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Abstract: In the first part of the current study, the effectiveness of the transversal cross-section
reduction method for RC beams in marginal areas (by means of mechanical drilling) was validated.
The said method “encourages” the formation of plastic hinges at the beam ends and, at the same
time, allows for taking into account the bending stiffness of RC slabs, which is exerted upon the RC
beams. In these conditions, the second part of the current research study (i.e., the current manuscript)
highlights the real mode of reducing the lateral stiffness of the slabs upon the RC beams. These
elements form a common body, together with the beam–column frame node. The same method as
in the first part of the study—“weakening” the plates in the corner area through vertical drilling,
without affecting the integrity of the reinforcing elements—was used. The analytical MR RC frame
model, studied by means of the comparative method, highlights the efficiency of the transversal
cross-section reduction method for RC slabs. Basically, the directing of the plastic deformations from
the weakened slab areas towards the marginal areas of the reinforced concrete beams takes place.
The beams rotate as far as the weakened slab areas allow its plastic deformation, thus being possible
to observe the partial conservation effect of the beam–column frame joint. Furthermore, for the
analytical model with the maximum number of vertical holes in the corner areas of the concrete plate,
minimal plastic deformations are recorded for the marginal areas of the concrete columns. A partial
conservation of the formation mechanism of the “beam-slab-frame node” common rigid block is
also noted. Consequently, the dissipation of the seismic energy is made in a partially controlled and
directed manner, in the “desired” areas, according to the “Strong Columns—Weak Beams” (SCWB)
ductile mechanism of the lateral behavior to seismic actions for reinforced concrete frame structures.
The mechanism is specified in current design norms for RC frame systems. The effectiveness of
the method for reducing the transversal section of the RC plates in the corner areas by means of
transversal drilling is highlighted and validated from the perspective of the local and global ductile
seismic response of reinforced concrete frame structures. A significant reduction in the bending
stiffness of the slabs upon the beams and a real development of the plastic hinges in the marginal
areas of the beams (together with partial implications and plastic deformations) were observed.
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1. Introduction

The numerical analyses [1–9] pertaining to experimental studies [1,2,10] and to the ef-
fects of on-site earthquakes upon seismic-resistant reinforced concrete frame
structures [11–16] prove the incapacity of such a structural system to develop a ductile
seismic energy dissipative mechanism.

The marginal areas of the reinforced concrete columns [1–10] and the beam–column
frame nodes [2,17] deform intensively and are the main elements with a plastic behavior
for these types of structural systems [18].

Furthermore, it is possible to highlight the development of the “beam-column-frame
node” common rigid block when a seismic event occurs. The rigid block is conducive to
the concentration of plastic hinges in the marginal areas of the reinforced concrete columns
and in the beam–column frame joints [19–27].

In these circumstances, several practical solutions are proposed regarding the improve-
ment of the seismic response of MR RC frame systems. One such solution for the reduction
of the transversal section of the reinforced concrete beams is by means of drilling them in
critical areas in a transversal direction. The solution was presented in the first part of the
current research study, carried out by Sococol et al. [28].

Additionally, in this first part [28] of the current analytical study, the research topic
was aligned with the existing notions in current seismic design norms, resulting in the
emergence of a substantial literature review section.

Therefore, in the second part of the current analytical study, it is proposed to reduce
the transversal section of the RC slabs through the same method of drilling in a transversal
direction. This is carried out in the corner areas for the K_7 (representative) analytical MR
RC frame model [9,28], (see Figure 1a).

Buildings 2022, 12, x FOR PEER REVIEW 2 of 23 
 

Keywords: FEM analysis; pushover; RC slabs; frame structure; vertical holes; plastic zones 
 

1. Introduction 
The numerical analyses [1–9] pertaining to experimental studies [1,2,10] and to the 

effects of on-site earthquakes upon seismic-resistant reinforced concrete frame structures 
[11–16] prove the incapacity of such a structural system to develop a ductile seismic en-
ergy dissipative mechanism. 

The marginal areas of the reinforced concrete columns [1–10] and the beam–column 
frame nodes [2,17] deform intensively and are the main elements with a plastic behavior 
for these types of structural systems [18]. 

Furthermore, it is possible to highlight the development of the “beam-column-frame 
node” common rigid block when a seismic event occurs. The rigid block is conducive to 
the concentration of plastic hinges in the marginal areas of the reinforced concrete 
columns and in the beam–column frame joints [19–27]. 

