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ABSTRACT

NON-LINEAR FE ANALYSIS OF RC SLABS WITH AND WITHOUT OPENINGS
SUBJECTED TO IN- PLANE AND OUT- OF- PLANE LOADS

by
ROUZBEH KHAJEHDEHI
Chairperson: Professor Nader Panahshai
There are two primary methods to investigate the response of reinforced concrete (RC)
structural components. Experimental testing method has been widely used to study the
behavior of RC members under different loading conditions, while the results obtained have
a high degree of accuracy, it is sometimes very time consuming and also can be very costly.
Finite element (FE) analysis method as a numerical based solution technique, also is widely
used to analyze behavior of structural components, and although the use of this method was
very time consuming in several decades ago, however utilizing existing powerful software

and hardware capabilities has made it easier nowadays.

An investigation is conducted on two-way RC beam-supported slabs using FE analysis
technique to study their inelastic behavior when subjected to in- plane and out- of- plane
loads. Two- way RC slab models were constructed for solid slab panels tested by Nakashima

(1981) and the results obtained from FE analysis were compared with the experimental data.

Non-linear 3-D ANSYS models with smeared and discrete reinforcing steel were used. The
obtained results from FE method indicated an acceptable agreement with experimental data.
The verified FE model then was used to investigate the effect of floor openings on inelastic
behavior of two-way RC slabs subjected to in-plane and out-of-plane loads. The opening was

placed in the mid-region of the slab panel, where its size was varied from 6.25% to 25% of

il
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the panel area. To satisfy the strength requirements Section 13.4 of the American Concrete
Institute code (ACI 318-11), additional reinforcement were placed in the slab around the

opening. The results are presented and discussed.

It is observed that the failure mechanism changes in slab with larger opening where the steel
yielding starts in rebars at the opening corners, and the failure damage at the ultimate load is
more distributed. It is concluded that as the opening size increases, effect of out-of-plane
(gravity) load on in-plane load capacity reduction of the slab decreases while the ultimate

displacement at failure increases.
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CHAPTER 1
INTRODUCTION
1.1 General
Understanding the behavior of RC components in structures subjected to different loading
conditions is very important in order to obtain a comprehensive knowledge to design a safe

and functional structure.

There are several methods to analyze the response of RC structural components.
Experimental testing is one the most reliable methods to understand the behavior of
structures. While this method yields a high degree of accuracy, it is time consuming and
always entails a high cost. Use of FE analysis method has become popular in recent years; it
is fast and saves time and money. Although the use of this method was time consuming
because of low processing capability of computers before, it is much easier these days with

existing of faster computers in terms of both software and hardware capabilities.

The results obtained from FE analysis must be scrutinized very carefully. To fully understand
the results of a FE analysis program; one must closely check the results and compare them
with experimental data or other methods of analysis such as reliable and reasonable hand

calculation methods. The validity of FE model must be verified first.

In this study, two-way RC slabs with and without openings were modeled using commercial
software package ANSYS to understand the inelastic behavior of slabs with and without

openings when subjected to in-plane and out-of-plane loads.
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1.2 Statement of the Problem

Within every building, there are multiple elements that are used to transmit and resist lateral
forces. These transmitting and resisting elements define the building’s lateral-load path.
There are two orientations of primary elements in the load path: those that are vertical, such
as shear walls, braced frames, and moment frames, and those that are essentially horizontal,

such as the roof, floors, and foundation. The roof and floor elements are known as diaphragm

MAXIMUM DIAPHRAGM
DEFLECTION (MDD)

AVERAGE DRIFT OF VERTICAL ELEMENT
(ADVE)

Note: Diaphragm is flexible if MDD > 2(ADVE).
Figure 1.1: Floor Diaphragms (ASCE, 2010)
A floor diaphragm may be classified as rigid, semi-rigid or flexible. A diaphragm may be
considered as rigid when its midpoint displacement, “MDD” as shown in Figure 1.1, under
lateral load, is less than one half of the average displacements at its ends, “ADVE/2”
(ASCE, 2000). Rigid diaphragm distributes the horizontal forces to the vertical load resisting
elements in direct proportion to their relative rigidities. It is based on the assumption that the
diaphragm in-plane deformation is negligible, and it will cause vertical elements to deflect
laterally the same amount when no torsion is present. A diaphragm is considered flexible,

when the midpoint displacement under lateral load, “MDD”, exceeds twice the average

displacement of the end support, “2ADVE” (ASCE, 2010). It is assumed here that the

Ol LAC U Zyl_ﬂbl
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relative stiffness of the end supports is large compared to that of diaphragm. For the cases
where diaphragm deflections and resisting members’ deflections are in the same order of
magnitude, then such diaphragm is categorized as a Semi-Rigid diaphragm, which basically

represents a diaphragm condition between Rigid and Flexible.

At present, the ASCE/SEI 7-10, “Minimum Design Loads for Buildings and Other
Structures” (ASCE, 2010) allows the use of a rigid floor assumption in concrete buildings
with plan aspect ratio equal or less than 3:1, where no horizontal plan irregularities exist. The
assumption that the concrete floor slab is infinitely rigid in its own plane has frequently been
adopted in structural analyses due to the simplicity of the analysis procedure and lack of
understanding of the in-plane behavior of RC floor systems. However, experience and
research have clearly demonstrated the importance of the influence of in-plane diaphragm
deformations on the seismic response of many types of buildings. This influence is more
pronounced for long rectangular low-rise buildings, particularly where a dual bracing system,
consisting of moment-resisting frame and stiff shear-walls is used (Panahshahi et al., 1991).
Thus, an understanding of the in-plane behavior of RC floor slabs and their influence on the
dynamic characteristics and response of structures (i.e., fundamental period and distribution
of the lateral forces in the vertical elements) is necessary. This understanding can be obtained
by using both experimental and analytical investigations. In this research study three
dimensional non-linear load deformation characteristics of RC slabs with and without
openings are evaluated and the results are compared with experimental results, when

available.

oL fyl_llsl
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1.3 Motivation and Objectives

The main goal of this project is to use an analytical method for predicting the in-plane
characteristics of concrete floor diaphragms subjected to the gravity loads and in-plane
seismic loads and to provide meaningful information for analysis and design of the concrete
buildings with semi-rigid concrete diaphragms. This study is concentrated on the floor slab
system with edge beams, referred to as the beam-supported slab (slab-on-beam) system. Both

slabs with and without openings are investigated.

Previous research conducted at State University of New York at Buffalo has proved that the
distribution of earthquake loads is greatly influenced by in- plane deformation of floor
diaphragms in rectangular buildings when a dual bracing lateral force resisting system
consisting of moment resisting frame and stiff shear walls is used (Panahshahi et al., 1991 &
1994). It was observed that occurrence of significant in-plane cracking and yielding in floor

diaphragms affects their in-plane capacity and lateral force distribution in them.

Panahshahi et al. (1991 & 1994) have indicated that cracking and in-plane yielding of RC
floor systems is likely to happen in low-rise rectangular buildings with dual bracing systems
when aspect ratio of the plan exceeds 3:1. In the those buildings, interior columns failure
may occur as a culmination of strength and ductility demands put on them caused by

premature failure and yielding of floor diaphragms while shear walls may stand still.

Damage due to diaphragm action was experienced in numerous cases. The collapse of Taiyo
Fisheries in Japan was based on the same failure mode mentioned above. Premature failure
of interior columns was followed after partial collapse of floor diaphragm while the shear

walls remained standing. The damage observed in a department store in Northridge Fashion

www.manaraa.com



Center was associated with diaphragm response. A parking structure in Santa Monica

experienced same failure scenario (Philips 1993).

A three dimensional analytical model was developed based on non-linear FE technique using
ANSYS for concrete floor system to identify the important parameters governing the in-plane
load-deformation characteristics of the floor system with and without openings. The accuracy
of this model is checked by comparing the results obtained from experiments conducted on

solid slabs at Lehigh University (Nakashima, 1981).
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2.1 General

CHAPTER 2

REVIEW OF THE LITERATURE

In this chapter latest data available related to current study was addressed. Also latest

contribution of FE Analysis method in RC field and other efforts that were done before but

are related to the current study was reviewed.

2.2 FE Analysis of RC Members

In terms of FE analysis contributions, Shing and Tanabe (2001) and Willam and Tanabe

(2001) have done numerous studies related to non-linear FE analysis of RC structures

subjected to seismic and cyclic loads, rebar bond analysis, and shear failure of RC members.

Tavarez (2001) describes and compares three existing methods to simulate the rebar behavior

ofa RC member in a FE analysis: the embedded, smeared and discrete model (Figure 2.1).

/—OmH.DEM

3

(a)

P
{ B R e N
S N

\ /._,,ma.am

N

/

PROFERTEES

(©)

CONCRETE NODE

COMPATELE DSPLACEMENTS
BETWEEN COMCIRETE AND
RENFORCEVENT

RENFORCEMENT NOOE

Figure 2.1: Rebar Models in RC Members: a) Discrete; b) Embedded; ¢) Smeared, (Tavareaz, 2001)
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Smeared model (Figure 2.1c) distributes the rebar thorough the concrete element which is an
appropriate assumption for type of models which their response is not highly dependent on
steel reinforcements, or models that are evaluated up to service level and no yielding of
rebars occur. The embedded model (Figure 2.1b) is very accurate but will increase the
computational cost because it will introduce more nodes. While discrete modeling (Figure
2.1a) may not have the accuracy of the embedded model, but since it is sharing the nodes the
analysis time may be less than discrete one. According to Fanning (2001) discrete and

embedded reinforcement models work best for rebar modeling in RC members.

2.3 Flexural Behavior of RC Slabs

Floor systems in multistory building serve for several purposes, they transfer gravity loads
through their out-of-plane action, and lateral loads (e.g., caused by earthquakes) through their
in-plane action to the vertical elements. Out-of- plane behavior of the floor systems have
extensively been studied in the past. Clear and complete design procedures are present in
chapter thirteen of American Concrete Institute (ACI) Building Code, ACI 318-11. Through
floor system’s so called diaphragm action, they play another important task; interconnecting
all vertical elements and transferring lateral loads to lateral load resisting systems such as
shear walls. Diaphragm function of the floor systems are controlled by their in-plane and
relative stiffness with respect to lateral load resisting systems. Under cyclic loads such as
earthquakes, inertia forces generated in floor systems are transferred through diaphragm
action of floor systems to lateral load resisting systems such as shear walls (Nakashima et al,

1984).

oL fyl_llsl
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It 1s the earthquake loads (in-plane) which will push the slab to its inelastic range and even
failure (Panahshahi et al., 1991). This emphasizes the need for more information on behavior

of various RC diaphragms when subjected to both in-plane and out-of-plane loads.

The presence of openings in floor diaphragms for the architectural, staircase and elevator
shaft purposes sometimes is inevitable. These openings will results in diaphragm stiffness
reduction and can cause stress concentration in their corners. These types of diaphragms are
usually designed ignoring the above effects, therefore, their response maybe inadequate when
subjected to earthquake loads. In other words presence of openings even makes the in-plane
behavior of the floor diaphragms more complicated, and simplified design guidelines are

needed.

American Concrete Institute (ACI) Building Code, ACI 318-11, Section 11.11.6, briefly
explains the effect of openings on floor diaphragms in very broad terms. The section
introduces certain restrictions for the size and location of the opening. According to this
section any reinforcement interrupted by an opening must be placed one half on each side of

it. This section however does not explain the effect of opening on the diaphragm actions.

J. Jiangt and F. A. Mirzaf (1993) studied the non-linear behavior of RC slabs without
openings using a discrete FE approach. The study dealt with cracking pattern, bond-slippage
of rebars and the difference between using a discrete and smeared cracking pattern. The
results were compared with experimental results; however, the mentioned characteristics

were only evaluated when slabs were subjected to out-of-plane loads.
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Ola Enochsson et al. (2006) Investigated behavior of slabs with openings. They have focused
on the structural behavior of two-way RC slabs with openings, subjected to distributed

service loads. However the effect of in-plane loads was not considered in that study.

Koh Heng Boon et al. (2009) have investigated the behavior of RC slabs with openings, the
study focused on the lack of enough information for designing the RC slabs with openings in
the ACI code. The main objective was to evaluate the behavior of slabs with openings with
different sizes at different locations, and the fact that openings with relatively large sizes will
have considerable effect on capacity of the slab. However, the slabs were only subject to out-

of-plane loads and the effect of in-plane loads was not studied.

Joel M. Barron et al. (2004) started with the fact that there is little information available in
order to validate the efficiency of the assumption of using a rigid diaphragm for RC floor
diaphragms. The study dealt with evaluation of the seismic response of four different RC
buildings with different seismic characteristics to determine if assuming a rigid floor system
yields an acceptable design result. A case study was developed and the four models were
analyzed using a rigid floor assumption, then the analysis was conducted using a flexible
floor assumption. Linear static, linear dynamic and non-linear dynamic scenarios were used
to analyze the models. The analysis concluded that floor flexibility is more obvious in short

rectangular buildings. However, the study did not include the effect of openings.

Hosam A. Daham (2010) investigated non-linear behavior of RC two-way slabs with
openings using FE software package ANSYS. The study focused on the lack of enough
information in building codes when it comes to designing slabs with relatively large
openings. The study evaluated the effect of openings and how it degrades the stiffness and

strength.of the slabs.. The effect of different boundary conditions on behavior of slabs with
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and without openings also was evaluated. Although the research presented a detailed
comparison between slabs with openings and without openings, all investigated models were

subjected to out-of-plane loads and effect of in-plane loads was not considered.

Piotr Rusinowski (2005) started with the concern that the proposed procedures to design
slabs with relatively large holes by Swedish building codes are not accurate and
underestimates the load capacity of the slabs. The study investigated effect of openings in
RC two-way slabs and limitations in Swedish building codes to design them. The study was
conducted on a full scale model with square openings. Two types of slabs with different
boundary conditions were tested; RC slabs with square openings, and Carbon Fiber
Reinforced Polymers (CFRP) slabs with sawn up openings. Non-linear FE models using
ABAQUS were used to verify results obtained from experiments. Introduction of an accurate
plasticity model for FE analysis of RC structures was also part of this research study. The
study presented suggestion about using diagonal extra reinforcement in the corners of
openings (area of stress concentration). Carbon fiber was recommended rather than
traditional steel reinforcement because it yields a better load carrying capacity in tested slabs.
In terms of FE analysis techniques, it was recommended to use a set of discrete springs to
simulate complicated supporting conditions. Although the research presented good
suggestions in terms of design procedures and FE analysis techniques of slabs with openings,
both experimental and computer models were subjected to distributed out-of-plane loads

only. The effect of in-plane loads was not investigated.

