in Fig. 7, 
which resulted from the first load set, was scaled accordingly 
in order to represent a low seismic acceleration of 0.1g, while 
the second was computed by using a high acceleration equal to 
0.25g. The final loading set was developed in order to push the 
specimen to its ultimate carrying capacity. In this work, the 

developed FE model was used to simulate the first 
displacement history of the experiment (Fig. 7). 

V. FINITE ELEMENT MESH 
This section will briefly present the HYMOD FE mesh that 

was developed for the needs of the analysis performed in this 
research work. As it can be seen in Fig. 8, the 3D detailed full 
hexahedral FE mesh is shown, which consists of 16,662 
hexahedrons according to Table 1 (excluding the CFRP 
jacketing) and 31,246 embedded rebar elements. This model 
discretizes the exact geometry of the 4-storey RC specimen, 
while the embedded rebar elements were modeled based on the 
exact steel reinforcement geometry (Fig. 8) according to the 
rebar details reported in [24]. The Full Hexa model was found 

 

 
Fig. 6 RC specimen in the lab. [31] 

 

 
Fig. 7 Displacement history applied at the top floor of the specimen. 

 

 
Fig. 8 Full Hexa FE mesh. (Left) Discretization of the concrete 

domain and (Right) Embedded rebar elements. 

 

 
Fig. 9 HYMOD FE mesh. (Left) Discretization of the concrete 

domain and (Right) Embedded rebar elements. 

 

 Model Hexa 
Elements 

Rebar 
Elements 

RC Beam 
Elements  

1 Full Hexa 16,662 31,246 -  
2 HYMOD 8,356 20,646 48  

 Model 
Hexa FE 

Reduction 
(%) 

Rebar FE 
Reduction  

(%) 

Overall 
FE 

Reduction  
(%) 

Dofs 
Reduction 

(%) 

1 Full Hexa - - - - 
2 HYMOD 49.85 33.92 39.46 48.47 

Table 1 FE mesh details of the 4-storey RC frame models. 

INTERNATIONAL JOURNAL OF MECHANICS Volume 11, 2017

ISSN: 1998-4448 221



 

 

to have a very high computational demand that made it 
impossible to be used for the full nonlinear cyclic analysis. 
Thus the construction of the HYMOD mesh was performed by 
applying a reduction level 1 (for additional details regarding 
reduction levels see [8]) that foresaw the deletion of all 
hexahedral elements found at beam and column structural 
members, as illustrated in Fig. 9. The derived HYMOD mesh 
presented in Fig. 9, where the concrete and reinforcement FE 
can be seen, derived a decrease of the initial number of 
elements by 39.46% and a total decrease of 48.47% in the case 
of the degrees of freedom (Table 1). 

As it can be depicted from Figs 9 and 10, the plastic hinge 
length that was adopted was based on the recommendations 
found in [8], which foresee a range between h and 2h, where h 
is the height of the structural member’s section. 

The imposed displacement history was applied through 
kinematic constraints at the nodes of the four slabs that were 
located at the points of the actuator attachment beams-slab 
connections as can be seen in Fig. 10 (for the case of the roof 
slab). The displacement history that was applied on each slab 
during the analysis, were based on the displacements reported 
in [24]. 

It must be noted at this point that, the experiment [24] 
foresaw the application of forces at each slab, whereas the 
response of the structure was monitored. The experimentally 
derived displacements at each slab were applied within the 

numerical model shown in Figs 9 and 10, where the 
numerically predicted base shear for each displacement 
increment were compared with the corresponding experimental 
values. 

VI. ANALYSIS RESULTS 
The imposed cyclic loading (Fig. 7) was developed in order 

to represent a low intensity earthquake excitation of a 0.1g 
seismic acceleration. As it was reported in [31], during the test 
the structure developed hairline cracks that appeared on the 
surface of the wall that were eventually closed down when the 
first cyclic loading history was finished. This implies that the 
structure entered the nonlinear state from the very first set of 
displacement cycles, thus concrete had developed cracks at an 
early loading stage. The maximum horizontal displacement at 
the roof according to the experimentally obtained displacement 
history was 23.5 mm along the positive x-axis and 23 mm 
along the negative. 

Fig. 11 illustrates the von Mises strain contour for the case 
of the maximum negative horizontal displacement of the top 
floor (δH = -23 mm). It is easy to observe that the South frame 
develops larger strains at the area of the wall in comparison to 
the North wall, given that the foreseen reinforcement ratio was 
lower in the case of the South infill RC wall. The main strain 
concentrations were found to be located at the walls and joints 
of the structure, where the bending moments and shear forces 
were larger. In addition to that, the joints where the beams are 

 

 
Fig. 10 Geometrical details of the plastic hinge lengths and imposed 

displacements. 
 