In these circumstances, several practical solutions are proposed regarding the im-
provement of the seismic response of MR RC frame systems. One such solution for the 
reduction of the transversal section of the reinforced concrete beams is by means of 
drilling them in critical areas in a transversal direction. The solution was presented in the 
first part of the current research study, carried out by Sococol et al. [28]. 

Additionally, in this first part [28] of the current analytical study, the research topic 
was aligned with the existing notions in current seismic design norms, resulting in the 
emergence of a substantial literature review section. 

Therefore, in the second part of the current analytical study, it is proposed to reduce 
the transversal section of the RC slabs through the same method of drilling in a trans-
versal direction. This is carried out in the corner areas for the K_7 (representative) ana-
lytical MR RC frame model [9,28], (see Figure 1a). 

  
 

(a) (b) (c) 

Figure 1. Graphical representation of the K_7 MR RC frame model (reduced to ½ scale) (Reprinted 
from Ref. [28]): (a) “Global tridimensional representation of the structural system” [8,9,28]; (b) 
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The main contribution of this paper is the improvement of the seismic response of 
MR RC frame systems. This subject is considered to be of importance, as it is possible to 
observe the reduction of the in-plane rigidization effect of the beams upon the concrete 
slab. Moreover, it allows the possibility to analytically validate the proposed solution, 
such that the dissipation of the seismic energy will occur through the development of the 
”Strong Columns—Weak Beams” (SCWB) mechanism [29,30]. 

Figure 1. Graphical representation of the K_7 MR RC frame model (reduced to 1
2 scale) (Reprinted

from Ref. [28]): (a) “Global tridimensional representation of the structural system” [8,9,28]; (b) “Steel
reinforcement carcase in MR RC frame model” [8,9,28]; (c) “Local representation of the reinforced
concrete beam-column frame joint at the level of the slab over the ground story” [28].

The main contribution of this paper is the improvement of the seismic response of
MR RC frame systems. This subject is considered to be of importance, as it is possible to
observe the reduction of the in-plane rigidization effect of the beams upon the concrete slab.
Moreover, it allows the possibility to analytically validate the proposed solution, such that
the dissipation of the seismic energy will occur through the development of the ”Strong
Columns—Weak Beams” (SCWB) mechanism [29,30].

2. Methodology

The comparative research method of the current analytical study contains the following
distinct steps:
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• The research and the presentation of the issues regarding the non-ductile mechanism
developed by reinforced concrete frame structures which undergo dynamic loading;

• The registering and the presentation of the local seismic energy dissipation mecha-
nisms, which appear in the lateral elements of the said type of structural system, and
the highlighting of the rigidization effect of the RC beams upon the RC slab;

• The development and the presentation of a possible solution for the concentration of
plastic deformations in the marginal areas of the beams and the corner areas of the
slabs, by means of reducing the transversal section of the slabs;

• The analytical (numerical) validation of the proposed solution.

3. Pushover Analysis of the GF + 1F Moment-Resisting (MR) Reinforced Concrete (RC)
Frame Model
3.1. General Aspects

Within the scope of the current analytical study, numerical analyses were performed
with the ATENA computer program [31–40]. The representative analytical model is con-
sidered to be the K_7 MR RC frame system specified by Sococol et al. [8,9,28] (also see
Figure 1a and Table 1). All subsequently generated analytical models found in the current
study have, as a source, the model K_7.

Table 1. Principal characteristic parameters considered in numerical analyses of the Moment-
Resisting (MR) Reinforced Concrete (RC) frame models.

NSC CSC LSRT TSRT

LSR RC
C

[CS:15 ×
15 cm]

LSR RC
LB

[CS:15 ×
20 cm]

LSR RC
TB

[CS:15 ×
20 cm]

TSR RC C TSR RC LB
and TB

R RC S
[hs =
7 cm]

GR

K_7

C20/25 Bst 500S Bst
500M

4φ14 4φ8 4φ8 1φ4/1 CS 1φ4/1 CS φ6

Figure 1b

K_7_S_2 Figure 2(a2)

K_7_S_1 Figure 2(b2)

K_7_S_B_1 Figure 2(c2)