Paolo Casadei et al. (2009) investigated the out-of-plane failure capacity of RC two-way flat
slabs with centered square openings. Three types of slabs were tested; a) two-way slabs with

no openings, b) two-way slabs with centered openings and no strengthening, ¢) Two- way
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slabs with openings and CFRP strengthening plies applied to the tensions faces around the

opening. The effect of in-plane loads was not part of this study.
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CHAPTER 3

EXPERIMENTAL STUDY AT LEHIGH UNIVERSITY

3.1 General

This Chapter presents a brief overview extracted from Nakashima’s doctoral dissertation
submitted to civil engineering department of Lehigh University (Nakashima, 1981). The
study was about a number of experiments conducted on scaled RC floor slabs with different
loading and support conditions. The results of those experiments provided general
information about in-plane characteristics of floor slabs. The results obtained from the
experiments were used to calibrate and verify the FE model in this study. After verification
of the FE model, openings were added to the slabs in order to investigate the effect of

openings on in-plane characteristics of RC floor diaphragms.

3.2 Design of Test Structures

3.2.1 Prototype floor system and scaled model

The prototype floor slab for test specimens was taken from a rectangular multi-story, multi-
bay RC building, consisting of shear walls serving as earthquake resistance system.
Structural dimensions were chosen for a low to high rise RC building. The center-to-center
span length of slab panels were 7.320 m (24 ft) in both directions, the columns were 610 mm
x 610 mm (24 in. x 24 in.), the slab was 180 mm (7 in.) thick, and the beams were 610 mm x

310 mm (24 in. x 12 in.) in their cross sections. A portion of the plan is shown in Figure 3.1.

Ol LAC U Zyl_ﬂbl
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Slab 178 mm Column 610 x 610 mm Beom 610 x 305 mm

|

3@ 7.32 (24)

-

5@7.32m (24')

Figure 3.1: Prototype Dimensions (Nakashima, 1981)

The idea behind choosing this test specimen was to represent an interior panel of the
prototype building which was supported on one edge by columns and on opposite edge by
shear walls. Overhanging slabs, having a length equal to quarter of the panel dimension were
added to the edges without shear walls to represent the adjacent bays. The idea of having an
experimental model with full scale dimensions was dismissed because of economy, required
lab space, and other factors related to the test. Also having a model with small dimensions
was not acceptable because of limitations associated with modeling of aggregates, steel
reinforcements, and bonding effects between them. Finally an intermediate scaling ratio of 1:
4.5 was chosen. Figure 3.2 illustrates dimensions and supporting conditions in the test
specimen used in the experiment. The panel dimension was 1630 mm x 1630 mm (64 in. x

64 in.) and 39.5 mm (1.55 in.) thick.
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Figure 3.2: Dimension and Supporting Conditions (Nakashima, 1981)

3.2.2 Design of test specimen

The floor slab of the full scale building was designed using direct method explained in ACI
Section 13.6, with service live load of 3.8 kPa (80 psf) (ACI, 1977). Columns selected from
intermediate floor level, were designed for combined bending moment and axial force caused
by vertical load. The shear walls however, were designed to resist maximum shear force, this
was done to prevent any failure in shear walls and make sure that the failure will occur in
slabs first. The results obtained from the direct method design were then scaled down to be

used for test specimen. Table 3.1 lists the dimensions of test specimen.
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Table 3.1: Dimensions of Test Specimen (Nakashima, 1981)

Items Dimensions
(mm) (in.)

Center-to-Center Span Length 1630 64
Exterior Panels 2030 x 2440 80 x 96
Interior Panel 1030 x 2440 64 x 96
Slab Thickness 39.6 1.56
Beam Width 67.8 2.67
Beam Depth 95.8 3.717

(projecting depth)
Column Length 280 11.0

(from the mid-plane of the

slab)
Column Cross Section 136 x 136 5.34 x 5.34
Wall Thickness 136 5.34
Wall Length 3000 118.0
Total Wall Height 612 24.1

Because the model was a scaled model extreme attention was paid to the size of the rebars.

Figure 3.3 illustrates the way rebars were installed in slab and beams.
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Figure 3.3: Rebar Details in Concrete slab and Beam (Nakashima, 1981)

Table 3.2 lists required and provided area of reinforcements, dimensions and design
moments obtained from code. According to the design, temperature requirement (.00018

multiplied by total area of the section) determined the required rebar area in most of sections.
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Table 3.2: Design Detail of Concrete Slab (Nakashima, 1981)

Required | Over Rein- |Over-Strength
Serip Sign Iq:!ud l. Provided Steel forcement Ratlo
2 Ratie Ratio
(")

Column Negative 58 D2.0x 6 0.0018 1.3 2.9

Positive S8 D2.5x2+D2.0x & 0.0018 1.5 5.6

1| Colump Negative 58 D2.0x 6 0.0018 1.3 4.1
Interior

Middle Negative 61 D2.0x 6 0.0019 1.3 1.3

Positive 8% D2.5x2+D2.0x 4 0.0018 1.5 5.6

Middle Negative 120 pl.0x7? 0.0038 1.1 1.1
Interior

Column Negative 58e D2.0 x 6 0.0018 1.3 2.8

Positive S8 D2.0 x 6 0.0018 1.3 5.0

Column Negative 290 p2.0 x 2 0.0018 1.1 2.2
Interior

2 Fositive 90 D2.0 x 2 0.0018 1.1 4.1
Interior

Middle Negative 67 D2.0 x 6 0.0021 1.2 1.2

Positive 58 D2.0x 5 0.0018 1.1 1.9

* Controlled by temperature requirement
4 Based on flexural resistance

Table 3.3 lists the amount of required and provided rebars in the beams. According to
requirements in Appendix A of the ACI 318-77 code, extra rebars were placed in bottom of

negative moment and top of positive moment to meet the continuity requirements.

Table 3.3: Design Detail in Concrete (Nakashima, 1981)

Region Required Area Actual Area Ratio
(Actual/Required)
Negative Moment | 54.3 mm® (0.0842 in.2) | D3.0 x 3 1.07
(Around Columns) (58 =m?)
Negative Moment 33.2 (0.0515) D2.0 x 3 1.17
(Around Walls) (39 m2)
Positive Moment 27.9 (0.0432) D2.0 x 3 1.39
2
(39 mm")
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3.2.3 Fabrication of specimen
Strain gages along with reinforcing bars and fifty inserts were placed in their specified
locations; the inserts were used as hooks to transfer vertical loads. In order to make the

construction process easier, the frame was elevated 1.2 m (4 ft) above the lab floor (Figure

3.2).

Two specimens; B-1 and B-2 were built at the same time from same concrete mix at the lab.
Concrete with 27.6 MPa (4000 psi) compressive stress was selected for slab and shear walls

and concrete with 34.5 MPa (5000 psi) was selected for the columns. Table 3.4 lists concrete

mix properties.
Table 3.4: Concrete Mix Properties (Nakashima, 1981)
Concrete
For 1.0 m° (1.3 cu.yd) 27.6 Mpa 34.5 MPa
Concrete (4,000 psi) (5,000 psi)

Type 1 Portland Cement

6.4 mm Crushed Limestone

Concrete Sand

330 kg (730 1bs.)

770 kg (1700 1bs.)

1000 kg (2300 1bs.)

400 kg (880 1bs.)

770 kg (1700 1bs.)

1000 kg (2300 1bs.)

2

Total Water 0.23 m® (60 gals.) 0.23 m> (60 gals.)

WRDA-19 Plastisizer 0.012 m°> (110 oz.) 0.015 m>(130 oz.)

Water Cement Ratio 0.68 h 0.57

The aggregates were restricted to size of 6.4 mm (0.25 in) in order to obtain the relationship

between aggregate and slab thickness in real building model.
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Different concrete cylinders were created and were cured in same condition as the specimen
concrete. Both test specimen and cylinder concretes were air-cured. Mechanical properties
of rebars and concrete obtained from tension test for steel and concrete cylinder test for

concrete are presented in Section 3.3.

3.3 Mechanical Properties of Materials

3.3.1 Reinforcing bars
Average values for mechanical properties of four tension tests of three different rebar sizes

used in specimens (D2.0, D2.5, and D3.0) are given in Table 3.5.

Table 3.5: Mechanical Properties of Rebars (Nakashima. 1981)

Modulus
of
Size | Area Yield Stress Yield Strain | Ultimate Stress Ultimate Strain | Elasticity
(wa2) (MPa) (u/m) (MPa) ( a/n) (Gpa)
p2.0 | 13.4 368 1.93 x 1072 411 78.3 x 1070 191
p2.5 | 17.2 609 3.11 x 1072 668 49.2 x 1073 196
p3.0 | 21.5 590 2.72 x 10> 590 62.5 x 107> 190

3.3.2 Concrete
For each of the two specimens B-1 and B-2 two types of concrete were utilized in the
experiments: 27.6 MPa (4000 psi) for slabs, beams and shear walls; and 34.5 MPa (5000 psi)
for columns. Different concrete cylinders cured in the same condition were tested to make
sure the mechanical properties were accurate.

Table 3.6 lists mechanical properties of

concrete used at initial stages of testing.
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Table 3.6: Mechanical Properties of Concrete (Nakashima, 1981)

Type Slump 7-Day Strength 28-Day Strength
(mm) (MPa) (MPa)
27.6 MPa Batch 1 110 23.2 27.7
(4,000 psi) (B-1)
Batch 2 120 254.0 28.8
(B-2)
34.5 MPa Batch 1 110 29.9 36.1
(5,000 psi) (B-1)
Batch 2 130 26.8 33.1
(B-2)

3.4 Testing Procedure

3.4.1 Test setup

As mentioned earlier in Section 3.2.3 the test specimen was elevated 1.2 m (4 ft) in order to

facilitate installing the loading and measurement instruments. The model was supported on

four concrete pedestals which were fully fixed to the laboratory floor, thus the wall and the

columns could sit on top of the pedestals. Different supporting conditions were provided on

top of these pedestals. Supporting condition for walls were provided in three ways: first was

to fix the wall and prevent it from any movement about floor plane, second was to let the

wall to move about any horizontal planes at top of the pedestals, third alternative was to

prevent any lateral movements but let it to rotate about a vertical plane. Column bases were

also provided with conditions to either have a free-to-slide condition or to be fixed. The

columns with a free-to-slide support condition were completely free to slide in a way that

reaction against horizontal loads. However they were able to react
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against vertical gravity loads. On the other hand, fixed- base condition provided resistance

against lateral loads, and was only given the freedom to rotate about both bending axis.

3.4.2 Loading system

The in-plane loads were applied to the test specimen using a mechanical jack that applied
loads to five integrated studs at equal distances of 540 mm (21.3 in.) on a steel frame
attached to beam. This set up for loading was used to distribute the lateral load equally along

the line of loading. Figure 3.4 illustrates the set up for lateral loading.

27.9 3.2 36.3 29.7 63.5
P = 4 .
e JUL o IH UL ]
4 1 1 1 '
S . | N |
6 |- 244 | ot
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Figure 3.4: Lateral Load Set up (Nakashima, 1981)

The application of out-of-plane loads was done using inserts equally spaced at 540 mm (21.3

in.) center- to- center in both directions. Figure 3.5 illustrates application of vertical loads.
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Figure 3.5: Application of Vertical Load (Nakashima, 1981)

3.4.3 Instrumentation

LVDT’s were used to monitor in-plane deflections (Figure 3.6a). Vertical deflections were

monitored using three fixed scales that were installed at top of the test specimen at mid-spans
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of slab panels and beams perpendicular to the walls as shown in Figure 3.6b. Figure 3.6b

shows the locations of LVDT’s used of measuring in-plane deflections of the end panels.

lp
- ¥ Ll
T | =] . ;
e gt -—— —_—
I T ) —s: 6
H ot 0 1o V7
(.
b ot || ™ e
e e —t T PANEL 2
I 410
1 ! ...I__J- H J'?.'i
| dle] 810 B8I0 'l'P/5
UNIT:mm
[y Vo
/Trunsi! /Bwi- 1 ) Irs S Z ?
K ....................... ﬂ L] 4i 3‘J' I
2 =
»r
L 80 _|_ 8I0O 410
TIPS PP P77 7 77 UNIT:mm

Figure 3.6: a) Vertical Deflection Measurement (left), b) Lateral Deflection Measurement (right)
(Nakashima, 1981)

3.5 Programs for Testing

In order to make the most of the test specimens, series of testing sequencers were designed
for each of two specimens. Four different kinds of tests were: strength test, stiffness test, free
vibration and repaired strength test. Stiffness test measured elastic stiffness of the slabs. In
strength test, ultimate strength, ductility and stiffness in inelastic range were measured. The
damaged specimens were repaired and tested again and these tests were named repaired
strength tests. In free vibration tests natural frequency and period of the slabs were

investigated. However in this study the main focus was on strength tests.
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3.5.1 Stiffness test

In-plane stiffness tests were performed prior to strength tests. Symmetrical and anti-
symmetrical in-loads were applied along the edge beams parallel to the walls in both panels 1
and 2 (Figure 3.2) of the specimens with free-to-rotate wall condition and free-to-slide
column condition (Figure 3.7). Applied loads were about 15 kN (3.5 Kip), twelve percent of

the ultimate load to make sure that specimen behaves elastically.
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Figure 3.7: Stiffness Test Setup
3.5.2 Strength test
In the strength tests, the wall connection was completely fixed through the use of braces and
bolts, the columns were provided with free-to-slide supporting condition. Application of in-
plane loads were along the column line parallel to the fixed wall. Out- of-plane loads were

applied using inserts in specific locations mentioned in Section 3.4.2.

In-plane loads were applied in two ways: monotonic and cyclic loading. In monotonic

loading the magnitude of the in-plane loads were increased up to the ultimate strength was

reached.
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Cyclic loads were applied at complete cycles of various amplitudes in each cycle used to

investigate the hysteresis behavior of the specimen.

For the tests involved out-of-plane loading, live and dead load was chosen to represent the
service loads. Because the specimens were scaled by factor of 4.5 an extra load had to be
added to simulate the real weight of the prototype. A total load of 45.8 kN (10.3 kip) was

applied to the scaled model for the testing of panel 1 or 2.

3.6 Test Results

3.6.1 Behavior of test slab under service vertical load

Table 3.7 lists the vertical displacements obtained at three locations shown in Figure 3.6a
after the out-of-plane service load was applied to panels 1 and 3 prior to being tested for in-
plane monotonic (MN) and cyclic (CY) loads. The computed values using uncracked section
properties (elastic theory in Table 3.7) underestimated these measured displacements since
two lines of cracks, one along the top of the wall and the other along the top of the beams
parallel to the wall were observed. Figure 3.8 illustrates the location of the cracks on top

surface of the panel.

Table 3.7: Vertical Deflection under Full Service Loads
(Nakashima, 1981)

Test Scale #1 Scale #2 Scale #3
(mm) (mm) (mm)
BV 1MN 0.76 1.30 1.02
BV 2CY 0.76 0.89 . 1.52
Elastic Theory 0.42 1.17 0.42
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Figure 3.8: Cracks Caused by Vertical Service Loads (Dead+ Live) (Nakashima, 1981)

3.6.2 Strength test results

Ultimate in-plane loads and displacements in different tests subjected to different loads are

listed in Table 3.8. Notations used in Table 3.8 are explained in detail in Section 5.1.1.

