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ABSTRACT

ABSTRACT

This study investigates the deflection in reinforced concrete slabs aiming to have
a better understanding for the effects of the aspect ratio and the relative beam-slab
stiffness parameters and to assess the ACI318 provisions for slab deflection
control. The investigations included both long-term deflection for the evaluation
of the mentioned parameters and the short-term deflection for the assessment of
the deflection calculation methods (Finite Element SAFE software, ANSYS

software and the ACI crossing beam approach).

As ACI318-19 does not include the aspect ratio (long span/short span) within the
span affecting the determination of the flat plate thickness; an evaluation for this
variable, a parametric long-term deflection (LTD) analysis has been done using
SAFE for variable long span length (5m, 7.5m, 10m) and different aspect ratio at
different panel locations (interior, edge, and corner). The results showed there is a
noticeable effect for the aspect on the LTD (long span) and that the ACI1318-19
recommended thicknesses met partially the £/240 LTD limit in panels of long
spans up to 7.5 m with aspect ratio range 1 to 2, in panels of long spans up 10 m
with aspect ratio 1. For the £/480 deflection limit, apart from rectangular 5 m long
spans panels, the provisions were inadequate to satisfy the £/480 limit in all other
cases. For larger aspect ratio of 3, the current research suggests the use of the same
ACI318-19 two-way flat plate recommended thickness taking the long span as the
active span for aspect ratio of 2 to 3. For the non-satisfied cases, the current study
proposed minimum thickness for corner, edge and interior flat plate slabs to satisfy
both the deflection limit of £/240 and €/480.

For the effect of the relative beam-slab stiffness on the LTD of interior, edge and

corner panel two-way beam-slabs system, the LDT deflection (both long span and

Vii



ABSTRACT

mid panel deflection), the parametric study showed that the AC1318-19 provisions
are adequate for interior slab panels; however, the provisions are inadequate for

edge and corner panels of relative beam-slab equal to 0.2.

For the effects of the relative beam-slab stiffness of one-way slabs, (10x4.9 m,
7.5x3.6 m and 6.1x3 m slab panels) with aspect ratio greater than 2, the current
study showed that with using the ACI318-19 recommended slab thickness it is
required to have a minimum relative beam-slab stiffness of 5 to satisfy the LTD
limit of € /240, and 20 to satisfy the LTD limit of £ /480 along the supporting
beams. For lower relative-beam stiffness, the current study proposes revised
minimum thicknesses to ensure having the LTD under the long direction beam to
be within the allowable deflection of € /240 and £ /480.

Moreover, the Bondy’s approach has been evaluated considering the LTD of
interior, edge and corner panel flat plates for different aspect ratios. In all cases
studied, Bondy's approach has been shown to be adequate for the £/240 deflection
limits. With respect to the deflection limit of £/480, Bondy's approach produced

satisfactory results (deflections) at the interior panels only.

The current study also showed that the ACI crossing beam approach for long span
deflection calculation in flat plate slabs at different panel locations (interior, edge,
and corner) are not accurate even at the elastic short-term deflection in rectangular
slab panels (aspect ratio of 2) when compared with the SAFE and ANSYS

deflection results, which showed closer results between them.
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LIST OF ABBREVIATIONS

Abbreviation

Meaning

ACI American Concrete Institute
DL Dead Load
LL Live Load
SDL Super Imposed Dead Load
AL10 A: “Aspect ratio”, 1. Aspect ratio value, 10: long span length in
meter
A2.10 A: “Aspect ratio”, 2: Aspect ratio value, 10: long span length in
meter
AL7TE A: “Aspect ratio”, 1: Aspect ratio value, 7.5: long span length in
' meter
A: “Aspect ratio”, 2: Aspect ratio value, 7.5: long span length in
A2-7.5
meter
Al-5 “Aspect ratio”, 1: Aspect ratio value, 5: long span length in meter
A2-5 “Aspect ratio”, 2: Aspect ratio value, 5: long span length in meter
TA: “Two way”, thickness as required by ACI318-19, 1: Aspect
TA1-10* _ _
ratio value, 10: long span length in meter.
TA: “Two way”, thickness as required by ACI318-19, 1.5:
TA 1.5-10 _ :
Aspect ratio value, 10: long span length in meter.
TA 2.10 TA: “Two way”, thickness as required by ACI318-19, 2: Aspect
ratio value, 10: long span length in meter.
TA: “Two way”, thickness as required by ACI318-19, 2.5:
TA 2.5-10

Aspect ratio value, 10: long span length in meter.
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TA: “Two way”, thickness as required by ACI318-19, 3: Aspect