Note: NSC—Numerical Simulation Code; CSC—Concrete Strength Class; LSRT—Longitudinal Steel
Reinforcement Type; TSRT—Transverse Steel Reinforcement Type; LSR—Longitudinal Steel Reinforcement; RC—
Reinforced Concrete; C—Columns; CS—Cross-section; LB—Longitudinal Beams; TB—Transverse Beams; TSR—
Transverse Steel Reinforcement; R—Reinforcement; S—Slabs; hs–slabs’ thickness; GR—Graphical Representation.
(Additional specifications: LSR RC C, TSR RC C, LSR RC LB, LSR RC TB, TSR RC LB, TSR RC TB, and R RC S can
be consulted in the research study carried out by Sococol et al. [28]).
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K_7_S_B_1: (a1), (b1), and (c1), “Global tridimensional representation of the structural system” [8,9,28];
(a2), (b2), and (c2), “Steel reinforcement carcase in MR RC frame model” [8,9,28]; (a3), (b3), and (c3),
“Local representation of the reinforced concrete beam-column frame joint at the level of the slab over
the ground story” [28].

In these circumstances, each analytical model contains reinforced concrete slabs with
a reduced transversal section in the corner areas by means of employing the process of
transversal mechanical drilling (see Figure 1).

Each structure of the reinforced concrete frame type was loaded with equivalent static
forces in the horizontal direction, parallel to the long side of the lateral system (see Figure 3),
according to the recommendations specified by P100-1 [29] and in EC 8 [30].

Thus, the “F-D” (Force–Displacement) capacity curves and the specific maximum
deformation curves were obtained, being numerically described in Section 3. Furthermore,
the deformation mode for each analytical model was observed via graphical visualization
and studying of the crack pattern for each lateral loading step. Within the current study,
the frame models are graphically represented only for the final lateral loading step, in order
to simplify and reduce the volume of information to be visualized.

The numerical analyses display and validate the developing process of the ”beam-
plate-frame node” common rigid block [5–9,41–43] for both the unaltered analytical model,
as well as for the modified one (by means of mechanical drilling in the plates, in the corner
areas). Consequently, the rigidization effect of the reinforced concrete beams, produced by
the plates, will be significantly reduced.
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3.2. Input Data Considered in Research Study

The reinforced concrete frame type models were reduced to a 1
2 scale according to the

similitude criteria specified by El-Attar et al. [44], Harris and Sabnis [45], Moncarz and
Krawinkler [46], as well as other scientific literature sources [47–52]. These models were
horizontally loaded (on the long direction of the structural system) with static equivalent
forces obtained in the linear elastic calculus stage, in accordance with Figure 3.

The disposition of reinforcement for the lateral structure, for each RC frame model,
was represented in the research study carried out by Sococol et al. [28]. Moreover, the
“meshed model” [32,53,54], for which the ”stress-strain relations for concrete” [55–60] and
”stress-strain laws for steel reinforcement” [55,61–64], were respected. These can also be
found in Sococol et al. [28].

The input data required for the numerical simulations are presented in Tables 1 and 2.
In Table 2, the main aspects regarding the method of reducing the cross-section of the

reinforced concrete slabs (by means of transversal drilling of the corner areas—with the
purpose of reducing the influence of the bending stiffness of the slabs upon the beams), such
that the plastic hinges will develop in the marginal areas of the RC beams, are specified.

In these circumstances, “within the scope of the numerical simulations, the drilled
holes were considered to have a square shape, both in order to simplify the generation of
the meshing for the structural elements and to avoid the occurrence of several analytical
problems regarding the interaction between concrete and welded wire nets” [7,28,53,54], etc.

The number of vertically drilled holes in the reinforced concrete slabs was established
according to the following criteria:

• They should not compromise the structural integrity of the welded wire nets, therefore
the holes are placed in-between the wires;

• They should be emplaced at a minimum distance from the reinforced concrete frame
nodes and columns. Said distance was established taking into account the first gaps in
the welded wire nets, which could be found outside of the beam–column frame node;

• The drilling surface has a triangular shape and the length of the two sides parallel
to the RC beams is equal to “the length of the plastic hinge from the RC beams,
computed according to P100-1 [29] norm for each type of beam (longitudinal and
transversal)” [28].
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Table 2. Main aspects regarding the cross-section reducing method of the RC slabs through the vertical drilling (mechanical) process in the corner areas for analytical
MR RC frame models.