Table 3.8: Load and Displacements for Different Testing Conditions (Nakashima, 1981)

Test Ultimate Load (kN) |Maximum Displacement (mm)

Positive Negative Positive Negative

BH 2MN 120.0 - 88.5 B.48 - 7.44

BHIJ.C! 94.7 - 96.5 8.36 - 8.29

BH 3MN 56.9 - 38.7 7.32 - 6.17

BH 3CY 41.8 - 40.5 6.21 - 5.87

BV 1MN 102.0 - 89.8 9.22 - 9.22

BV 2CcY 85.0 - 83.2 6.72 - 7.02
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CHAPTER 4

FINITE ELEMENT (FE) MODELING

4.1 Introduction

This chapter describes analytical part of this study. The FE method was used to analyze the
non-linear behavior of RC slabs with and without openings. These analyses were performed
using educational version of software package ANSYS 13.0. Before modeling the prototype
slab, a simple RC cantilever beam was used for verification purposes, where the cracking
pattern in concrete, and stresses in steel and concrete were compared with hand calculations.
Modeling of this beam helped in a better understanding of non-linear behavior of RC
structures and different parameters associated with its analysis using the ANSYS software

package.

4.2 Calibration Beam

This section very briefly explains the modeling and analysis of the calibration beam using
ANSYS, verification of the results with hand calculations and conclusions which were very
helpful for this research. However detailed procedure of FE modeling (element type, material
properties, solution module and etc...) will be explained fully in the next section related to

modeling of prototype beam supported slab panels (Section 4.3).

The dimensions for full size cantilever beam were 120 in. x 12 in. X 12 in. Area of steel of
0.8 in? was used at 1.5 in. from top; the beam was loaded with a point load at the top of the

free side. Figure 4.1 illustrates the half- size FE beam model used for the calibration, taking

advantage of beam and load symmetry to reduce analysis time.
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Figure 4.1: FE ANSYS Calibration Beam Model

SOLIDG65 brick element was used to model concrete, smeared capability of SOLID65 was

used to model rebars in the longitudinal direction by providing a volumetric ratio

( Volume of Steel

) in the appropriate elements. Ultimate compressive stress and
Volume of Concrete Element

modulus of rupture were defined for concrete to account for non-linear behavior. A bilinear
stress-strain curve was defined for steel material properties. Performing a non-linear analysis
of this beam using ANSYS entailed dealing with many parameters, each having significant
contribution in results, meaning that even a slight change in those parameters led to a big
error. Boundary condition was one of those parameters where extreme care was taken in
assigning it. A combination of fixed-fixed and restraint only in X- direction at support were
used for fixed end in a way that only one line (the midline) was fixed in all directions and the

other nodes were only retrained in x-direction.

A concrete with compressive strength of 3000 psi and steel rebars with yield stress of 60 ksi

were used in the model.
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Analysis was performed and the results were compared with hand calculated results in three
stages: linear, yield of steel and near the ultimate failure of concrete. The hand calculation
procedure is presented in Appendix A of this study. Table 4.1: lists a summary of the
overall results obtained from analysis of the calibration beam. As it is observed there is good

agreement between the ANSYS results and hand calculations at all three loading stages.

The cracking pattern, as one of the most important aspects in non-linearity of concrete also
was investigated. Figure 4.2 illustrates a comparison between cracking pattern obtained from
ANSYS versus the calculated results using transformed section method at beam cracking

load.

Figure 4.2: Cracking Pattern Comparison between ANSYS and Transformed
Section Calculation Results

As it can be seen in Figure 4.2 the height of calculated compression block at right (Y=3.1 in.)
well compares to the one from ANSY'S (left). The red circles represent the cracked SOLID65
elements under tension which corresponds to the hollow section (tension area of concrete) at

the right.
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Table 4.1: Comparison between ANSYS and Hand Calculations

5 Compression Fiber Stress (psi)| Reinforcing Steel Stress (psi) |Max Defletion of the Beam (in.) | Applied Load (Ibs.)

Linear | Hand Calculation Results 309.819 2040.576 0.0786 774

ANSYS 312557 2027 0.0794 774

Hand Calculation Resuls 2565 50000 1.266 3731
Steel Yield

[ANSYS 2551 650443 131 3731

Hand Calculation R I 3000 60000 1.7 3886
Failure @ S¥S 3370 60900 1.66 3886

The following conclusions were observed based on the evaluation of the analyses of the
calibration model, which were helpful in modeling the prototype slab.

1. Using SOLID65 yielded good results for non-linear analysis of RC members in
flexure. It simulated cracking and crushing of the concrete well.

2. Default convergence values specified by ANSYS needed to be modified to obtain a
solution.

3. Open shear and closed shear coefficients used in SOLID65 had a considerable effect
on results with variation up to 10% compared with hand calculated results. These
factors needed to be calibrated before doing the final analysis.

4. Using the stress relaxation option (keyoption=7) for SOLID65 element helped a lot in
order to have a converged solution. After concrete element reaches the tensile
capacity this feature in ANSYS prevents the stresses in concrete from dropping
immediately to zero, in other word it takes the stresses gradually to zero with a

default slope, however this slope can be modified by user as required.
4.3 FE Modeling of the Prototype Slab

4.3.1 Scaling and similitude requirements
Because of the economic reasons, measuring, lab space and other associated problems, the
experimental models were chosen to be a scaled-down of the real building prototype. They

Ol LAC U Zyl_ﬂbl

www.manaraa.com



31

could not choose a very small model because of limitations in rebar and aggregate size so

they chose an intermediate scaling factor of 4.5 for the experimental models.

Benefiting from the numerical modeling method that does not pose any of the problems
associated with an actual test and for convenience of conducting further parametric study, it

was decided to use the real dimensions of the prototype for FE modeling in ANSYS.

Since the prototype beam-supported floor slab models used for FE analysis had real
dimensions, in order to have a correct comparison between the experiment and the FE
modeling, the experiment results had to be scaled up to match the FE results . Table 4.2 lists

the conversion factors applied to the experimental test results. (S= Scaled Factor of4.5).

Table 4.2: Prototype Scale Factor

Parameter Conversion Factor to Convert from Scaled to Prototype
Length S
Area S?
Force s’
Stress 1

For example a unit value of the displacement (1 mm)and a unit value of the load (1kN) in
experimental model must be multiplied by S and §% (S=4.5) factors to be compared with the
results of FE analysis of prototype. After scaling up the results from experimental model
using the required scaling factor, they also were converted from SI to the U.S Customary unit
system in order to be comparable with results obtained from ANSY'S analysis. Therefore, the
prototype center-to-center span length of the slab panels was 24 ft. in both directions with 7

in. slab thickness. The dimensions of columns and beams were 24 in. x 24 in. and 24 in. x 12

in., respectively. A gravity live load of 80 psf was applied. The in-plane loads applied in the
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prototype structure in the lab was multiplied by a factor of 20.25 (S?) to accurately simulate
loading for full-scaled ANSYS model. The overall dimensions of the prototype structure are

given in Figure 4.3.
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Figure 4.3: Prototype Dimensions
Used in Computer Model

4.3.2 Element types

4.3.2.1 Concrete. SOLID65 (Concrete65) element was used to model the concrete. This
element is a 3-D brick element. It has eight nodes with three degrees of freedom at each node
and translations in X, Y and Z directions. This element can handle non-linear material
properties. It also is capable of cracking in tension, crushing in compression, plastic

deformation and creep. The schematic of SOLID65 element is shown in Figure 4.4
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(Prism Option)

MNOP

(Tetrahedral Option
- not recommended)

Figure 4.4: SOLID65 Element (ANSYS, 2012)

4.3.2.2 Steel reinforcements (rebars). Two methods for steel reinforcing were used to
model rebars in ANSYS. A comparison between these two methods was made; advantages

and disadvantages of both models were discussed.

Because of existence of too many rebars at top and bottom of slab and beams in the model,
first the built-in reinforcement capability of SOLID65 called “smeared reinforcement” was
used to define the rebars. In this method reinforcements must be defined as a volumetric ratio
of elements and are uniformly distributed throughout the SOLID65 element. The material of
the smeared reinforcement is defined as separate material (steel in this case). The direction of
rebars can be defined as real constant input values for SOLID65, using two parameters
representing angles (6 and ¢). The 0 is measured from X to Y axis, and ¢ is the angle
between reinforcing direction and Z axis. With this method of defining reinforcements in
SOLID65 every element can have up to three different reinforcements with different
materials and volumes in three different directions. However, only one type of material

steel rebars) in two directions were used.
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After performing analysis with smeared rebar option it was seen that a more accurate model
was needed to define the reinforcements to take into account of the location of the rebars in
the model. Since the models with smeared reinforcing did not converge easily, using an
embedded reinforcement technique versus a smeared reinforcement was preferred. The use of
REINF264 was recommended by ANSYS specialist as a new element specially designed to

simulate the behavior of steel reinforcements in concrete.

REINF264 uses a discrete approach and is suitable for modeling reinforcing fibers in
arbitrary orientations and locations. Each fiber is modeled as a spar that only has uniaxial

stiffness. (ANSYS 13.0 Help). Figure 4.5 illustrates REINF264 geometry.

Base layer n
e=1

J

Figure 4.5: REINF264 Element Geometry (ANSYS, 2012)

First the section properties for each type of rebar must be defined. The input values are as

followings:
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V1 (or e) -- The number to indicate the element edge to which the offsets are measured. The

default value is 1. This parameter basically determines the orientation of the reinforcement.

V2 and V3 (or Y1 and Z1) -- The normalized distances from the fiber to the first end of the
specified element edge. Valid values for Y1 and Z1 are 0.0 through 1.0. The default value for

Y1 and Z1 is 0.5.

V4 and V5 (or Y2 and Z2) — The normalized distances from the fiber to the second end of the

specified element edge. Valid values for Y2 and Z2 are 0.0 through 1.0.

Fourteen sections had to be defined for REINF264 due to existence of three types of rebars in
two directions along the slab and beams. The number of required sections was fourteen
because in some locations two different reinforcements (with different areas) had to be

defined for both directions which required defining of four different rebar sections.
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Table 4.3 lists the rebars sizes used in the model. Figure 4.6 illustrates how to define a typical

REINF264 section in ANSYS.

Table 4.3: Selected Reinforcing Bars

Items Bar Size
Slab Reinforcing Bars D2.0. D2.5. D3.0

Beam Longitudinal Bars D2.0, D3.0

I\ Conate bod Mosty Breboecemest Sections ﬁ———-_— - _—_‘._-i——- [
" Section Edit Tools

| Creale and Modfy Reinforcement Sections

‘ Reinforcement Subtypel Discrete ~|Namel 01 g

} Material ID Area Pattern Vi V2 V3 V4 V5 V6

| 1 |2 -o.a05 [tem Edge  -I[1 o4 o5 b s 3

Add Reinforcement| Delete Reinforcement

o | cwe | weo |

Figure 4.6: Required Values to Define a Typical Rebar Section
Figure 4.7compares the top slab reinforcing in computer model and experimental model. As
it can be observed the REINF264 element allows a very detailed modeling of reinforcement.
Bottom reinforcements for the slab and also top and bottom reinforcement for the beams
were modeled the same way. Figure 4.8 illustrates an overall ANSYS model reinforced with

REINF264 elements (purple lines in Figure 4.8).
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Figure 4.7: Top Slab Reinforcement Comparison between ANSYS (top) and Experimental

Reinforcing Configuration (bottom)

Figure 4.8: ANSYS Reinforced Model Using REINF264 Elements
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Table 4.4: Real Constant for SOLID65 when REINF264 is used

[EI e e
Real Real Real
Constants for |Constants for|Constants for
Rebar 1 Rebar 2 Rebar 3

Solid 65 |Material Number 0 0 0
Volume Ratio 0 0 0
(Orientation Angle 0 0 0
Orientation Angle 0 0 0

Table 4.4 lists the required input values if a smeared reinforcement capability of SOLIDG6S is
used. Material number defines the type of material used for reinforcements. Volume ratio
defines the ratio of rebar volume to one for the reinforced element. Orientation angles define
the angles and directions of the rebars. For the SOLID65 no real constant was used since it
was decided to use the embedded reinforcing instead of smeared capability of it (Table 4.4).
However, for the models having smeared rebars, seventeen real constants were defined for
SOLID65 to account for the arrangement of the rebars in top and bottom of the slab and
beams in two directions. A detailed calculation of all required input values to define the

smeared rebars is presented in Appendix B.

4.3.3 Material properties

4.3.3.1 Concrete. Different types of material models were used for SOLID65 (concrete) in
ANSYS. Mechanical properties used for concrete were directly taken from results of several
concrete cylinder tests in the lab as listed in Table 3.6. Linear isotropic, multi-linear
isotropic, and built-in concrete model in ANSYS (default model) were used to define the
material non-linearity of concrete. At the end a comparison was made among all material

models used for SOLID65 (concrete) in ANSYS, advantages and disadvantages of every

model is discussed in results section. Key options were used to include specific element
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functions such as tension softening behavior for SOLID65 element. For a typical concrete,
stress-strain model is recommended by Vecchio and Colins (1986) as illustrated in Figure
4.9a. Since negative slope in FE solution module will not lead to a converged solution, a
modified version of this model using compressive uniaxial stress-strain curve (McGregor,
1992) ignoring the portion with negative slope was used. Figure 4.9b illustrates the

simplified version of this model.

o8 &

Streas (M)
s w B G B B B

00005 oo 00015 (1 oo 00g3 L] 00005 L) [0S e Ll ] ool

Stram

Figure 4.9: a) Actual Concrete Stress-Strain Curve (left) and b) Simplified Model
Recommended for FE Analysis (right) (Vecchio and Colins, 1986)

In order to construct uniaxial stress-strain relationship for concrete (MacGregor, 1992) the

following equations are used.

E e
f= —Cg 2 4.1
1+(£)
2 fr1
gy = £ (4.2)
= E. ¢ (4.3)
f=E;
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Where:

f — Stress at Strain &, psi

& = Strain at Stress f

Ep= Strain at f,C' in/in

E ¢ — Modulus of Elasticity of Concrete, psi

/ . .
f ¢ — Compressive Strength of Concrete, psi

Note that the first point of the stress-strain curve must agree with Hook’s law, i.e., Equation
4.3, while the remaining part of the curve will follow the parabolic relationship given in

Equation 4.1.

Figure 4.10: Uniaxial Compressive Stress- Strain Curve

Figure 4.10 shows the uniaxial compressive stress-strain curve used for this study. This

formulation follows the study done by Kachlakev, et al. (2001). This curve is comprised of
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five points; first point defined at stress of 0.3 f', satisfying the Hook’s law (Eq. 4.3).
Equation 4.1 was used to determine the coordinates of points 2, 3 and 4 while g, was
obtained using Equation 4.2. Stresses were selected and corresponding strains were
calculated. Finally the stress at point 5 was determined using f”, as stress in Equation 4.1.

The corresponding points were used to define multi-linear isotropic material model in

ANSYS.