TA 3-10
ratio value, 10: long span length in meter.
TAL7E TA: “Two way”, thickness as required by ACI318-19, 1: Aspect
ratio value, 7.5: long span length in meter.
TA1E.7E TA: “Two way”, thickness as required by ACI318-19, 1.5:
Aspect ratio value, 7.5: long span length in meter.
TA2.7E TA: “Two way”, thickness as required by ACI318-19, 2: Aspect
ratio value, 7.5: long span length in meter.
TA2ETE TA: “Two way”, thickness as required by ACI318-19, 2.5:
Aspect ratio value, 7.5: long span length in meter.
TA3.7E TA: “Two way”, thickness as required by ACI318-19, 3: Aspect
ratio value, 7.5: long span length in meter.
TALE TA: “Two way”, thickness as required by ACI318-19, 1: Aspect
ratio value, 5: long span length in meter.
TALEE TA: “Two way”, thickness as required by ACI318-19, 1.5:
Aspect ratio value, 5: long span length in meter.
TA 2.5 TA: “Two way”, thickness as required by ACI318-19, 2: Aspect
ratio value, 5: long span length in meter.
TA2EE TA: “Two way”, thickness as required by ACI318-19, 2.5:
Aspect ratio value, 5: long span length in meter.
TA3E TA: “Two way”, thickness as required by ACI1318-19, 3: Aspect
ratio value, 5: long span length in meter.
04.9 O: indicates “One-way slab”, 4.9 indicates the short span length
03.6 O: indicates “One-way slab”, 3.6 indicates the short span length
03.1 O: indicates “One-way slab”, 3.1 indicates the short span length
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SA: “Relative stiffness”, 1: Aspect ratio value, 10: long span

SA1-10 _
length in meter
SA: “Relative stiffness”, 2: Aspect ratio value, 10: long span

SA2-10 _
length in meter
SA: “Relative stiffness”, 1: Aspect ratio value, 7.5: long span

SAl-7.5 _
length in meter
SA: “Relative stiffness”, 2: Aspect ratio value, 7.5: long span

SA2-7.5 _
length in meter

SALE SA: “Relative stiffness”, 1. Aspect ratio value, 5: long span
length in meter

SADE SA: “Relative stiffness”, 2: Aspect ratio value, 5: long span
length in meter

B1-10 B: “Bondy’s approach”, thickness as suggested by Bondy,
Aspect ratio value, 10: long span length in meter.

B2-10 B: “Bondy’s approach”, thickness as suggested by Bondy,
Aspect ratio value, 10: long span length in meter.

B1-7.5 B: “Bondy’s approach”, thickness as suggested by Bondy,
Aspect ratio value, 7.5: long span length in meter.

B2-7.5 B: “Bondy’s approach”, thickness as suggested by Bondy,
Aspect ratio value, 7.5: long span length in meter.

B1-5 B: “Bondy’s approach”, thickness as suggested by Bondy,
Aspect ratio value, 5: long span length in meter.

B2-5 B: “Bondy’s approach”, thickness as suggested by Bondy,

Aspect ratio value, 5: long span length in meter.
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CHAPTER ONE

CHAPTER ONE
Introduction

1.1 Introduction

The deflection calculation is a necessary aspect of two-way flat plates, two-way
beam-slabs and one-way slabs. The deflection calculation in the (ACI 318-19,
2019) code requirement provided in Table 8.3.1.1 and Table 7.3.1.1 of the (ACI
318-19, 2019) have been substantially unchanged since 1963. Several authors
have suggested changes to the code provisions to reflect the current construction
and design practices, including (Bondy, K. B, 2005) (Scanlon, A., and Lee, Y. H.,
2006), (Bischoff, P.H. and Scanlon, A., 2007), (Scanlon, A. and Suprenant, B.,
2011). Excessive deflections in the slab can result in damage to nonstructural
elements such as windows, doors, and partitions, and adversely affect the
operation of equipment.

A flat plate slab is a two-way reinforced concrete slab that generally does not have
beams or drop panels or capitals, and the loads are transferred directly to the
supporting concrete columns. In this type of slab system, it is recognized that the
deflection is a critical aspect, where the slab might experience excessive deflection

resulting in cracks in the supported partitions walls.