NSC

RC Drilled
Element

Type in the
Potentially

Plastic Zone

Holes’ Type
Depends on

the
Geometric

Shape
(Form)

Variable
(V)/Constant

(C) Size
Holes

Number of
Holes

Number of
Rows of

Holes

Constant
(C)/Variable
(V) Distance

between
Holes

Constant
(C)/Variable
(V) Distance

between
Rows of

Holes

Minimum
(Min)/Maximum
(Max) Distance
between Holes

and RC B-C
Joint/RC
Column

Rows of
Vertical
Holes

Positioning
(Zig-Zag,
Parallel,

etc.)

Transverse
Reinforce-

ment Mode
of the RC
Columns

GR

K_7 - - - - - - - - - 1φ4/1 CS Figure 1a,c

K_7_S_2 slab square holes C 3 1 C - Min. - 1φ4/1 CS Figure 2
(a1),(a3)

K_7_S_1 slab square holes C 6 2 C C Min. parallel 1φ4/1 CS Figure 2
(b1),(b3)

K_7_S_B_1 beam and
slab square holes C

4 for LB
3 for TB

6 for RC slab

1 for LB
1 for TB

2 for RC slab
C

-
-
C

Min.
-
-

parallel
1φ4/1 CS Figure 2

(c1),(c3)

Note: Vertical holes were positioned between the RC slabs’ (steel) reinforcement bars, without affecting the structural integrity of these structural elements (see Sococol et al. [28]).
NSC—Numerical Simulation Code; RC—Reinforced Concrete; LB—Longitudinal Beams; TB—Transverse Beams; CS—Cross-section; GR—Graphical Representation.
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“It is mentioned the fact that it was avoided to go into too much detail regarding the
influence of the geometric shape of the holes, the variability of the dimensions of the holes,
the constant/variable distance between the holes, the constant/variable distance between
the rows with holes, the zig-zag/parallel positioning of the rows with holes etc.” [28], in
order to simplify the numerical calculus stages, as well as the number of numerical analyses
to be performed.

In these conditions, Figures 1 and 2 tridimensionally depict the RC frame models
K_7, K_7_S_2, K_7_S_1 and K_7_S_B_1 together with their corresponding reinforcement
skeleton and the beam–column frame node from the level of the plate over the ground
story, in order to be able to visualize the transversal drilling of the slabs.

4. Analytical Results and Complementary Comments
4.1. Analytical Results

The non-linear static analyses (SPO) made for the analytical MR RC frame models
specified in Tables 1 and 2 and Figures 1 and 2 show not only the numerical results for the
“ultimate lateral forces (Fu), ultimate lateral displacements (du), lateral forces corresponding
to the yielding of the equivalent SDOF system (F*

y), horizontal displacements at the top
of the structure corresponding to the yielding of the equivalent SDOF system (d*

y), total
specific strain Eps zz, principal fracture strain” [5–9,28], (see Table 3) but also the cracking
pattern corresponding to each of the studied analytical models in the final horizontal
loading step.

Table 3. Analytical results in lateral forces, horizontal displacements, and specific deformations
for K_7, K_7_S_2, K_7_S_1, and K_7_S_B_1 laterally loaded structural MR RC frame models with
equivalent static forces.

NSC Fu
[kN]

du
[m]

F*
y

[kN]
d*

y
[m]

SPO CB TSE
(CF)

TSE
(TF)

GR TSE
(CF/TF) PFSM GR PFSM

K_7 41.575 0.03288 40 0.0187 Figure 4a 0.002789 0.006118 Figure 5
(a5),(a6) 0.0413 Figure 5

(a1)–(a4)

K_7_S_2 39.49625 0.02785 37.8 0.0169 Figure 4b 0.002267 0.003946 Figure 5
(b5),(b6) 0.02573 Figure 5

(b1)–(b4)

K_7_S_1 39.49625 0.028 38.2 0.0173 Figure 4c 0.002295 0.003982 Figure 5
(c5),(c6) 0.01905 Figure 5

(c1)–(c4)

K_7_S_B_1 41.575 0.03179 40.4 0.0188 Figure 4d 0.002693 0.00576 Figure 5
(d5),(d6) 0.02913 Figure 5

(d1)–(d4)