ANSYS default concrete model uses Willam and Warnke (1974) material model that requires

nine input values listed below (ANSYS, 2013):

1. Shear transfer coefficients for an open crack;

2. Shear transfer coefficients for a closed crack;

3. Uniaxial tensile cracking stress;

4. Uniaxial crushing stress (positive);

5. Biaxial crushing stress (positive);

6. Ambient hydrostatic stress state for use with constants 7 and §;

7. Biaxial crushing stress (positive) under the ambient hydrostatic stress state
(constant 6);

8. Uniaxial crushing stress (positive) under the ambient hydrostatic stress state
(constant 6);

9. Stiffness multiplier for cracked tensile condition.

Shear transfer coefficients are ranged from 0.0 to 1.0, with 0.0 being a smooth crack which
cannot transfer any shear force and 1.0 being a type of crack behavior that can transfer the
entire shear without any loss. Numbers of studies have been done to determine best shear

transfer coefficients for RC FE analysis. Studies of Bangash, (1989), Hemmaty (1998),

Huyse, Hemmaty and Vandewalle (1994) and parametric study performed by Kachlakev et al
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(2001) have led to the conclusion that open shear coefficient selected less than 0.2 does not

lead to a converged solution so the value of 0.4 have been used with successful results.

For closed cracks, the value was chosen to be 0.8 according to studies of Kachlakev,T.
Miller, Yim and Chansawat (2001), and Stehle (2002). However a parametric study was done
on the calibration beam model to confirm the values recommended by mentioned
researchers. Uniaxial tensile stress and uniaxial crushing stress was pulled from the lab

report. With defining these two values ANSY'S automatically defines constants 6, 7 and 8.

Constant 9 defines the tension softening behavior of concrete after reaching to its modulus of

rupture (Figure 4.11)

ft

Tofe | -

65“"‘

Figure 4.11: Tension Softening Behavior of Concrete

When a crack occurs in concrete, setting the key option (7) to value of 1 automatically drop
the stress by a value defined by constant 9 to point T, f; (Figure 4.11) and then gradually
slopes down the value to zero. Default value of 0.6 is used in ANSYS for T, (i.e., Constant

9=0.6). Table 4.5 lists required input values by ANSYS for SOLID65 element.
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Table 4.5: Required Values for SOLID65 by ANSYS

Element Type Material Properties

Linear Properties

Slab & Beams Columns
EX (Modulous of Elastisity) 3045800 psi (28 Mpa) |4300000 psi (30 Mpa)
PRXY (poisson's Ratio) 0.13 021

Slab & Beams Columns
Density (Ib/ cu in) 0.00021 0.00021

Multi-Linear Isotropic
Slab & Beams Columns
Strain Stress (psi) Strian Stress (psi)
Point 1 0.0004 1218 0.000373 1623
Point 2 0.00065 1868 0.000605 2488
Solid65 |Point 3 0.0015 3411 0.00135 4543
Point 4 0.002 3898 0.00186 5192
Point 5 0.0027 4061 0.00248 5409
Concrete

Slab & Beams Columns
ShrCf-Op (Open Shear Coeficient) 0.4 0.4
ShrCf-Cl (Closed Shear Coeficient) 0.8 0.8
UnTensSt (modulous of Rupture) 308.9 psi (2.13 Mpa) | 517 psi ( 3.57Mpa)
UnCompSt (Ultimate Compresive Stress) 4061 psi (28.0 Mpa) | 5409 psi (37.3 Mpa)
BiCompSt 0 0
HydroPrs 0 0
BiCompSt 0 0
UnTensSt 0 0
TenCrFac (Tension Softening Coeficient) 0 0

ANSYS uses Willam and Warnke (1974) failure surface for concrete. This model develops a
popular tri-axial failure surface for unconfined concrete. The suggested failure surface is
shown in Figure 4.12. The major principal stress components are ordered (o; > g, > 03) in
order to construct a sextant theoretical model. Hydrostatic and deviatory sections separate the
failure surface as can be seen Figure 4.13. Equisectrix g; = 0, = 03 included in meridianal

plane forms hydrostatic section, which is orthogonal to deviatoric section (Figure 4.13).
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I/.
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Figure 4.12: Willam and Warnke (1974)
failure surface for Concrete

"y, s -4/
Hydrostatic Seclion [ 8 = 0°) Deviatorie Section (g, + -057, |

Figure 4.13: Hydrostatic and Deviatoric Sections (Willam and Warnke 1974)

Polar coordinates r and 8 are used to define the deviatoric section, where r is the distance
vector of the point of the failure on the surface to origin and 6 is the angle of vector r.

Equation 4.4 defines the failure surface:
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+——2=1
2 fa 7(0) fa (4.4)
Where:

o, and 7, = Average Stress Components
feu = Ultimate Compressive Stress

Z= Highest Point in the Surface

Two angles of hydrostatic curve are defined by ¢; and ¢, as shown in Figure 4.13. Z and r
values are found using ultimate compressive stress (f,, ), biaxial compressive stress (f,;) and
modulus of rupture(f;). This model has benefits of a good match with experimental data.
ANSYS creates constitutive material model for concrete based on above criteria and model
defines the yield surface by three parameters for linear and five parameter for non-linear
strains by utilizing a scaled function of stressf (0) = 0, the shown failure envelope in Figure

4.12.

4.3.3.2 Reinforcement. Defined material properties for the steel rebars were based on the
actual tension test results on the scaled rebars used in the experimental model. Linear
isotropic and bilinear isotropic properties were used to simulate the non-linear behavior of
rebars in ANSYS. Self- weight of the steel material was also taken into account, defining this
parameter will enable ANSY'S to calculate the service dead load. Table 4.6 lists the required

input values for the steel.

www.manaraa.com



Table 4.6: Material Properties of Steel used in ANSYS Model

46

Steel

Linear Isotropic

EX (Modulus of Elasticity) (psi) 2.77E+07

PRXY (Poisson’s Ratio) 0.3
Bilinear Isotropic

Yield Stress (psi) 53373

Tang Modulus (psi) 1450000

Self-Weight (Mass Density)

Steel (Ib/cu in)

| 0.000734

Based on the given information ANSYS constructs a bilinear isotropic curve for steel, the

slope of the first linear portion is equal to modulus of elasticity of steel and the slope the

second portion is equal to tangent modulus. Figure 4.14 illustrates the steel bilinear curve

used in ANSYS.

Figure 4.14: Bilinear Curve for Steel Constructed by ANSYS

4.3.4 Constructing ANSYS prototype RC slab model

Because of presence of rebars in top and bottom of slab and beams in two directions,

differentovolumesswith different sizes had to be created. Total number of seventy two
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volumes was created to account for complicated arrangement of rebars in slab and beams
(Figure 4.15). The part of the beams below the slab were made of two volumes to account for
positive reinforcement placement, however, since the beams and the slab behaved as a T-
section, the upper part of the beams were modeled within the slab depth to account for T-
section behavior of the beams (Figure 4.16). The slab was made of four layers and nine
volumes in each layer (except the layer containing top section of the beams) to account for
top and bottom arrangement of rebars in middle strip and column strip of the slab. Figure
4.17 illustrates required number of rebars and their direction used to model the
reinforcements in top and bottom of the slabs. A similar pattern was used to model rebars for
beams. Table 4.7 lists the amount and location of the rebars used in the experimental model,
however, because of the scaling relationship between test specimens and computer models,
special care was taken in order to calculate the location and amount of steel rebars to model
the prototype. As listed in Table 4.2, the length is multiplied by S (Scale factor=4.5) and the

area of rebars are multiplied by S2.

Figure 4.15: Top (left) and Bottom (right) View of ANSYS Model
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Figure 4.16: Top Portion of Beams (in slab layer) with ANSYS Model

Figure 4.17: Rebar Arrangement in Top (right) and Bottom (left) Slab in
ANSYS Model
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Table 4.7: Rebar Arrangements in Slab (test specimen)

Associated Numbers in Fig Amount of
4.17 Steel
7 1D2.0
8 2D2.0
9 2D2.5
Parallel to Wall 10 2D 20
11 5D 2.0
Top 12 6D20
Rebars 7 2d2.5
2D25+4D
. 8 2.0

Perpel‘l)g;cl;llar to 9 2D 2.0
10 2D2.5

11 2D25+4D2.0
12 2D25
2 2D2.0
Parallel to Wall 6 6D20
3 6D2.0
il 2 6D 2.0

Rebars .

Perpendicular to 3 6D2.0
Wall 4 7D 3.0
5 6D20

4.3.5 Meshing

Based on the analysis done on the calibration beam model, and as a general rule in FE

analysis, the more the element aspect ratio is closer to unity the better results are obtained. A

convergence study was performed to obtain the best element size. Floor slab was divided

into four layers (27, 17, 27, and 2” thick) with a plan dimension of 6”x 6”, and the stem of

the beams below the slab were divided into three layers (6”, 6, and 5” thick) with similar

plan dimensions of SOLID65 elements (Figure 4.19). It was observed that reducing slab plan

dimension to 3 in only made an insignificant change (<.0001%) in the displacement of the

reference point, however, it increased the running time. This size of elements set up the mesh

in a way that all the nodes in volumes with different sizes (nodes that were sharing the same

interface) corresponded to each other. Since all the dimensions of elements were a multiple
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of 6, this led to a dimensional compatibility between all the volumes. The volume sweep
command then used to mesh the model. Since two types of rebar models were used, meshing
was different for each of them. For smeared reinforcement, after defining the real constant
for SOLID65 as described in Section 4.3.2.2 necessary mesh attributes assigned to the
volumes then vmesh command automatically took care of the meshing smeared rebars and
SOLID65 together. As for REINF264, after the volumes were meshed rebars were assigned
to appropriate elements using Secn Command then ereinf command automatically meshed

the reinforcements within the SOLID65 element. Figure 4.18 illustrates the two types of

rebar modeling used in this study (smeared and embedded).

Figure 4.18: Embedded Reinforcement (left), Smeared Reinforcement (right)

4.3.6 Numbering control

Merge command merges separated entities which have components in common, for example
this command will make two volumes that have common area a single entity, this command
was very important in modeling procedure because the model was made of 71 different
volumes with different sizes and they all needed to act as an entire entity. Special care was

taken in process of merging entities.
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4.3.7 Boundary conditions

The boundary condition was one of the most challenging parts in modeling procedure. The
description given in the Nakashima’s report (1981) was not very clear therefore variety of
boundary conditions were used to capture closest results to experiments. As mentioned in
the experimental report the specimen was lifted up on heavy pedestals in order to facilitate
the testing procedure, the pedestals were anchored to the floor to be completely fixed. In the
BH2MN (in-plane monotonic test of slab panel 2) and BVIMN (full service gravity and in-
plane monotonic test of slab panel 1) (Figure 3.2) which were investigated in this study,
walls were attached to the pedestal using twelve bolts and four heavy steel braces. This
fixture completely prevented the slabs from moving in its floor plane. Therefore this fixture
was simulated by fixed-fixed support condition along slab- wall interface (Figure 4.19). The
column base was given variety of fixtures depending on the type of tests. However, in
investigated cases in this study the column base was provided with a free-to-slide condition,
in this set up the base did not have any resistance against sliding. To simulate this fixture, it
was decided to use the roller support (restrained only in Y direction) to let the model move
laterally without any resistance. A sensitivity study was done on the model with different
patterns of nodes restrained in Y direction. The closest results were obtained when only a
single node at bottom of columns was restrained only in Y direction (Figure 4.20). The
reason that restraining all the nodes did not work was that it created a moment resistance

which consequently prevented the model to behave identical to ideal free-to-slide set up.
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Figure 4.20: Roller support at Base of Columns

4.3.8 Analysis type

The type of analysis chosen for this model was static analysis with material non-linearity.
Non-linear material properties were defined for both steel and concrete as mentioned before.
Because of the way the test was set up the model had to finish an analysis and then resume

another analysis with different loading conditions while keeping the effect of the previous
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loads; therefore, the restart command was used to resume an unfinished run or execute next
load step. Solution control command defines the parameters needed by ANSYS to run either
a linear or non-linear solution. Table 4.8 lists a typical set of commands used for a non-linear
static analysis. It is worth to mention that the small displacement option was utilized since it
was known beforehand that there will be no buckling in the model and flexural failure will
control the behavior of slab panels (i.e., no geometric non-linearity in the analysis was

present).

In this type of analysis, total applied load is divided into smaller load increments (load
steps). At the end of each load increment the stiffness matrix —if changed due to material
non-linearity- is recalculated before moving up to the next load increment. Newton-Raphson
equilibrium iterations method is used in ANSYS to adjust the change in stiffness in every

load increment.

Newton-Raphson method checks for the convergence within a tolerance limit defined in the
program. The force and displacement convergence criteria were used in this study, however
the ANSYS default tolerance limits did not yield good convergence because of highly non-
linear behavior of the model; therefore, the values were increased by a factor of 5 (0.5% for
the force and 5% for the displacement). The effectiveness of using bigger tolerance values
and also convergence problems associated with SOLID65 element when ANSYS default

values were used were confirmed in studies done by Anthony J. Wolanski (2004).
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Table 4.8: Typical Solution Controls for a Non-linear Analysis

Analysis Option Small Displacement Static
Automatic Time Stepping On

Number of Sub steps 200

Equation Solver Sparse Direct

Write Items to Result File Every Sub step

All other parameters related to non-linear algorithm in ANSYS, were set to default values.
Table 4.9 lists the values ANSYS uses to solve non-linear problems. Behavior of ANSYS in
case of non- convergent solution was set in a way that the solution stopped but program did

not exit.

Table 4.9: ANSYS Non-linear Algorithm Parameters

Line Search On
DOF solution predictor Prog Chosen
Maximum number of iteration 100
Cutback Control .15
Equiv. Plastic Strain 0.15
Explicit Creep ratio 0.1
Implicit Creep ratio 0
Incremental displacement 10000000
Points per cycle 13

Set Convergence Criteria
Label F U
Ref. Value Calculated calculated
Tolerance .05 .5
Norm L2 L2
Min. Ref. not applicable not applicable

4.3.9 Loading
Because the experimentally tested specimens were scaled down to represent the full service
dead and live loads plus monotonic and cyclic earthquake loads, an extra vertical load had to

e scaled down model to account for full service dead and live loads. The
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description given in the experimental report was not very clear about the amount of load
applied to the test specimen, however since the models in this study were actually the full
size specimens the ambiguity of the amount of extra applied vertical load did not create any
problems. Therefore the 80 psf live (as described in the report) plus dead load (the weight of
actual RC slab) were used in FE model to represent the full service load condition described
in the experiment. Vertical live load was distributed uniformly along all the nodes located on
top of the slab as point loads (Figure 4.21). Dead load was taken care of by defining the mass
density of the concrete and steel materials in ANSYS material property module. The
monotonic horizontal loads were scaled up to full size specimen (by multiplying them
by S = 4.52) and applied along the beam parallel to the shear wall. However horizontal
loads were applied in very small increments since the model experienced a high degree of

non-linearity under that loading condition (Figure 4.22).
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Figure 4.21: Application of Live Load in FE model

Figure 4.22: Application of Lateral Load in FE model
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CHAPTER 5

FE ANALYSIS OF BEAM-SUPPORTED SLABS WITHOUT OPENING

The purpose for this section is to verify the constructed 3-D non-linear FE model for
analyzing the behavior of beam-supported two-way slabs subjected to out-of-plane service
loads and in-plane earthquake loads by comparing the prototype results with corresponding
value obtained from testing of the scaled specimen at the Lehigh University (Nakashima,
1981). Two different material models were used in FE models: a) ANSYS default model, and
b) multi-linear model. Also two different methods for reinforcing were used: a) embedded,
and b) smeared. After detailed comparisons of the results of the FE models with the
experimental results, the adequate material properties, real constants, convergence criteria
and reinforcing technique are determined to construct the FE model of two-way beam-

supported slabs with openings.