 
Fig. 11 Von Mises strain contour for δH = -23 mm details of the 

plastic hinge lengths and imposed displacements. 

 

 
Fig. 12 Von Mises strain contour for δH = 23.5 mm details of the 

plastic hinge lengths and imposed displacements. 

 

 
Fig. 13 Crack pattern of the South wall for (a) δH = -23 mm and (b) 

δH = 23.5 mm. Maximum computed crack width 0.15 mm. 
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connected with the walls are also illustrating strain 
concentrations (Fig. 11), where the contour indicates diagonal 
cracking in the middle of the wall. The cracks that were 
computed were small (0.15mm crack thickness at the first floor 
beam-column joints and 0.1 mm at the shear wall’s web). Fig. 
12 shows the corresponding von Mises strain contour for the 
case of δH = 23.5 mm, where the maximum positive horizontal 
displacement was applied. As it can be easily observed, the 
South wall derived higher strains due to the pre-mentioned 
reason (weaker wall due to a lower reinforcement ratio). 
According to their experimental observations, Martin et. al 
[24] reported that the walls developed diagonal cracks that 
closed after the load test was completed, which complies with 
the numerical findings. The numerically computed crack 
pattern for the case of the two maximum horizontal 
displacements (negative and positive) can be seen in Figs. 13a 
and 13b. In addition to that, the opening and closing of cracks 
can be easily depicted from these two figures, highlighting the 
numerical ability of the crack opening-closing algorithm that 
was proposed in [6] to handle this complex phenomenon. 

The remaining strain contour that derived, after the 1st load 
test analysis was fully applied, can be seen in Fig. 14, where it 
is easy to observe that the remaining strains are very small 
(3x10-4). Based on the numerical analysis, the walls and joints 
were the areas of the structure that developed the highest 
deformations (concrete was damaged but the steel remained in 
the elastic region). The cyclic analysis revealed that the South 

wall developed higher values, in terms of strains, compared to 
the North wall (due to the difference in the reinforcement 
ratio). It was also numerically found that the areas where the 
CFRP jacketing was applied managed to maintain a low stress-
strain state due to the locally induced confinement.  

Fig. 15 shows the comparison between the numerical and 
experimental base shear-horizontal displacement curves, where 
it can be seen that the hysteretic loops of the experimental 
curve are slightly larger than the corresponding numerical, 
especially at the maximum and minimum points of the 
experimental curves. This is attributed to the fact that the 
numerical model does not take into account the effect that time 
(duration of each applied displacement) has on the RC frame’s 
mechanical response. As it resulted from the experimental 
data, the corresponding hysteretic loops of the curve illustrate 
vertical parts at the two ends of each loop, where the 
displacement reaches its maximum value and the RC frame is 
found to be at an un-loading state. The actual duration that the 
structure was pushed for with a positive 23.5 mm or a negative 
23 mm horizontal displacement can increase the damage 
induced in the concrete material and also affect the measured 
structural response in terms of resistance.  

The maximum positive and negative numerically predicted 
total base shears are found to agree with the experimental 
values in a satisfactory way. For the positive maximum cycle, 
the numerical results predicted a 1,160 kN, while the 
corresponding experimental value was 1,152 kN (0.7% 
difference). For the case of the maximum negative deformation 
the difference was 3% in favor of safety. It is evident that the 
HYMOD managed to capture the maximum experimental base 
shear with high accuracy for this first loading test. 

Table 2 shows the computational time that was required for 
the solution of this problem that foresaw a total of 450 
displacement increments and a total of 2,833 internal 
iterations. The solution of the entire numerical problem 
required a total of 15 hours and 30 minutes, which corresponds 
to a 19.7 seconds per internal iteration. The average internal 
iterations per displacement increment was 6.3, whereas the 
average numerical error was found to be equal to 1.01 x 10-5. 

 
Fig. 15 Experimental vs numerical curves. Total base shear-

horizontal displacement of the top floor. 

 
Fig. 14 Remaining von Mises strain contour after the completion of 

the 0.1g test. 

Number 
of Displ. 
Incr. per 
loading 
cycle 

Total 
Displ 
Incr. 

Solved 

Total 
Internal 

Iter. 
Solved 

Average 
Numerical 

Error 

CPU Time 
Nonlinear 
Solution 
(hours) 

Size of the 
Output File  

(Gb) 

20 450 2,833 1.01 x10-5 15.5 20.7 
Table. 2 Computational performance of the HYMOD algorithm for 

the case of the 0.1g test. 