Note: NSC—Numerical Simulation Code; Fu—ultimate lateral force corresponding to global system collapse;
du—ultimate lateral displacement of the structural system; F*

y—lateral force corresponding to structural yielding
of the equivalent SDOF structural system; d*

y—horizontal peak displacement corresponding to structural yielding
of the equivalent SDOF structural system; SPO CB—Static Push-Over Curve Bilinearisation; TSE—Total Strain
Eps zz; CF—Compressive Failure; TF—Tensile Failure; GR—Graphical Representation; PFSM—Principal Fracture
Strain Max. Specific deformations values in this table correspond to the final horizontal loading step. SPO curves
for all MR RC frame models specified in the current table are graphically represented in Figure 6. Lateral Forces
(LF)—PFSM curves for all MR RC frame models specified in the current table are graphically represented in Figure 7.
LF—TSE curves for all MR RC frame models specified in the current table are graphically represented in Figure 8.
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Reinforced Concrete (RC) frame models for the ultimate lateral loading stage with: (a1), (a2), (b1),
(b2), (c1), (c2), (d1), and (d2) Principal Fracture Strains Max (PFSM) representations; (a3), (a4), (b3),
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(b4), (c3), (c4), (d3), and (d4) local Principal Fracture Strains Max (PFSM) representations; (a5), (a6),
(b5), (b6), (c5), (c6), (d5), and (d6) Total Strains Eps zz (TSE) representations. (Note: In Table 3, the
implicit values of PFSM and TSE for the structural element zones with potential plastic deformation
(belonging to the (a–d) MR RC frame analytical models, in their final step of lateral loading) are
presented in a tabular form. In Figure 7, the PFSM values expressed as curves are represented
for each lateral loading step for the (a–d) MR RC frame analytical models. In Figure 8, the TSE
values expressed as curves are represented for each lateral loading step for the (a–d) MR RC frame
analytical models.
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The determination of the lateral forces (F*
y) and lateral displacements (d*

y) which corre-
spond to the yielding of the equivalent SDOF system, was performed with SPO2FRAG [65,66]
computer software, following the bilinearisation of the SPO curves from Figure 6, in
accordance with the requirements from Eurocode 8 [30].

The conclusions and the local and global seismic response elements corresponding to
the seismic energy dissipation mechanisms are specified in Section 5.

The limit values of the lateral displacements on the top story, for each analytical model,
were determined in accordance with:

- P100-1 [29], the Romanian norm;
- EN 1998-1:2004 [30], the European standard associated with the SR EN 1998-1/NA:

2008 [67] national annex;
- Paulay’s and Priestley’s [68] structural design literature book.

According to P100-1 [29], the Romanian seismic design norm, the admissible value of
the relative story displacements is established as follows (see Equation (1)):

dSLU
r,a = 0.025·h (1)

where
dSLU

r,a —is the admissible value of the relative story displacement;
h—is the story height.
Therefore, the admissible value for the lateral displacements of the RC frame models,

for the top story, is established for htop = 2.8 m.
According to SR EN 1998-1:2004 [30], limiting the relative story displacements for

buildings without non-structural elements is performed as follows (see Equation (2)):

drϑ ≤ 0.010·h (2)

where
dr—is the relative story displacement, for the considered story, when performing

structural analysis;
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h—is the story height;
υ—is the reduction factor, which takes into account the smallest return period of the

seismic action associated with requirements for limiting degradations.
Therefore, the limit value for the lateral displacements of the RC frame models, for the

top story, is established for htop = 2.8 m.
The value of the reduction factor “υ” is established in accordance with SR EN 1998-

1/NA: 2008 [67] for the building importance class III of the type of construction analyzed
in the current analytical study. As such, υ = 0.4.

According to Paulay and Priestley [68], the admissible story drift for a multiple-story
structure is 2.5. Story drift is computed as a function of ductility (see Equation (3)):

µd =
du

d∗y
≤ µadmissible

d = 2.5 (3)

where
µd—is the ductility of the structural system;
du—is the ultimate lateral displacement of the structural system;
dy

*—is the horizontal peak displacement corresponding to the structural yielding of
the equivalent SDOF structural system;

µadmissible
d —is the admissible ductility of the structural system.

The displacement values “du” and “dy
*” can be found in Table 3 for each of the studied

analytical models.
Consequently, in Table 4, the admissible displacement values for the reinforced con-

crete frame models are centralized, and the values obtained are in accordance with Equa-
tions (1)–(3).

Table 4. Analytical results in terms of admissible lateral displacements and ultimate lateral displace-
ments for K_7, K_7_S_2, K_7_S_1, and K_7_S_B_1 laterally loaded structural MR RC frame models
with equivalent static forces.