5.1 Testing Program and Sequence

5.1.1 Testing programs designation

For the sake of simplicity, each test was labeled with five alphanumeric characters. The first
character was always B, describing the type of slab which was Beam-supported slab panel in
this study. The second character was either H or V describing type of loading used in the test
program. H means that only Horizontal loads (in-plane) were applied and there were no
vertical loads in the testing program. V, on the other hand, indicated the use of both in-plane
and Vertical loads. Third character, being a number, indicated the slab panel number being
used in the test. Numbers 1, 2, and 3 referred to the use of panels 1, 2, and 3 respectively
(Figure 3.2). The fourth and the sixth characters described the way that the in-plane loads

specimen. MN strands for MoNotonic, and CY for CYclic loading
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applications. However, only the results of the BH2ZMN and BVIMN are used for the

verification of the present 3-D FE models.

5.1.2 Initial slab stiffness verification

As mentioned in Section 3.5 a series of stiffness tests were performed on scaled specimens to
determine the initial in-plane stiffness of the slab panels. In order to make sure of the
accuracy of FE model within the elastic range the stiffness test with very small in-plane loads
(9 kN), which had taken place right before the strength test, were reproduced by ANSYS for
the test specimen BH2MN. The stiffness obtained was eight percent larger than the
experimental result which agreed well (within 4%) with the value obtained using the virtual
work method accounting for both in-plane flexural and shear deformations, given in
Appendix C. This slight difference in stiffness indicated that the model has already

experienced a few minor shrinkage cracks in concrete.
5.2 Verification of the ANSYS FE Model

5.2.1 Full service gravity loads: elastic analysis

In process of verification of FE models, first step was to verify the model using the elastic
analysis with full service dead and live loads. Thus, the different types of non-linear material
models used do not affect the results. Lehigh report also included results for a similar linear-
elastic FE analysis of the scaled specimen using SAP IV, a general-purpose FE software
(Nakashima, 1981). The vertical deflections for the linear-elastic analysis using full service
loads were investigated in three points (Figure 3.6a). Results obtained from the ANSYS
model matched well with the ones from SAP IV (Table 5.1). It is also observed that the type

of reinforcement steel (embedded versus smeared) did not change the results since the
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reinforcement contribution was insignificant. Also, when these results are compared with the
experimental values (given in Table 5.2), they are considerably smaller since the elastic

analysis did not account for the slab cracking observed during the test.

Table 5.1: Linear-elastic Results Comparison for Vertical Deflections

Item Deflection at Reference Points
Analysis Type Point 1 (in) Point 2 (in.) Point 3 (in.)
SAP Linear-Elastic Analysis (Report) 0.074 0.2073 0.074
ANSYS 0.073 0.2078 0.073

5.2.2  Full service gravity loads: non-linear analysis

Before performing the strength tests, the slab specimen BVIMN was subjected to full service
gravity loads. The vertical beam and slab displacements at three points mentioned in Section
3.4.3 were recorded using fixed scales (Table 5.2). The model created in ANSYS was
subjected to self-weight plus 80 psf of live load in order to simulate the full service gravity
load as described in Section 4.3.9. Besides the vertical deflections recorded, the cracking
pattern also was described in the lab report. Two lines of cracks were observed on top of the
slab, one along the wall and the other along the beam parallel to the wall (Figure 3.8). The
results obtained from FE model were in a good agreement with the experimental results
(Table 5.2). Cracking pattern in ANSYS model also corresponded well to the experiment

(Figure 5.1).
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Table 5.2: Full Service Gravity Test results

Analysis Type Point 1 (in) Point 2 (in.) Point 3 (in.)
Full Service Gravity Load (Experiment) 0.13 0.23 0.17
ANSYS 0.125 0.23 0.125

+P —t—

Figure 5.1: Cracking Pattern, ANSYS (left), Experiment (right)

Slight difference in deflections can be related to the initial stiffness tests conducted on the
specimens discussed in Section 5.1, where some minor concrete cracking might have
occurred. The difference between Point 1 and Point 2 deflections in the test can be explained
due to test specimen imperfections, where the concrete in one side of the slab panel may have
had more shrinkage cracks or it may have not had the same strength as the other side. Also
cracking pattern in concrete is a random phenomenon; therefore, one of the beams may have

cracked earlier than the other one, which led to more flexible behavior.

Using different material models or different type of reinforcing techniques did not make a
considerable difference in the ANSYS analysis results. The reason was that under full service
loading the reinforcing steel stress remained within the elastic range and concrete in

compression essentially behaved elastically. The effect of selected concrete material models
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and methods of steel reinforcing (embedded vs. smeared) becomes more significant at higher

applied loads when both steel and concrete show non-linear behavior.

It is worth mentioning that there was not any load-deformation graph available from the
actual test specimen for the comparison purposes. However, the global response of the test
specimen was captured through the cracking pattern and vertical deflections (as shown in
Figure 5.1) in the ANSYS FE analysis of the prototype slab. It was observed that the first
major crack started along the wall at 58% of the full service load causing a change in
stiffness and a sudden increase in vertical deflection (Figure 5.2). This crack expanded along
the wall at 79% of the full load. Second major crack along the column line parallel to the

wall appeared around 97% of full service load and expanded along the column line.

1.2
3 1
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© 0.6
¢ / |
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= 0.2
@
20
§ 0 005 01 015 02 025
Deflection (in.)

Figure 5.2: Out-of-Plane Load vs. Vertical Slab Deflection
5.2.3  Comparison between material models and steel reinforcing methods
As mentioned in Section 5.2.1, the ANSYS models were not sensitive to the type of concrete

material models selected (default ANSYS model vs. multi- linear model) and also to the type

of steel reinforcing methods used (smeared vs. embedded) since steel and concrete (in
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compression) remained essentially elastic when out-of-plane load up to the service loads
were applied. However, as the specimen were loaded further toward their in-plane capacity,
the differences were significant. In this section a comparison between models with different

parameters are made to determine which ones globally yield closest results to the test results.

5.2.3.1 Test with in-plane loads (BH2MN). As mentioned in Section 4.3, two types of
concrete material models and two types of steel reinforcing methods were used. Figure 5.3
illustrates the in-plane load-deflection relationship for these models compared to
experimental curves for the slab specimen BH2MN. It can be observed that although all the
combination of models used globally capture the behavior of the slab, embedded steel with
default concrete model (green curve in Figure 5.3) captured both load capacity and deflection

more accurately when compared to experimental curve (blue curve in Figure 5.3).
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Figure 5.3: ANSYS vs. Experiments (BH2MN)

Furthermore, the ultimate in-plane bending moment capacity of the test specimen was
estimated by hand computations using procedure typically utilized in reinforced concrete
shear walls (Wight and MacGregor, 2011), given in Appendix C. The results obtained agreed
well with the experimental and ANSY'S results (6% difference), since the slab panel was only
subjected to in-plane loads.

5.2.3.2 Test with in-plane & out-of-plane loads (BV1MN). Same variables used in Section
were used to analyze the behavior of the slab panels subjected to in-plane and out-of-plane
loads. Figure 5.4 illustrates the results obtained from ANSYS analysis of slab panels
subjected to in-plane and out-of-plane loads compared to experimental curve. It can be seen
that sensitivity of the results are more towards the selected steel reinforcing modeling
procedure rather than the interaction between concrete material modeling and the

reinforcement modeling used . In other words, while it is evident that the models with
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embedded steel (green curve) produced closest results to load capacity and deflection
compared to the experiment. In comparison, models with smeared steel- regardless of what
their concrete model is- did not do well in capturing the experimental behavior. It can be
concluded that when gravity load is present, the importance of embedded steel modeling is
more pronounced. Therefore, when the floor slab model is subjected to in-plane and out-of-
plane loads, embedded steel reinforcing is more appropriate in order to obtain the most

accurate results.

Therefore, based on the above observations, the embedded steel model was chosen to do

further comparisons and verifications.
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Figure 5.4: ANSYS vs. Experiment (BVIMN)
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5.2.4 Discussion of the BH2MN test results and comparison to ANSYS model with
embedded reinforcement

In this test, only in-plane loads were applied along the column line parallel to the wall (no

vertical loads were applied). The specimen was fixed to the wall and columns were in free-

to-slide condition. This test set up required in-plane loads to be applied monotonically in

very small increments. Loads were gradually increased up to the point that the resistance of

the test specimen dropped considerably.

As mentioned in the report, at the load value of 36 kN cracks were developed at wall-slab
interface and extended towards the beam, this pattern was produced by ANSYS FE model.
Figure 5.5 illustrates the extension of the cracks at wall —slab interface starting at 36 kN

(0.3*120 kN).

Figure 5.5: First Crack Extension

According to the report the ultimate load of 120 kN (27 kip) was reached when several
cracks which were developed at lower load levels started to grow bigger. Soon after a

significantrlossiof resistance of approximately 31 kN (7 kip) was followed, dropping the load
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from 120 kN to 89 kN. After this significant loss, the system regained its equilibrium and
reached to the ultimate load level of 116 kN (Nakashima, 1981). According to experimental
report, another significant loss in resistance took place where one of the cracks rapidly
extended inwardly through depth of the test slab. This crack was labeled the major crack, and
soon after a few numbers of rebars broke at the deflections 7.6 mm (1.35 in.) (Figure 5.8).
This was reproduced accurately with ANSYS model. As it can be seen in Figure 5.6 yielding
of the rebars at load value of 89 kN, as mentioned in the report, is produced in ANSYS
model at 0.74 of ultimate load (showed with blue arrows in Figure 5.6) caused a loss in slab
resistance. A significant loss due to the braking of the rebars caused a mechanism which
controlled the failure behavior of the slab in the experiment. In other words, the section
where the major crack occurred acted as a plastic hinge region where it was captured by
extensive yielding of the rebars at that location as shown in Figure 5.7. This section of the
slab model nearly coincided with boundary between middle strip and column strip, where
number of reinforcing bars were cut off. Also, the load-deflection curve obtained by
Nakashima using a 2-D FE model (dashed lines in the Figure 5.8) agrees well with the
ANSYS curve (green line in Figure 5.3). In both Nakashima’s and present ANSYS FE
models, it is observed that a considerably higher stiffness than the real test result curve
obtained at the initial loading stage (i.e., at the start of the load-deflection curve). This
difference in the initial stiffness can be attributed to small cracks caused by random loads
applied to the model during the transportation, cracks caused by shrinkage and cracks caused
due to other tests performed on the specimens before initiation of the strength tests

(Nakashima, 1981).
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Figure 5.6: Breaking of the Rebars

Figure 5.7: Plastic Hinge Location
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Figure 5.8: Analytical Load-Deflection Curves in Lab
Report

Furthermore, all experiment results were obtained using the displacement control procedure
while FE results were obtained by load controlled procedure. In other words, in load-
controlled analysis by ANSYS the zigzag nature of experimental curve representing sudden
loss and recovery of the resistance at post-ultimate load region cannot be created. However,
in summary the correlation between the ANSYS and experimental curves were considered

reasonable.

5.2.5 Discussion of the BVIMN test results and comparison to ANSYS model with
embedded reinforcement

In this test first the gravity service loads were applied to test panel as explained in Section

5.2.2. The next step was to apply the in-plane loads. The types of in-plane loads used in this

test were monotonic loads. In-plane loads were applied incrementally until the panel reached

its ultimate strength of 102 kN with the corresponding displacement of 8.8 mm. ANSYS

model (green curve in Figure 5.4) produced load capacity of 102.6 kN with the

corresponding displacement of 8.45 mm which were almost the same as experiment results.
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As mentioned in Section 5.2.2, the gravity service load created two lines of cracks on top of
the slab. The line of cracks located at the wall-slab interface was extended inward until it
reached the bottom surface at 21% of the ultimate load (22kN). Figure 5.10 illustrates the
cracking pattern obtained from the ANSYS model in a section located near the wall-slab
junction at 100% of gravity loads (Figure 5.9 left), where the cracks are created only at the
top surface of the slab, and at 22% of the ultimate in-plane loads (in addition to 100% of
gravity loads) where the cracks extended all the way to the bottom surface of slab. According
to the experimental observations, cracking pattern was significantly different at top and
bottom of the slab. Most of the cracks on the top surface were confined near the slab-wall
interface while many of the cracks at the bottom extended radially from center of the slab.
This pattern was produced accurately in the ANSYS model as shown in Figure 5.9 where the

top left and bottom right surface patterns are compared.

As mentioned in the report (Nakshima, 1981) no substantial loss of in-plane load resistance
was observed in the test. The stiffness decreased gradually and smoothly until the ultimate
capacity was reached. The reason was that the service gravity loads already started the
development of some of the cracks at the plastic hinge region (the region between the end
wall where the top slab and beam rebars were cut off) before the application of in-plane
loads. In other words, existing cracks due to gravity loads made the transfer of the loads from
cracked concrete to rebars more gradual when in-plane loads are applied. However, the same
phenomena (presence of cracks due to gravity loads) caused a 15% drop in in-plane load

carrying capacity of the floor slab system.
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Figure 5.9: Cracking Pattern at Top (left) and Bottom (right) of Slab

Figure 5.10: Extension of Cracks Inwardly (in depth of slab)

Figure 5.4 compares the load-deflection curves obtained from ANSYS with the experimental
curve. It can be seen that the model with embedded rebars (green curve) accurately captured
the load capacity as well as the displacement comparing to experimental curve (blue curve).

The significant reduction in the in-plane stiffness of the initial part of the experimental curve
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was due to additional cracking which had occurred in pretests prior to ultimate in-plane
strength tests (Nakashima, 1981). However, the ANSY'S results are in a close agreement with

test results for the remaining part of the curve.

5.3 Concluding Remarks
The following conclusions were obtained on the evaluation of the solid RC slab models

subjected to in-plane and out-of-plane loads.

5.3.1 Modeling and FE techniques
Following observations are made with regard to the FE modeling of RC beam-supported

two-way floor slab systems:

1. In linear-elastic stage, the use of different material models for concrete and different
methods for rebar modeling had insignificant effect on the results.

2. In the BH2MN test model, the results were more sensitive to the interaction between the
selected concrete material models and type of steel reinforcing models (Section 5.2.3.1).

3. In the BVIMN test model, results were more influenced with the steel reinforcing
method used (smeared vs. embedded). Thus, in the slab models subjected to biaxial
bending use of embedded rebars yielded more accurate results (Section 5.2.3.2).

4. ANSYS cracking model for concrete —being a smeared crack model- is efficient enough
to provide results with a good correlation with experimental ones in terms of cracking
patterns.