1.2 Background

In the two-way flat plat slabs, ACI1318-19 provisions do not consider the aspect
ratio (large span (L1)/short spans (L2)) as a parameter in the recommended
minimum slab thickness. The slab thickness depends on the large span only, for
example, for an exterior flat plat slab panel of both 10 x 10 m and 10 x 5 m as

shown in Figure 1.1, ACI318-19 recommends the same slab thickness (£n/30, {n
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is the clear long span length). This means as long as the long span is not changing,

no matter how the short span length is changed, the recommended slab thickness

10m 10m 10m

is always the same.

| |
STn | | 1 1 10mm |1 |
I I

a) 10 x 5m slab panecls

b) 10 x 10m slab panels

Figure 1.1: a) Flat plate slab with aspect ratio 2; b) Flat plate slab with aspect ratio 1

Further, with the flat plate aspect ratio exceeding 2 as shown in Figure 1.2, the
situation becomes even more uncertain. As an attempt to apply the minimum
thickness recommended by Table 8.3.1.1 (minimum thickness of two-way slabs
without edge beam) of ACI318-19 to an exterior flat plat slab (for example) with
aspect ratio greater than 2, below are the provisions that might be related to this
task:

1- Table 8.3.1.1 (ACI 318-19, 2019) does not consider the aspect ratio as a
factor affecting the thickness of two-way flat plate slabs.

2- Table 8.3.1.1 (ACI 318-19, 2019) provides “Minimum thickness for non-
prestressed slabs without interior beams”. Moreover, in Section 8.3.1.1, it
is clearly stated that Table 8.3.1.1 provisions are applicable “for non-
prestressed slabs without interior beams spanning between supports on all

sides, having a maximum ratio of long-to-short span of 2,

2
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For such a case under investigation (an exterior flat plat slab with aspect ratio
greater than 2), as an effort to look for what ACI1318-19 provisions would be
applicable, the following issues will be faced:
1- Going with Table 8.3.1.1 (two-way flat slab thickness) will violate the
requirement of having a maximum aspect ratio of 2.
2- If Table 7.3.1.1 is followed (one-way slab thickness), then the sub-issue
would be which span to use:
A- if the short span is used, then this choice will not match with the direction

of bending action, which is in the long span, as shown in Figure 1.2.

Figure 1.2: The deflected shape of flat plate slab with an aspect ratio greater than
two
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B- If the long span is used, then two sub-issues will come out:

- There is no clear article in AC1318-19 that would allow/recommend
the use of the long span in one-way slabs.

- The recommended thickness would be (L2/28), which is 17.9 %
larger than the thickness recommended for two-way flat plate of
aspect ratio equal or less than 2. This would show an inconsistency
in the ACI318-19 provisions. As for aspect ratio equal or less than 2,
there is no consideration for the aspect ratio. However, for larger
aspect ratio (less critical slabs), a larger slab thickness would be
required.

The current study aims to remove the ambiguity related to thickness of flat plate
slabs with aspect ratio greater than 2 as well as find and recommend changes in
the ACI1318-19 in this respect.

On the other hand, for flat plate slabs, if beams are provided at the long sides as
shown in Figure 1.3, traditionally, the slab would be considered as one-way slabs
spanning in the short direction, and the provisions of one-way slabs (Table 7.3.1.1
in ACI1318-19) will be applied. This is done without having any restriction on the
minimum requirements for the relative beam-slab stiffness of the provided beams
recommended by the ACI 318-19. In such circumstances, if the beam stiffness is
low, then there will be a deflection in the long span (beam span) might exceed the
allowable £/240 or /480 deflection, which is overlooked by the ACI318-19
provisions. Thus, the current study believes that there is a need to have a minimum
limit for the provided relative beam-slab stiffness, beyond it, the slab could be

considered as one-way slab in the short direction.
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Figure 1.3: The deflected shape of one-way slab (with edge beam) with an aspect
ratio greater than 2

In the current work, the reported deflections are long span deflection (point A),
short span deflection (point B), mid panel deflection (point C) as illustrated in
Figure 1.4, where

e L1isthelong span

e L2 isthe short span

e Ld is the diagonal span
These long, short, mid panel deflections are evaluated by comparing them with
the allowable permissible deflection calculated based on the corresponding active

span of L1, L2, Ld, respectively.
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| L1 | L1 | L1 |
I A /l ******* A -, A -~

| | | |
L28® Ld B C B C B

- A A - A—— —

| | | |
L2B c B C B C B
| | | |

' m A | A - - A N

Figure 1.4: Position of the deflection calculation and its length in the permissible
deflection calculation

1.3 Deflection calculation approaches

The deflection calculation could be done manually using ACI crossing beam
approach (PCA Notes on ACI 318-11, 2013) or using Finite Element computer
softwares [such as SAFE (CSI, 2016) and ANSYS (Thompson, M.K. and
Thompson, J.M, 2017)]. In this study the SAFE software is used to analyze the
two way and one-way slabs for deflection calculation. As a way to evaluate the
accuracy of the SAFE results, a comparison has been made between the results of
the SAFE with the results of the ACI crossing beam approach and ANSYS

considering the deflection at the elastic stage.