NSC htop
story

[m]
du

[m]
dr,a

SLU

[m]
htop

story

[m] υ
du

[m]
dr

[m]
du

[m]
d*

y
[m]

µd µd
adm

P100-1 [29] EN 1998-1:2004 [30] Paulay and Priestley [68]

K_7

2.8

0.03288

0.07 2.8 0.4

0.03288

0.07

0.03288 0.0187 1.7582

2.5
K_7_S_2 0.02785 0.02785 0.02785 0.0169 1.6479

K_7_S_1 0.028 0.028 0.028 0.0173 1.6184

K_7_S_B_1 0.03179 0.03179 0.03179 0.0188 1.6909

Note: NSC—Numerical Simulation Code; htop
story—the total height of the reinforced concrete frame structural

models; du—ultimate lateral displacement of the structural system; dr,a
SLU—the admissible value of the rela-

tive story displacement; υ—the reduction factor, which takes into account the smallest return period of the
seismic action associated with requirements for limiting degradations; dr—the relative story displacement for
the considered story when performing structural analysis; dy

*—horizontal peak displacement corresponding to
structural yielding of the equivalent SDOF structural system; µd—the ductility of the structural system; µd

adm—the
admissible ductility of the structural system.

Regarding the attainment of the limit values of the lateral displacements, none of
the analytical models achieved the admissible threshold specified in the seismic design
norms [29,30,67] and in the scientific literature [68]. The obtained result validates the
applicability of the method for reducing the transversal section of the concrete slabs in
specific areas, with ensured safety conditions regarding the lateral displacements and the
structural ductility.

Moreover, a decrease in the overall ductility was observed for the K_7_S_1 and
K_7_S_2 analytical models, such that the failure mode of the weakened zones is frag-
ile, localized, and controlled, thus helping in limiting a possible collapse of the structure
from the condition of exceeding the admissible lateral displacements.
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In addition, the seismic response expressed in forces and lateral displacements at the
top of the structure proves that the K_7_S_2 and K_7_S_1 analytical models recorded smaller
values than the ones generated for the K_7 model (see Table 3, Figure 6). This effect also
makes sense from the perspective of specific maximum rupture strains (see Figures 7 and 8).
Their grouping takes place in the weakened slab sectors (corner areas), with favorable
effects on the bending mode of the reinforced concrete beams in both principal directions
(see Figure 5b,c).

Thus, the K_7_S_2 and K_7_S_1 analytical models consistently help to improve the
ductile seismic response, promoting, for the analytical case with a larger number of vertical
holes in the corner areas of the slab (the K_7_S_1 model), the development of the grouping
process for plastic hinges in the marginal areas of the reinforced concrete beams—together
with the partial conservation effect of the beam–column frame joint (Figure 5c).

Nonetheless, the final failure process has a complex nature, occurring in the beams,
slabs [69–71], and beam–column frame nodes (see Figure 5b,c), with implications in the
non-linear behavior domain in the marginal areas of the columns. This is very different
from the idealized form specified in current seismic design norms for structures with plastic
hinges in the marginal beam areas and from the “Strong Columns—Weak Beams” (SCWB)
seismic energy dissipation mechanism [29,30,72].

4.2. Complementary Comments

The numerical simulations, corresponding to the reinforced concrete frame models
K_7, K_7_S_1, K_7_S_2, and K_7_S_B_1, prove the difficulty in generating solid conclusions
regarding the structural seismic response only from the analysis of the values of the lateral
forces, lateral displacements, and deformations (see Figures 6–8). This, in turn, dictates
the necessity to graphically observe the lateral deformation mode of each analytical model
(which accurately depicts the structural seismic model).

Thus, it is possible to observe the importance of identifying and locating the main
failure deformations in the weakened areas (by means of vertical drilling) for the analyzed
reinforced concrete frame models K_7_S_1, K_7_S_2, and K_7_S_B_1. Arguably, this is
more significant than obtaining the implicit value of said deformations.