5. Boundary condition modeling played an important role in the FE analysis process. An

extreme care must be taken to accurately simulate the boundary conditions. A slight

change can lead to wrong results.
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5.3.2  Behavior of floor slabs under in-plane and out-of-plane loads
Following observations are made based on FE analysis of RC slabs subjected to in-plane and

out-of-plane loads:

1. In both strength test models (BH2ZMN and BVIMN) behavior of the slabs were
controlled by forming the major crack at the plastic hinging location where many of
the top slab and beam rebars were cut off (Figure 3.3). This implies that ultimate
strength of the slabs was controlled by in-plane flexural rather than shear capacity.

2. Vertical loads, as expected, lowered the ultimate capacity of the slabs. The ratio for
the load capacity of BH2MN (green line in Figure 5.3) to the BVIMN (green line in
Figure 5.4) was 1.17. This difference originated from the fact that vertical loads
(service dead & live) in BVIMN test model created two lines of cracks in the slabs
(Figure 5.1) which caused more gradual transformation of concrete stress to the
reinforcing steel (smoother load-deformation curve) and a lower ultimate in-plane
load capacity, both of which were reproduced by the FE analysis model.

3. In both cases significant differences in initial in-plane stiffness between the
theoretical and tested specimen were observed. This was attributed to preloading tests
conducted on the test specimens (BH2MN and BVIMN) before actual strength tests,
accidental forces applied due to transportation of the specimens and shrinkage and
creep cracks in the concrete, as explained in experimental report (Nakashima, 1981).

4. The cracking pattern of the top and bottom of the slab in BVIMN test was different,
while the pattern was the same throughout the slab for BH2ZMN. This was due to the

fact that in the BVIMN tests, gravity load application created tensile stress at the

bottom of the slab and compressive stress at the top; therefore, by the time that in-
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plane loads were applied, further cracking occurred in the pre-stressed beam surface
of the slab. This was also reproduced by present FE analysis. Thus, in general it is
concluded that the ANSYS 3-D non-linear models provided accurate results which

were in a rescannable agreement with experimental values.
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CHAPTER 6

TWO-WAY RC SLABS WITH OPENINGS

6.1 General

The motivation for this study originated from the fact that the presence of openings in
building structures is sometimes inevitable, and they can easily change the behavior of floor
slabs. At present, routine design procedures ignore the in-plane deformations of the floor
slabs, and the current building standard ASCE 7-10 requires that RC floor slabs to act as
elastic deep beams sitting on the shear walls when the aspect ratio of the floor diaphragm is
greater than 3:1. With diaphragms deforming in an inelastic manner, contrary to what is
assumed, the distribution of the shear force to lateral force resisting members (such as shear
walls and frames) may significantly change. This can be even more pronounced when floor
openings are present resulting in a behavior completely different than what was expected of

the structure when subjected to seismic loads.

Consequently, considerable (and unaccounted) loss of in-plane stiffness may result in a
change in the redistribution of the lateral loads resisted by the vertical members in frames,

overloading some of them (such as columns) to failure.

Kunnath et al. (1990) investigated the inelastic response of floor slabs by developing
IDARC2 an enhanced numerical model; Reinhorn et al. (1988) and Panahshahi et al. (1991)
confirmed the accuracy of the model through conducting shake table tests on two single-story
RC scaled model structures. These series of studies confirmed the possibility of the

structure’s failure (collapse) due to diaphragm yielding in low-rise buildings with shear

walls. IDARC?2 is a non-commercial macro-model computational tool having the capability
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of performing inelastic analysis of RC buildings with rigid, elastic, or inelastic floor slabs
subjected to static and dynamic loads, however, the effect of floor openings was not

included.

Alharash (2011) enhanced IDARC2 to handle floor diaphragms with openings and conducted
non-linear time-history analysis of RC buildings with different opening sizes at different
locations, enabling the user to over-ride the default idealized moment-curvature in the

program.

In this chapter the verified FE model was used to investigate the effect of openings with
different sizes in two-way RC slabs subjected to in-plane and out-of-plane loads. Three
different openings in terms of their sizes with respect to whole panel area were investigated.
The obtained results then are recommended for the use in the enhanced IDARC2 in order to
define more accurately the user specified moment-curvature curves for the slabs with

openings.

6.2 Floor Slab Openings: Design Code Requirements and FE Modeling

The ACI code permits openings of any size in slabs if the required serviceability and strength
conditions shown by acceptable analysis methods are met (Section 13.4.1). The analysis
procedure can sometimes be difficult and require experimental verifications. As an
alternative to the detailed required analysis, the Section 13.4.1 of the code gives simple
guidelines for selecting opening size and location to make the designing procedure simpler

for engineers only in flat slabs, when beams are not present.

In summary, according to the ACI code in order to be able to have an opening in slabs

supported on beams (the type of slabs investigated in this study), a detailed analysis showing
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that the strength and serviceability requirements are maintained is required. The prototype
slab model used in previous chapters was used to incorporate the openings. Three different
sizes of openings (25%, 14% and 6.25%) were placed in the mid-region of the slab panel.
The ratio was calculated ignoring the overhanging parts of slab panel. The embedded steel
reinforcing model with default concrete material properties were used in the ANSYS models
with openings since their accuracy was verified with experimental results in the previous

Chapter.

As a routine design procedure described by ACI 318-11, Section 13.4.1, the missing rebars at
bottom of slab where the opening is placed were added to the boundary of the openings
(Figure 6.1) to maintain full out-of-plane bending capacity of the slab panel. This was also
helpful in a way that it could prevent local failure of concrete elements in that region. Figure

6.1 illustrates a top view of the rebar arrangement’s on slabs with openings.

Figure 6.1: Openings with 25% (top left), 14% (top right) and 6.25% (bottom)
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Boundary conditions, loading method and non-linear solver settings were chosen the same as

described in Chapter 4.

6.3 Results and Discussions

6.3.1 Behavior at service loads (dead & live)

When the slab models with openings were subjected to service loads (dead & live), they
demonstrated a different behavior than slabs without openings under the same loading
conditions. Presence of the openings actually reduced concrete stresses to the point that no
cracks were observed with the largest opening size (25%). In the slab with 25% opening at
service gravity loading stage, stresses at concrete were under cracking stress value of 308 psi
and steel stresses were multiples of modular ratio of steel to concrete (Figure 6.2). In other
words the model with 25% opening size remained elastic under gravity service loads. The
reason was that the relatively big opening size (25%) took away the dead and live loads at the
mid-panel region, thus, significantly reduced the total load applied on slab panel. However,
with using smaller opening sizes, more cracks and stresses started to appear and the behavior
approached to that of solid slabs (without opening). In the slab with 14% opening size a line
of cracks started to appear in slab-wall junction. The stresses at steel rebars at that location
increased to about 14500 psi, indicating that since concrete non-linearity started to be

introduced into the system, and steel was picking up more stresses.

In the slab with the smallest opening size (6.25%) also a line of cracks parallel to the wall at
slab-wall junction were observed (similar to 14% opening with more stress values); however,
stresses at steel rebars at cracking section were about 10% higher. Note that service gravity

loads on solid slab created two lines of cracks in slabs, as it was presented in Section 5.2.2
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Figure 6.2: Stress in Concrete (left), and Stress in Steel (right) in Slab with 25% Opening

6.3.2  Behavior of slabs with openings subjected to in-plane loads

Under in-plane loading condition the slab model with 25% opening size demonstrated a
different behavior compared to the solid slab. The first cracking occurred at about 12kN at
the top left and bottom right corners of the opening. However, these cracks did not create a
major loss of stiffness in the slab (Figure 6.5). As these cracks started to expand diagonally,
second set of cracks appeared at about 31.2 kN at slab-wall junction, which resulted in the
first major loss in stiffness in this model (Figure 6.5). At this stage maximum steel stress of
36000 psi (68% of the yield strength) occurred at the slab-wall junction, which was almost
1.6 times the stress value in the rebars located at the opening corners. This means that the
contribution of the cracks at the slab-wall junction were more on the in-plane stiffness loss of
the slab panel than the cracks at opening corners. Figure 6.3 illustrates the cracking pattern

and stresses at steel rebars at first major stiffness loss.
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Figure 6.3: Cracking Pattern (left), and Stresses in Steel Rebars at First Major Stiffness Loss (right)

At the load value of 51.6 kN the scenario was vise-versa, where the stresses in the rebars at
the corners of the opening were larger than the rebars at slab-wall junction. In fact the corner
rebars reached the yield stress first, which marked the second major loss of stiffness in Figure
6.5. The stresses of the rebars at opening corners were approximately 1.4 times the stresses at
the slab-wall junction (Figure 6.4). Finally at the load value of 81 kN the slab with 25%
opening experienced failure by crushing of the concrete elements where an ultimate in-plane

displacement of 20.7 mm was obtained, as shown in Figure 6.5.
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Figure 6.4: Stresses in Steel at Second Major Stiffness Loss
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Figure 6.5: Load- Deformation Curve for Slab with 25% opening, In- Plane Loads only
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Comparing these results (Figure 6.5) with the ones obtained from solid slab analysis (Figure
5.3), it was concluded that the presence of opening reduced the load carrying capacity 30%
(from 117 kN to 81 kN). It also changed the failure mechanism of the slab in a way that the
yielding of the steel rebars around the corners played a significant role of causing a major

stiffness degradation of the slab.

In the slab with 14% opening size, the ultimate displacement was smaller than slab with 25%
opening (11.3 mm compared with 20.7 mm) ; however, the load capacity was increased;
from 81kN to 93 kN. The opening seemed to still be affecting the flexural behavior of the
slab especially towards the failure. The load-deformation curve is shown in Figure 6.6. At
the load value of 28.8 kN (30% of ultimate load), Figure 6.7 shows the first concrete cracks
started to appear at opposite corners of the opening, however this did not create a significant
loss of stiffness in the slab as seen in the Figure 6.6 (point 1). At this load level the maximum
steel stress was 11000 psi, which occurred at opening corners. At the load value of 48 kN the
cracks at opening corners were accompanied by a set of cracks at slab-wall region to mark
the first major loss of stiffness (point 2 at Figure 6.6). At the load value of 76.2 kN rebars at
the opening corners exceeded the yield stress value of 53000 psi, similar behavior as in the
slab with 25% where the rebars at opening corners reached the yielding stress first (Figure

6.8).

Ol LAC U Zyl_i.lbl

www.manaraa.com




82

100
4

D ———

Failure

90

80 Firstylelding of rebars

70

60

Concrete cracking
50

Load (kN)

= 14% opening Size
40

Cracks at opening corners (not a big loss of stiffness)

0.00 2.00 400 6.00 8.00 10.00 12.00
Displacement (mm)

Figure 6.6: Load- Deformation Curve for Slab with 14% Opening, In- Plane Loads only

Figure 6.7: Concrete Cracks at Opening (14%) Corners, at Load of 28.8 kN
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Figure 6.8: First Yielding of Steel Rebars at Opening (14%) Corners, at Load of 76.2 kN

The global behavior of the slab with 6.25% was similar to the solid slab behavior for in-plane
load but with slightly larger lateral deflection due to the reduced in-plane stiffness of the
location of the opening. The load carrying capacity was dropped from 117 kN to 102 kN
(13% reduction). The small opening size of 6.25% also did not affect the failure mechanism
of the slab compared to solid slab (with no opening). The shape of the load-deformation
curves were similar and no major loss of stiffness was observed until the complete failure.
Failure occurred shortly after rebar yielding at plastic hinge area near the wall (same

behavior was observed in solid slab).
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Table 6.1 lists the results obtained from FE models of slabs with openings subjected to in-

plane loads. As it can be seen with larger opening size the ultimate displacement increased

and the load capacity decreased.
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Figure 6.9: Slab with 6.25% Opening Load- Deformation Curve Compared with Solid Slab

Table 6.1: Results for Slab with Openings Subject to In-plane

Models with In-plane loads only
Load
Opening Size Capacity (kN) | Displacement (mm)
25% 81 20.7
14% 93 11.3
6.25% 102 9.48
0% (solid slab) 117 8.04

6.3.3  Behavior of slabs with openings subjected to in-plane and out-of-plane loads

In FE analysis of the slab with 25% opening, a considerable change in behavior was

observed compared to solid slab when in-plane load was applied after the slab was subjected

to out-of-

plane service loads. The relatively big opening size of 25% decreased the load
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capacity to 78 kN, about 23% less than capacity of the solid slab. However, the load carrying
capacity was slightly reduced (about 4%) compared to the slab with 25% opening with in-
plane loads only. The behavior of the slab was very similar to the model with in-plane loads
only (Figure 6.10). The only major difference was occurrence of the less sudden failure at
slab with in-plane and out-of-plane loads which can be attributed to the minimal effect of
gravity loads in creating more concrete cracks helping to transfer concrete stresses to

reinforcing steel.

90

70

) /

50 25% Opening, In-
/ Plane Loads

40

30 / 25% Opening, In-
Plane and Out-of-
20 Loads

10

Load (kN)

0 5 10 15 20 25

Deflection (mm)

Figure 6.10: Load- Deformation Curve Comparison for Slab with 25% opening

In the slab with 14% opening the analysis showed that the behavior was moving towards the
solid slab as the opening size reduced (from 25%) where the sudden changes in stiffness
were not obvious in the slab. In other words, the stiffness decreased gradually until the
ultimate load value of 86 kN with corresponding displacement of 13.72 mm reached (Figure
6.13). Comparing to the slab with 25% opening, the load capacity increased 10 % (from 78

e ultimate displacement was decreased from 20.7 mm to 13.7mm.
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While comparing to the same model with in-plane loads only, it was seen that the load
capacity decreased from 93 kN to 86 kN (10% drop) and the displacement increased from
11.3 mm to 13.72 mm. First change in stiffness occurred at load value of 26 kN (30% of load
capacity) where stress of the concrete elements exceeded the value of 308 psi (modulus of
rupture). At the load value of 60 kN the rebars at opposite sides of the opening and near slab-
wall junction started to yield simultaneously (Figure 6.11). This caused a relatively

significant loss of stiffness in the slab.

Finally at the ultimate load value of 86 kN the rebars at plastic hinge locations yielded
significantly resulting in-plane failure of the slab panel (Figure 6.12). Figure 6.13 compares
the load-deformation curve for slab with 14% opening subjected to in-plane and out-of-plane
loads with the curve for solid slab. It is observed that the behavior of the slab is affected
significantly by steel yielding at 60 kN and extensive damage at opening corners and wall-

slab junction at 86 kN.

Figure 6.11: Yielding of Steel Rebars at Corner of Opening
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Figure 6.12: Failure of the Slab With 14% Opening

_,._,-'—'_'__'_'__._F
80 /
g Yielding of rebars and formation of plastic hinges
o =—14% Opening, In-Plane and
Ong-of . Plane

— ANEYS Salid Slab

First cracks at concrete

 ———-

]
Deflection (mm)

Figure 6.13: Load- Deflection Curve for Slab with 14% Opening, In-plane and Out-of-Plane Loads
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In slab with 6.25 % opening the behavior was almost identical to the solid slab. The load
capacity reduced 9% compared to solid slab (from 102 kN to 92 kN). The small opening size
of 6.25% also did not change the failure mechanism of the slab compared to solid slab.
However, the opening caused a slight drop in load capacity and an increase in deflection

(from 8.8 mm to 10.2 mm).