 
Fig. 16 Number of internal iterations vs displacement increment. 
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The total required disk space in order to save the output file 
was 20.7 Gb, which underlines the significance of the 
HYMOD approach and the ability to efficiently solve such a 
problem almost 2,833 times. It must be noted here that a 3.7 
GHz core was used to perform the numerical computations. 

As it was mentioned in [6] and as it is verified through this 
work, the proposed cyclic material model illustrates stability 
thus the number of the required iterations to achieve 
convergence is small, minimizing the computational demand 
during the nonlinear analysis. This was also verified herein, as 
it can be seen in Fig. 16 that visualizes the number of internal 
iterations per displacement increment. According to the 
statistical analysis performed on this graph, it was found that 
47.11% (212) of the displacement increments require less than 
5 internal iterations to reach convergence, while 77.33% (348) 
require less than 10. Finally, only 1.55% (7) of the 
displacement increments required more than 20 internal 
iterations so as to achieve convergence, which demonstrates 
the robustness and numerical stability of the developed 
algorithm. Furthermore, the use of the beam-column finite 
element that was described in [8], induces additional stability 
to the overall performance of the cyclic nonlinear solution, 
which was found to converge faster not only due to the 
decrease of the number of solid elements, but due to the 
numerical stability incorporated by the 1D element that uses 
the force-method. The numerical investigation performed 
herein, revealed that a similar numerical behavior derives 
during the cyclic analysis, thus the algorithmic and numerical 
benefits of the HYMOD apply for both monotonic [8] and 
cyclic nonlinear analyses. It must be stated here that, the 
nonlinear solver used an energy convergence criterion that 
foresaw a tolerance of 10-5.  

Finally, an analysis was also performed through the use of 
the Full Hexa mesh (Fig. 8) for a single load increment in 
order to compare the computational demand with that of the 
HYMOD. The Full Hexa model required a total of 39.83 
minutes so as to solve 8 internal iterations, which corresponds 
to a 298.75 seconds per internal iteration. This constitutes that 
the HYMOD was found to be 15 times faster than the 
corresponding Full Hexa model, while in order to solve the 
2,833 internal iterations that were presented in Table 2, the 
Full Hexa model would require a total of 9.8 days given that 
the installed RAM was sufficient and the analysis would have 
been feasible. This highlights the importance of the 
implemented HYMOD approach when it comes to solving 
large-scale numerical models. 

VII. CONCLUSION 
A numerical investigation was performed and presented 

through this research work that dealt with the full-scale 
nonlinear cyclic modeling of a 4-storey RC building that was 
retrofitted with RC infill walls and CFRP jacketing. The 
experimental setup was modeled and analyzed through the use 
of the HYMOD approach for cyclic modeling, which foresees 
the use of 3D detailed FE mesh discretization of the shear-

dominated parts of the structure, while the rest of the structural 
members are modeled through the computationally efficient 
NBCFB element.  

After the solution of the full unreduced hexahedral model 
for a single load increment, it was found that the required 
computational time for the simulation of the 4-storey RC 
building was 15 times slower, whereas the HYMOD approach 
managed to increase the computational efficiency of the 
simulation by 1500%. This is attributed to the fact that when 
the full model is considered the large-scale numerical problem 
derives a stiffness matrix that requires significant 
computational demand in order to be updated and inversed 
during the nonlinear solution procedure. This demonstrates the 
numerical ability of the HYMOD approach to decrease the 
stiffness matrix considerably, without losing its corresponding 
modeling accuracy, providing with the ability to simulate for 
the entire cyclic displacement history test in an affordable 
computational time. 

The numerical investigation revealed that the adopted 
HYMOD mesh managed to capture in a realistic manner the 
experimental shear base results [24] that were applied during 
the 0.1g loading test with less than 3% deviation. This 
highlights the ability of the HYMOD algorithm in predicting 
the overall mechanical behavior of full-scales structures under 
cyclic loading conditions. Based on the obtained numerical 
results, the crack pattern, the maximum crack width and the 
computed base shears were found to be in a good agreement 
with the experimental data. Furthermore, the ability of the 
algorithm to maintain a low ratio of internal iterations per 
displacement increment demonstrates the numerical robustness 
when using HYMOD in cyclic nonlinear limit state analyses. 

Finally, the 0.25g and funeral loading histories are currently 
being investigated through the use of the same model and will 
be discussed in a future publication. One of the main 
numerical challenge that is encountered in the case of these 
two loading histories is related on how to numerically account 
for the material deterioration of concrete that already occurred 
during the 0.1g and 0.25g tests, when analyzing the frame for 
the case of the funeral loading set. Performing the full analysis 
for all three loading histories would be computationally 
extremely demanding, thus solving this numerical problem 
requires a different approach that will lead to realistic models 
and numerical results. 
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