In addition to the comments above, the following aspects regarding the lateral seismic
response (local and global) of the reinforced concrete frame models employed in the current
study are relevant (see Figure 5):

• A reduction in the bending stiffness of the reinforced concrete slabs transversally
drilled in the corner areas was registered; thus, a partial rotation of the beams was
possible, together with their deformation in the marginal zones (see Figure 5(b3),(b4),
(c3),(c4));

• Active cracking was registered for an important surface in the reinforced concrete
slabs (transversally drilled in the corner areas), in the long and especially in the short
direction of the structure;

• The cracking length of the reinforced concrete plates (transversally drilled in the corner
areas) in the long direction of the structure establishes the deformation length of the
longitudinal beams, as well as the value Lpl;

• The cracking length of the reinforced concrete slabs (transversally drilled in the corner
areas) in the short direction of the structure establishes the deformation length of
the transversal beams, as well as the value Lpl; they deform intensively, actively
participating in the rotation of the longitudinal beams, forming a common body
together with them;

• The beam–column frame joint actively contributes to the dissipation of the seismic
energy, through intensive deformation. A conservation mechanism for the said
node can be observed for the K_7_S_1, K_7_S_2, and K_7_S_B_1 reinforced concrete
frame models;

• The reinforced concrete beams actively contribute to the dissipation of the seismic
energy for the K_7_S_1, K_7_S_2, and K_7_S_B_1 reinforced concrete frame models.
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The transversal drilling (which translates to a mechanical weakening) in the corner
areas of the plates (and in the marginal zones of the beams for the K_7_S_B_1 model)
significantly reduces the bending stiffness influence of the plates upon the beams,
which, nevertheless, form a common body with the plates and the beam–column
frame nodes;

• The RC beams will rotate as much as the RC slab will rotate;
• The reinforced concrete columns actively contribute to the dissipation of the seismic en-

ergy for all the analytical models, but there is noted conservation of their deformation
degree in the end zones for the K_7_S_1, K_7_S_2, and K_7_S_B_1 models;

• The maximum considered number of transversal holes in the corner zones of the
RC slabs for the K_7_S_1 analytical model leads to the deformation and maximum
rotation of the beams in the marginal areas;

• The maximum considered number of transversal holes in the corner zones of the
RC slabs for the K_7_S_1 analytical model leads to the deformation, cracking, and
maximum rotation of the plates, both in the weakened areas and in the remaining
in-between areas, favoring the occurrence of deformations and the yielding of the
reinforcement bars;

• The maximum considered number of transversal holes in the corner zones of the RC
slabs for the K_7_S_1 leads to the partial conservation of the beam–column frame
joint, which, for all the studied situations, forms a common body with the RC slab and
RC beams;

• The maximum considered number of transversal holes in the corner zones of the RC
plates for the K_7_S_1 leads to the partial conservation of the marginal zones of the
reinforced concrete columns, which contribute to the dissipation of the seismic energy;

• “The curves represented in Figures 6–8 prove the incapacity for a complete visualisa-
tion of the global seismic response mode of the structures and can even lead to the
obtainment of wrong conclusions. Thus, by analyzing the bilinearised SPO curves
from Figure 4, a conclusion that the unaffected model K_7 presents a global seismic
response superior to the other analytical models may be reached” [28].

In these conditions, it is possible to observe that the seismic-resistant MR RC frame
models K_7_S_1 and K_7_S_B_1 exhibit the most favourable local and global seismic
response (thus, partially respecting the theoretical seismic response specifications found in
P100-1 [29] and EC 8 [30] norms), in contrast with the unmodified K_7 analytical model.

The values corresponding to the forces F*
y and to the displacements d*

y, which
correspond to the yielding of the equivalent SDOF structural systems for K_7, K_7_S_2,
K_7_S_1, and K_7_S_B_1—which can be viewed in Table 3—were determined in accordance
with the requirements laid out in EC8 [30] regarding the bilinearisation process of the “F-
D” capacity curves from Figure 6. The bilinearisation was performed with SPO2FRAG
computer software [65,66]. The bilinearised curves are represented in Figure 4a–d.

5. Conclusions

The conclusions regarding the local and global deformation mode of the reinforced
concrete frame structures analysed in the current study are synthesised in Table 5.
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Table 5. General aspects (conclusions) regarding the structural degradation response of the analytical MR RC frame models.