Table 6.2 lists the results obtained from FE analysis of slabs with openings subjected to both
in-plane and out-of-plane loads. As it can be seen with increasing opening sizes the load
capacity decreased significantly and the ultimate displacement increased considerably.
Although this pattern indicates that the slab panel with openings behaves in a more ductile
manner as the opening size increases (compared to the solid slab), however, since the in-
plane strength in the slabs with 25% openings dropped considerably (by 24%)), it was decided
to strengthen this slab by adding diagonal reinforcement at corners of the openings (as
recommended by Enochsson et al., 2006) in order to meet the Section 13.4 requirements of

the ACI code. The result of the strengthened slab panel is presented in the following section.
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120

=——§.235% Opening, In-plane
and Out-of- Plane Loads

Concrete cracks at opening corners and salb-wall region e S 01id S1ab

20

[} 2 4 3 3 10 12
Deflection (mm)

Figure 6.14: 6.25% Opening, In-Plane and Out-of-Plane Loads

Table 6.2: Results for Slab with Openings Subject to In-plane and out of-Plane Loads

Models with In-plane and Out-of-Plane Loads
Load Capacity
Opening Size (KN) Displacement (mm)
25% 78 23.9
14% 86 13.7
6.25% 92 10.21
0% (solid slab) 102 8.8

www.manharaa.com




90

6.3.4 Behavior of strengthened slab panel with 25% openings

ACI code Section 13.4.1 requires that in slabs with openings the moment capacity (in-plane
and out-of-plane) should meet the strength requirement of the code. Moving of the rebars in
the opening region to the edges of the openings (as done in previous sections) provides
adequate out-of-plane moment capacity of the slab panel. However, detailed analysis
(Section 6.3.3) indicated that additional strengthening is needed to obtain the in-plane

moment capacity.

In the slab panel with 25% opening two diagonal rebars (with a total cross-section area of
1.12 in?) were added to opening corners where concrete crack and extensive yielding of the
opening edge rebars were observed. Figure 6.15 illustrate the arrangements of rebars in
strengthened slab with 25% opening. The non-linear ANSYS analysis results of the
strengthened slab panel are given in Figures 6.16, where its load-deformation curve is
compared with the one obtained from analysis of the solid slab (without opening) and un-
strengthened slab panel with openings. As it can be seen adding the diagonal rebars at
opening corners helped to recover the load capacity of 103 kN, meeting the ACI strength
requirements in Section 13.4.1 successfully. In summary, it is concluded that adding diagonal
reinforcement to the slab corners not only improves the out-of-plane load carrying capacity
of the slabs as recommended by Enochsson (2006), but also it is effective in strengthening

the in-plane load capacity.
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Figure 6.15: 25% Opening with Diagonal Rebars at Corners
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e 5% Opening,
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=} corners
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0
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Figure 6.16: Load-Deformation Curve for the Strengthened Slab with 25% opening
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 General

A parametric use of FE method was evaluated to analyze in-plane and out-of-plane
characteristics of RC slabs. First a RC cantilever beam was modeled and analyzed for the
purpose of calibration, and becoming familiar with the behavior of RC members where the
steel area was close to the minimum amount. The model was calibrated and the ANSYS
results compared with hand calculations. Results obtained at loads of concrete cracking,
yielding of steel, and crushing of concrete. Comparison of the stresses in concrete, steel and
maximum deflection of the beam obtained using ANSYS model with hand calculations
provided a good agreement. The knowledge obtained from calibration beam analysis was
used to model the actual two-way beam-supported concrete slab experimentally investigated
by Nakashima at Lehigh University (1981). After verification of the FE slab models
subjected to in-plane and out-of-plane loads with the experimental results, the verified FE
models were used to analyze the effect of openings on the behavior of RC floor slabs

subjected to in-plane and out-of-plane loads.

7.2  Conclusions

7.2.1 Solid slabs, in-plane and out-of-plane loads
The following conclusions are obtained based on non-linear FE analysis of two-way RC

slabs subjected to in-plane and out-of-plane loads:

1. Use of ANSYS REINF264 element for rebar modeling (embedded) accurately

simulated the complicated rebars arrangement and behavior in slabs. However
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smeared reinforcing model was not able to capture the load capacity and
corresponding displacement accurately. Therefore the use of the ANSYS embedded
reinforcing bar is recommended for a three dimensional analysis of RC two-way floor
slabs.

2. Comparing the results obtained from accepted hand calculation methods (beam theory
for deflection and limit stage equations for ultimate moment capacity) yielded an
almost exact (within 3%) correlation with ANSYS results (Appendix C) when the
floor slabs are subjected to in-plane loads. The slight difference can be attributed to
the assumption of having a uniform distribution of steel rebars at top and bottom of
the slab in order to calculate the moment capacity of the floor section.

3. In all cases the failure was followed after formation of the plastic hinge at a section
near the wall, where numbers of positive and negative rebars were cut off. This
section was approximately at the boundary between column and middle strips of the
slab panel.

4. As expected, out-of-plane loads (full service dead and live loads) decreased the in-
plane capacity of the solid slabs by 13%, and slightly increased the ultimate in-plane
displacements. The reduction in load capacity is attributed to having two lines of
cracks occurred at the top of the slab due to application of the out-of-plane loads
(Figure 5.1).

5. In the ANSYS models with in-plane and out-of-plane loads (simulating the behavior
of BVIMN experiment), the load-deflection curve was much smoother than the one
obtained for the model with in-plane loads only (as in BH2MN experiment). That is,
the stiffness of the BVIMN models decreased gradually until the ultimate load was

cached ike in BH2ZMN model because of sudden occurrence of in-plane cracking,
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yielding of steel rebars, and breaking of rebars at plastic hinge region, which

triggered the failure.

7.2.2  Slabs with openings, in-plane and out-of-plane loads
Slab models with three different opening sizes (25%, 14% and 6.25% of the panel) subjected
to in-plane and out-of-plane loads were investigated. The following conclusions were

obtained:

1. In all cases the presence of the openings changed the failure mechanism of the slabs
with yielding of the steel rebars at opening corners leading to formation of several
plastic hinges resulting in a more ductile failure (in comparison with the solid slab).
Thus, the sequence of the first cracking in concrete, yielding of steel and the location
of plastic hinge regions are clearly affected with presence of the openings.

2. The presence of the openings also changed the cracking patterns. The larger the
opening size the less cracks and stresses were observed due to out-of-plane loads.
However, with application of the in-plane loads cracks at opposite sides of the
opening corners were initiated in all cases, and also the rebars at opening corners and
at slab-wall junction region yielded. This emphasized importance of the effect of
opening corners in changing behavior of the slabs.

3. The larger the opening size the effect of out-of-plane loads became minimal, in other
words in the slab with largest opening size (25%) the behavior of the slab (load
capacity and deflections) was almost the same in both loading scenarios (in-plane vs.
in-plane and out-of-plane loads). The reason was that the larger opening size reduced

the associated dead and live loads at the panel, minimizing gravity effect, which

consequently reduced the concrete stresses and cracking.
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4. Larger opening sizes caused larger in-plane deflections due to reduced floor panel
stiffness. This pattern was maintained for both loading scenarios. In the cases with in-
plane and out-of-plane loads, the slab with 25% opening size increased the ultimate
in-plane deflection by a factor of 2.7compared to solid slab, while in slabs with 14%
and 6.25% the deflection increased by a factor of 1.56 and 1.16, respectively.

5. Larger opening sizes reduced the in-plane load carrying capacity compared with solid
slab. This pattern was maintained in both loading scenarios. The reduction for the
slabs with 25%, 14% and 6.25% opening sizes were 23%, 16% and 10%,
respectively.

6. Introduction of out of-plane loads in all cases reduced the load carrying capacity (by
a maximum of 10% in slab with 6.25% opening) and increased the deflection.
However, the capacity reduction was less pronounced with larger opening size.

7. The ACI code requirements for openings in RC two-way slabs investigated. Based on
the analysis performed on slabs with openings, it was concluded that placement of
the openings at intersection of the middle strips in floor panels with additional rebars
placed around the opening including the diagonal rebars at the opening corners will
recover load capacity of the floor panels.

8. These results clearly indicate that there is a need for further research on the subject of
in-plane floor diaphragms with openings. It is believed that ignoring the inelastic

behavior of such diaphragms can lead to inaccurate results.
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APPENDIX A

THEORETICAL CALCULATIONS FOR CANTILEVER BEAM

(CALIBRATION BEAM)

Section 1: Stress and Deflection Calculations at Linear and First
Concrete Cracking :

b:=12
h:=12
d:=10.5
L= 120
6
E,:=3.0510
Eg = 29-10°
AS = .8
fy = 60000
f.:= 300
f, := 3000
ES
n:=— = 9.5082
EC
h
ci=—=6
3
b-h
I=— =1728
g 12
y=1

width of cross section(in)
height of cross section(in)
depth(in)

length of the beam (in)

Modulos of elasticity of concrete(psi)

Modulos of elasticity of steel(psi)

Area of steel(in*2)

yield stress of steel(psi)

modulos of rupture of concrete(psi)

compressive stress of concrete(psi)

ratio of modulos of elasticity

uncracked moment of inertia(in*4)
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Finding the Moment of Inertia of Composite Section, Considering Steel
Rebars (No Cracking):

2
12 —
Yuncracked = I'OOE|:|:(12)(12 - y)( ) y) + (n - 1)(As)d — y) — b(y?j:|,y:| = 6.2031

Yuncracked = 6-2031 s(in)

Luncracked = Ig + (b'h)(yuncracked - C)2 +(n- 1)(As)(d - yuncracked)2 = 1859.61179

fr' Iuncracked

M =
crack c

= 92980.58962

Mcrack

P = 774.83825

crack =

Finding the Steel and Concrete Stress( uncracked/ elastic):

p:=774 applied force (Ibs)

M = p-120 moment at critical section (Ibs.in)

B M- Yuncracked

9e = I red = 309.81969 stress in extreme concrete
uncracke fiber(psi)
M-(d -, n
G - ( uncraCkEd) = 2040.57637 stress in steel fiber(psi)
steel
lLuncracked
Q)-Ls) Deflection of the beam when
Ayncracked = 5 = 0.0786 elast_lc Iqad of 774 Ibs was
( e Iuncracked) applied (in.)
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Finding the Moment of Inertia in Cracked Phase
(transformed section):

= 1
2
= by d A = 3.06926 Netural axis in cracked
Yerack -~ 00 5 ) (d- Y)(Il‘ s) Y| =3
phase
b-y 3
“Yerack
Ierack = s + (n-ASXd - ycrack)Z = 535.65699 f:rac!<e_d moment of
inertia(in"4)

M 3 M 3
L crack I ! crack I _ 1731.87814 ACI formula for
e | M S e R “erack : deflection at service

phase

Finding the Steel and Concrete Stresses at Cracked Phase :

M'ycrack .
fecrack = I— = 532.19376 Extreme concrete fiber stress at

crack cracked phase(psi)

M'(d - ycrack)n

Focrack = ; = 12250.82631 steel stress at cracked phase(psi)

crack
Finding deflection:
A Kady= (p'L3) = 0.0786 Deflection at Linear Range

(3 Ee Iuncracked) (in.)
.L3
Arack = P = 0.0844007 Deflection at First Concrete
crac . .
3E. g Cracking (in.)
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Section 2:Finding the Yield Moment and the Neutral Axis L.ocation at Yielding

of Steel:
STRESS
2 " Peak compressive siress
5o f{z( € j ( 5 j } Concrete nonlinear equation ¢ N
- N M r 1992
€0 & (MacGregor, 1992) : iy
Strian at
maximum stress
STRAIN
——— Typical stress-strain curve for concrete
= = = Present model
Figure A1: Concrete Stress-Strain Curve
(non-linear)
A= 8 Area of steel
Steel yiel stress (psi
F, = 60000 y (psi)

2 2 3
36000 - 12000 -
| 3000/ 2 —— |- [ —2 S12dy > Y Y
J 10.5 - ¢ 10.5 - ¢ c—10.5

(c - 105)°

36000 -2 12000 - y°
- 5 (As ' FY) Y d=336021 Compreesion block
(y - 10.5) height (in.)

d := roo

y- 105
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2000-d> 750 d*

d-10.5

2

d-10.5
Ni= = ( ) = = 2.18804
3000 - d2 1000 - d3

d-10.5

- 105

Coupling moment arm (in.
2=~ + (105 - d) = 932783 upting (in.)

M, = z- A, - F, = 447735.71536 Yield Moment (lb.in)

MY
Pyi= —- = 37311309 Jield load( Ibs)
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Section 3: Deflection Calculations Using Curviture:

At Steel Yield:

f.:= 300

E. = 3.05-106
d:=10.5

y = 3.36
fg := 60000

Eg = 29000000
M, = 92980.59 cracking moment

eldi A
Py — 3731.13096 yielding load calculated in A.2

f, . .
e == 206910 ° yield strain of steel
Y E
S
'fr - train at rupt
Erupture = T 9.836 x 10 strain at rupture
C
D —4 _
€o = =9.736 x 10 concrete strain
d-y
€ . .
_c -4 yield curviture
(byleld = ? =2.898 x 10
€ . .
__ “rupture -5 elastic curviture
Pelastic = = 703 =1.696 x 10
M last f th
Xop = T 5490 elastic span of the beam
PY
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|E_I_|:]
{25

'S e

Figure A2: Graph in dicating Cracking Pattern and Elastic Section at
Yielding of Steel
X oo ) (X2 (120 - X ) (1
cr Yelastic cr cr
Ayield = ( ) j( 3 j + {[(120 - Xcr)¢elastic]'|:xcr + ) ﬂ + |:[_

Maximum deflection at yield

Ayield = 1:266

At failure Using Whitney's Rectangular Stress Block:

Area of steel (in2)

A= .8
fy = 60 Yield stress of steel (ksi)
f,:=3 Ultimate compressive stress of concrete (ksi)
b:=12 Compressive width of the beam (in)
A f
a= — = 1569
.85-f.-b
Afla-?
Sy 2 3 . .
P, = =3.886 x 10 load capacity at failure (Ibs)
120-10°
e 15 = 1.845
.003 -3
¢ultimate = T = 1.626 x 10
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5
Myield = Py120 = 4.477 x 10

M .
yield _ 115200

Xyield =
u

Xyppi= 120

Xer Pelastic | [ Xer2 (Xult — Xer (Xult - Xcr) Pelastic (X
. 3 + 5 + Xer | +|—

Af e =
failure ( 5 1

Ayiel 4= 1266 Deflection of the beam when yielding load value was
applied (in)

Agaiture = 1.709 Deflection of the beam when ultimate capacity was
applied (in)
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APPENDIX B

CALCULATIONS OF VOLUMETRIC RATIO OF STEEL REINFORCEMEN"
FOR ANSYS MODELS WITH SMEARED REBAR MODELING

Section 1: Caculationg Volumetric Ratio of Steel Rebars Needed for ANSYS
Smeared Steel Modeling

Ngative moment (top Slab):

(top slab) perpendicular to the wall column strip interior: 6 D2.0

Asrequirednperi = 0 .02 - 45%-243 andto prototype( 4.5 *4.5)

Assuming that the strip is 144" long and &" depth (dimensions of cross section) and
element length is equal to 6"

Asrequirednperi

12

v — 84375 % 10 °

eachelement *=

Number 2 in Figure B1

(top slab) parallel to the wall column strip interior: 2 D2.0
, 2
Agrequirednpari = 2 - .02 -4.57 = 0.81

Assuming that the strip is 72" long and &" depth (dimensions of cross section) and
element length is equal to 6"

Asrequirednpari

72

6 -3
12 = 562510 Volumetric ratio of each element

Number 2 in Figure B1
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(top slab) parallel to the wall middle strip: 6 D2.0

Asrequirednparm = 6 - .02 - 452 =243 and to prototype( 4.5 *4.5)

Assuming that the strip is 144" long and &" depth (dimensions of cross section) and
element length is equal to 6"

Asrequirednparm

12

3

Vrequirednparm = =8.4375x 10

Number 6 in Figure B1

(top slab) perpendicular to the wall middle strip interior: 7 D3.0

Asreuirednperm:= 7 - -03 - 457 = 42525 Required steel converted to inches and to
prototype( 4.5 *4.5)

Assuming that the strip is 144" long and &" depth (dimensions of cross section) and
element length is equal to 6"

Asreuirednperm
144
)

12

Number 4 in Figure B1

V requirednperm == =0.0148 Volumetric ratio of each elem ent

(top slab) perpendicular to the wall middle strip: 6 D2.0

=6-.02- 4.52 =243 Required steel converted to inches and to
prototype( 4.5 *4.5)

A

srequirednperm *

Assuming that the strip is 144" long and &" depth (dimensions of cross section) and
element length is equal to 6"

Asrequirednperm
(144)
6 _
sanidopsr = T, = 84375 % 10
12

3 Volumetric ratio of each element

Number 5 in Figure B1
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TYPE NUM

Figure B1: Real Constatnt Numbers Assigned to Top Slab (negative moment)
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Positive Moment (bot slab):

(bot slab) perpendicular to wall column strip interior: 2D2.5

Agreuiredpperci = 2 - -025 - 457 = 1.0125 Required steel converted to inches and to
prototype( 4.5 *4.5)

Assuming that the strip is 144" long and 7" depth (dimensions of cross section) and
element length is equal to 6"

Asreuiredpperci

12

3

=3.5156 x 10 Volumetric ratio of each element

Vrc:quiredpperci =

Number 7 in Figure B2

(bot slab) Parallel to wall column strip interior: 1D2.0

Asrequiredpparci = 1+ -02 - 4.5% = 0.405 Required steel converted to inches and to
prototype( 4.5 *4.5)

Assuming that the strip is 72" long and &" depth (dimensions of cross section) and
element length is equal to 6"

Asrequiredpparci

12

3

=28125x 10 Volumetric ratio of each element

Vrequiredpparci =

Number 7 in Figure B2
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(bot slab) Perpendecular to wall column strip: 2D2.5+4D2.0

Asreuiredpperc = (2 - 025 + 4 -.02) - 45% = 2.632Required steel converted to inches and to
prototype( 4.5 *4.5)

Assuming that the strip is 144" long and 7" depth (dimensions of cross section) and
element length is equal to 6"

Asreuiredpperc

12

3

=9.1406 x 10 Volumetric ratio of each element

Vrequiredpperc =

Number 8 in Figure B2

(bot slab) Parallel to wall column strip exterior: 2D2.5

Agreuiredpperce = 2 + 025 - 4.5% = 10125 Required steel converted to inches and to
prototype( 4.5 *4.5)

Assuming that the strip is 144" long and 7" depth (dimensions of cross section) and
element length is equal to 6"

Asreuiredpperce

12

3

=3.5156 x 10 Volumetric ratio of each element

Vrc:quiredppcrcc =

Number 9 in Figure B2
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(bot slab) parallel to wall column strip exterior: 2D2.0
. 2
Asrequiredpparce =2-.02-45 =031

Assuming that the strip is 144" long and 7" depth (dimensions of cross section) and
element length is equal to 6"

Asrequiredpparce

12

3

=28125x 10 Volumetric ratio of each element

Vrequiredpparce =

Number 9 in Figure B2

(bot slab) perpendicular to wall middle strip interior : 2D2.5

2
Agrequiredppermi == 2 - -025 - 4.5 = 1.0125

Assuming that the strip is 144" long and 7" depth (dimensions of cross section) and
element length is equal to 6"

Asrequiredppermi

12

3

=3.5156 x 10 Volumetric ratio of each element

Vrequiredppermi =

Number 10 in Figure B2
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(bot slab) parallel to wall middle strip interior : 2D2.0

Assuming that the strip is 72" long and 7" depth (dimensions of cross section) and
element length is equal to 6"

Asrequiredpparci

)

N sanissonae = —————— = 5.625 x 103
12

Volumetric ratio of each element

Number 10 in Figure B2

(bot slab) perpendicular to wall middle strip : 2D2.5+4D2.0

Agrequiredppe = (2 - .025 + 4+ .02) - 4.52 = 2.6325

Assuming that the strip is 144" long and 7" depth (dimensions of cross section) and
element length is equal to 6"

Asrequiredppc

P N6 9.1406 x 10 3 Volumetric ratio of each element
12

Number 11 in Figure B2
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(bot slab) parallel to wall middle strip : SD2.0

2
Asrequiredpparm =(5-.02)-45 =2.025

Assuming that the strip is 144" long and 7" depth (dimensions of cross section) and
element length is equal to 6"

Asrequiredpparm

(144j

6 _

e =7.0312 x 10
12

3 Volumetric ratio of each element

Number 11 in Figure B2
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(bot slab) perpendicular to wall middle strip exterior : 2D2.5

2
Asrequiredpperme =(2-.025)-45 = 1.0125

Assuming that the strip is 144" long and 7" depth (dimensions of cross section) and
element length is equal to 6"

Asrequiredpperme

(144)

6 _

A RSENREADDAEH =3.5156 x 10
12

3 Volumetric ratio of each element

Number 12 in Figure B2

(bot slab) parallel to wall middle strip exterior : 6D2.0

Asioanivodaparees= (0 - -02) - 4.52 =243

Assuming that the strip is 144" long and 7" depth (dimensions of cross section) and
element length is equal to 6"

Asrequiredpparce

(144)

6 _

ARSENREADDAFGN = 84375 x 10
12

3

Number 12 in Figure B2
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NOV 17
3

Red=parallel wall ' .
Blue=Perpendecular 2020
2D2.5 +4D2.0

11

502.0
2.02.5+4 D2.0

Figure B2: Real Constatnt Numbers Assigned to Top Slab (negative moment)
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Beam Positive reinforcement:

Middle section (maximum flexure) x direction: 3D2.0

G.o2.452) . o .
= = = 2 0.0202 assuming the beam with 12" width and 6" element
60 size

Number 13 in Figure B3

Ende sections (integrity and continuity requirements)
x direction: 2D2.0

2-.02- 4.52
60
Number 14 in Figure B3

=0.0135

Middle section (maximum flexure) y direction: 3D2.0

(3 -.02 - 4.52) — 0.0202 assuming the beam with 12" width and 6" element size
60 '

Number 14 in Figure B3

Ende sections (integrity and continuity requirements)
y direction: 2D2.0

2..02-45°
60

=0.0135
Number 15 in Figure B3

Column Beam Intersection: 2D2.0 in both x & y directions

Number 17 in Figure B3
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Figure: B3: Real Constants Assigned to Positive Rebars

Beam Negative:

Middle section x direction: 2D2.0

assuming 12" lenghth of beam and 6"
length of element

2-.02- 4.52

= 0.0675 Required area for each eleemnt
2-6

Number 15 in Figure B4
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Around the wall x direction: 3D2.0

3..02.45°
2.6

=0.1012

Number 19 in Figure B4

Aroun the columns x direction: 3D3.0

3-.03~4.52
2.6

=0.1519

Number 20 in Figure B4

Left End(extreme end) x direction: 2D3.0

2-.03»~4.52
2.6

=0.1012

Number 21 in Figure B4

Middle section y direction: 2D3.0

2-.03~4.52
2-6

=0.1012

Number 22 in Figure B4
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around the columns y direction: 3D3.0

3-.03~4.52
2-6

= 0.1519

Number 23 in Figure B4

Around the column extreme ends: 2D3.0

2-.O3~4.52
2-6

=0.1012

Number 24 in Figure B4

Beam column intersection: 3D3.0 in both direction

3-.O3~4.52
2.6

=0.1519

Number 24 in Figure B4

Figure B4: Real Constatnts Assigned to Negative Beam
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Section 2: Constructing Stress-Strain Curves for Concrete used in
Slab. beams, shear walls and Columns

Slab, Beams and Shear Wall Concrete (4061psi)

E. = 3.0458E+006
f, == 4061

f.:= 308.9
2f,

o= — = 2.667x 107>
EC

Strain at ultimate stress

Point 1 must satisfy hook's law:
f = 3f, = 3
| = 36, = 1218 x 10

f 4

g1 =—=4x10

Eg

Point 2, 3 & 4 are calculated using equation

fi= ———— (MacGregor, 1992)

82
I+ —
€0

f= Stress at any strain
&= Strain at stress f
gy= Strain at ultimate compressive strength f,

f,= 46 f,=1868.86 &=.00065
fy= 84 £ =3411 &= 0015

f,= .96 f,= 3898 &4 002
f=f,=4061 &s_. 0027
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.0004
.00065

&= -0015

.002

.0027

ax10%

310

Stress
)

2x10%

1218
1868
f:=| 3411
3898
4061

122

1x10~

3

Strain
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Coulmn Concrete (5409 psi):

-3 Strain at ultimate stress

Point 1 must satisfy hook's law:

= 3, = 1.623 x 10°

E:h

f —4
= — =3.73% 10
EC

Point 2, 3 & 4 are calculated using equation

¢

52
1+ —
€0

f= Stress at any strain
&= Strain at stress
go= Strain at ultimate compressive strength f,

f=

f,= 46 f,=1868.86 &= 00065
fy= .84 f,=3411 &= 0015
f,= .96 f,=3898 g4 002
fi=1f,=4061 gs_.0027
000373 1623
000605 2488
€:=| .00135 f:=| 4543
w
00186 5192
00248 5409
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5%107

4x109

3x103

2x109
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1x107°
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APPENDIX C

DEFLECTION CALCULATIONS (BEAM THEORY) AND
ULTIMATE LOAD CALCULATIONS FOR SLABS
SUBJECTED TO IN-PLANE LOADS

Section 1: Ultimate In-Plane L.oad capacity of Slab without Opening

In this method we assume that the steel is uniformly distributed at top and bottom
slab

T\,

Assumed strain distribution.

xm,

External forces

Internal forces T
C

cl2

I €y )2 ! £,02 |

Resultant external and internal forces acting on
wall section.

Figure C1: lllustration of Procedure to Compute Moment the Capacity of the Slab Panel With
Openings when Subjected to In-Plane Loads
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Ag=1738 in2 provided steel area (scaled) in each face of slab, assuming the distribution is

uniform
Ag=2-A =156 in2 Total uniform area in the section
L, = 432 in Depth of slab section
fy:= 53373  psi Yield stress of steel
f, == 4061 psi Ultimate compressive stress of concrete
B] = .85
d=7 in Depth of the slab
L, := 288 in The distance from application of in-plane loads to the wall
(moment arm)
S:=45 Scale factor
M\

By equalling compressive and tensile forces in the section the ¢
(neutral axis distance to compressive fiber) was calculated as follows:

Ast : fy . .
L= = 37.062 in Distance from extreme
85 f.-d- B + Ast fy compressive fiber to neutral
e ! axis
a:=.85-¢c=31.502 in Depth of compressive stress
block
Ly-c¢ 5 . .
Ti= Ay £y o =7.612 x 10 Ibs Tensile force of the section
C.i=85-f,-d-a=7.612x 105 lbs Compressive force coming from
concrete
Cy= Ay fy- (ij ~ 7.143 x 10* Ibs Compressive force coming from
Ly rebars at compression zone

—C
M,=T- (LW ) +Cy- (%) +C,- (C - %j = 1.679 x 108 Ib.in Moment cpacity

2 at yield stage
M, 5
P,:= — =5.828 x 10 Ibs
L
_ P, 445 Ultimate load capacity scaled down to
Awi= =5 Togo = 128070 kN the lab model (ultimate load for lab
S model was 120 kN)
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P,:= 120 kN Ultimate load of tested slab and
reproduced resultby ANSYS

P
Ratio := — = 1.067 This method overestimated the capacity
Py in the test specimen by 7% more
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Section 2: In- Plane Deflection Calculation Using Beam Theory Method:

In this section a theoritical method will be applied to calculate the deflection of
the slab subjected to In-plane loads in linear range to verify the accuracy of
the ANSY'S model.

"

|

P=1WEN=2248051b
ll’_jll
\L

[
| 24
I

Figure C2: Length of the Slab (left) and Cross Section of the Slab (right)

&
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The deflections due to bending moment and the shear force are calculated

below:
E := 3045800 psi Modulud of elasticity of
concrete
v:=.13 Poisson's ratio of
concrete
7-4323 17~123 2 7 .4
I:= +2 +17-12-1447 | = 5.549 x 10" in Moment of inertia of
12 12 the section
P:=10 kN Amount of load that slab remained elastic according
to the report
P = 224809 Ibs The load value being converted from Sl units to
British units
Si=45 Scaling factor used to convert values from lab to
ANSYS model
NPV\:= P-S2 = 4.552 x 104 Ibs Equivalant of 10 kN load converted to British
units and scaled up prototype dimensions
(ANSYS model)
288
(T >
x -P -3 . .
A L= —dx=2.145x 10 in Deflection due to
Bending El .
o ‘ bending moment
E 6 .
=———=1348x 10 psi Shear modulus
M2(1 +v)
A= 7432 =3.024 x 103 in2 Shear area of the
section

vi=1

288
K-v-P -3
A = dx =3.217 x 10
Shear J' GA

0

3 Total bending due to

Atotal = ABending + Agphear = 5362 x 10 in shear and bending
moment
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ANSYS Results
Deformation (in) Load (kN)

3.94E-03 7.8 _3
4.24E-03 8.4 AANSYS = 5-15-10 .
i, 5 e =) Note that 10 kN is approximately 8.33% of
4.85E-03 9.6 120 kN
5. 15E-03 10.2
5.45E-03 10.8 ATotal
Error .= — = 1.041 Approximately
Ak e 114 AANSYS 4% larger
6.06E-03 12
B6.36E-03 12.6
. 10
Stiffnessg oy, = 7 ——< = 330.432 Beam Theory
25.4 i
Aoal —— Stiffness
Total 4 5 (kN/mm)
. 10.2
Stiffnessy Ngys = 5 = 350.891
A il
( ANSYS 45 j

The analysis result showed approximiately 4% larger displacement which well
agreed with the results obtained from ANSYS analysis.
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