NSC

RC Beams Cracking
Process

RC Columns
Cracking Process RC Slabs Cracking Process

RC Column-
Beam Joint
Cracking

Final
Rupture -RC

Structural
Ele-

ment/Elements

Zone/Zones of
Final Rupture

RC Beam
Cracking
Length

Limiting by RC
Slab Cracking

Area

Risk of the
Common Rigid

Block RC
“Beam-slab-
Frame Node”

Formation

Concrete Cracks
Migration Process from
the Longitudinal Beams
to the Transverse Beams
in the Adjacent Area of

the Frame Node

GR

Local—in
Potential

Plastic
Zones

on
Entire
Length

Local—in
Marginal

Areas

on
Entire
Height

Local Area Extended
Area

K_7 low - intense low low medium to
intense intense columns and

nodes

marginal zones of
the columns;

entire volume of
the nodes

yes
high with
practical

formation
low to insignificant Figure 5a

K_7_S_2 low to
medium - medium low low medium medium to

intense
beams, slabs
and nodes

corner area with
reduced

cross-section of
the slabs; minor

marginal zones of
the beams; partial

volume of the
nodes

yes
medium to high

with partial
formation

low to medium Figure 5b

K_7_S_1 medium - medium low medium medium medium to
intense

beams, slabs
and nodes

corner area with
reduced

cross-section of
the slabs; minor

marginal zones of
the beams

yes
medium to high

with partial
formation

low to medium Figure 5c

K_7_S_B_1 medium to
intense - medium low medium to

intense
medium to

intense medium beams, slabs
and nodes

marginal zones of
the beams in

reduced
cross-sections;
corner area for

reduced
cross-section of
the slabs; partial

volume of the
beam–column

joints

partial with
limited

influence

medium with
low process
formation

medium to high Figure 5d

Note: NSC—Numerical Simulation Code; RC—Reinforced Concrete; GR—Graphical Representation. Specified conclusions in the current table were developed based on the recorded
observations at each lateral loading step for each MR RC frame model. Specified figures in the GR section (column) correspond to the seismic response of the MR RC frame systems
(considered laterally loaded with equivalent static forces) in the ultimate horizontal loading step.
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Furthermore, several conclusions and observations pertinent for the K_7_S_2, K_7_S_1,
and K_7_S_B_1 analytical models, which were laterally loaded with equivalent static forces,
can be consulted below:

• The validation of the method for improving the global seismic response and the
local seismic response by means of reducing the transversal section of the reinforced
concrete slabs via vertical drilling in their corner areas was accomplished;

• The guiding and concentration of the principal fracture strains (PFSM) of the concrete
in the marginal (“weakened”) areas of the slabs with a reduced section (through the
employment of vertically drilled holes) was achieved;

• The migration of cracks from the marginal areas of the longitudinal beams to the
transversal ones along the path of the corner zones of the drilled slabs was observed;
as such, a partial “conservation” of the structural integrity of the beam–column frame
node was attained;

• The intense cracking of the RC slabs in the in-between areas was observed;
• The imposing length of the plastic rotation of the beams by the deformation length of

the reinforced concrete slabs was noted;
• The yielding of the reinforcement located in the tensed (end) areas of the longitudinal

and transversal beams was observed;
• The cracking and intense deformation of the concrete in the marginal areas of the

reinforced concrete beams was noted;
• The partial development of the ”beams-slab-frame nodes” common rigid block

was achieved;
• The reduction of the influence of the bending stiffness of the slabs upon the reinforced

concrete beams was achieved;
• The partial development of the marginal deformation zones of the reinforced concrete

columns was detected;
• The development of a complex seismic energy dissipation mechanism, in which all the

structural elements contribute to the plastic deformation (but which also has positive
implications regarding the reduction in the deformability of the columns at the end
areas and the partial conservation of the structural integrity of the beam–column frame
nodes), was achieved.

The “F-D” capacity curves corresponding to the bilinearised curves of the K_7_S_2,
K_7_S_1, and K_7_S_B_1 analytical models cannot constitute a realistic image regarding
the local and global seismic energy dissipation mechanisms.

Thus, there is a necessity to graphically observe and study the real deformation mode
of the lateral structure. This observation is rooted in the fact that the seismic response for
the K_7_S_1 and K_7_S_2 analytical models is—numerically-wise—inferior to the seismic
response obtained from the K_7 model. However, from the point of view of the seismic
energy dissipation mechanisms, the two models prove to be superior to the K_7 model, as
real deformation concentrations can be observed in the marginal areas of the reinforced
concrete beams.

In these conditions, the method of vertically drilling the corner areas of the RC slabs is
validated, the efficiency of the method being observable for the analytical model with the
maximum number of holes (the K_7_S_1 model). As such, it is recommended to apply this
method both for new reinforced concrete frame structures, as well as for existing structures
that exhibit increased vulnerability and cannot develop a global plastic mechanism in
accordance with currently standing design norms.
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