1.4 Problem statement

e ACI 318-19 code provisions doesn’t consider the effect of the aspect ratio

on the flat plate slabs.
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e ACI 318-19 code provisions for one-way slabs doesn’t specify a minimum
relative beam-slab stiffness
e ACI 318-19 code does not include clear provisions for flat plate slabs

minimum thickness with aspect ratio greater than 2

1.5 Aims

The current study focuses on the slab deflection, at the elastic uncracked stage and
elastic cracked stage aiming
1) To evaluate the ACI Crossing Beam approach in calculating the elastic
uncracked deflection the against SAFE and ANSYSS.
2) To evaluate the effects of the aspect ratio (3- 1) on the long-term deflection
of flat plate slabs. and proposing new thickness equations.
3) To evaluate the effects of the aspect ratio (2- 1) on the slab-beam system
slabs deflection.
4) To evaluate the effect of the beam-slab relative stiffness (0.2- 2) on the slab-
beam system slabs deflection.
5) To evaluate the Bondy’s approach for flat plate thickness of the aspect ratio
(2-1)
6) To evaluate the effect of the beam-slab relative stiffness on the one-way slabs
1.6 Methodology
The current study uses the Finite Element SAFE software, ACI crossing beam
approach and ANSY S to calculate the short-term deflection of flat plate slabs with
the bellow variables:
e Different long span lengths (10, 7.5, and 5 m) for two-way flat plate slabs

e Different aspect ratios (1, 2,) for two-way flat plate slabs
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The Finite Element SAFE software is used to calculate the LTD of flat plates, two-
way beam slabs and one-way beam-slabs for different aspect ratios and relative
beam-slab stiffness configurations, as detailed below:

o Different long span lengths (10, 7.5, and 5 m) for two-way flat plate slabs

e Different aspect ratios (1, 1.5, 2, 2.5 and 3) for two-way flat plate slabs

e Different short span lengths (3, 3.6, 4.9 m) for one-way slabs

e Different relative beam-slab stiffness for one-way slabs

1.6 Limitation of the study

The current study is limited to the following cases:
e Two types of slabs (flat plate slab and beam-slab) system
e One floor building

e For beam-slab system, the provided beam size is equal at all two/four sides.

1.7 The structure of the thesis

Five chapters are included in the current thesis. It is organized as follows:

e The first chapter gives a brief overview of the two-way slabs and one-way
slabs.

e The second chapter comprises literature review about the deflection of the
slab and the minimum thickness of the slabs. It presents the ACI318-19
Code provisions for slab deflection control. It includes the minimum
thickness requirement of two types of slabs (one-way and two-way slabs).
Additionally, the calculation method of the slab deflections is briefly
presented for flat plate slabs, by different methods (ACI crossing beam
approach, ANSYS, SAFE)

e In the third chapter, a brief overview of the parametric study cases is

presented.
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e The fourth chapter demonstrates the results and discussion of the calculated
slab deflection (long term deflections and short-term deflections).

e The fifth chapter presents the conclusions and recommendations.

e The last part of this study is the appendix which covers the calculation
samples of the deflection of the flat plate slab using ACI crossing method,
the relative stiffness calculation of the beam-slab (appendix A). The

(appendix B) includes the table of the results.
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CHAPTER TWO
Review of literature

2.1 Introduction

ACI 318-19 provides two alternative approaches for deflection control. First
approach; specifying minimum thickness for controlling the deflection as a ratio
of the long span of the slab (maximum span-to-depth ratio). This recommendation
Is attractive as a mean of deflection control due to its simplicity; however, many
researchers ( (Hwang, S.J. and Chang, K.Y., 1996), (Scanlon, A. and Lee, Y. H,
2010), (Bondy, K. B, 2005), (Gilbert, R. I, 1985)) have criticized it for not
providing the concrete strength, actual load level, desired deflection limit, and the
steel quantities. Second approach; the calculated deflection of the slab panel is

compared to the allowable permissible deflection.

The minimum slab thickness or maximum span/depth ratio approach was the focus
of many researches for decades. Different forms for the maximum allowable
span/depth ratio for slabs have been suggested by several studies such as (Gilbert,
R. I, 1985), (Scanlon, A., and Lee, Y. H., 2006), (Himme, J., von der Haar, C.,
Lohaus, L. and Marx, S., 2016), (Ahmat, K.A., 2017) and (Fahmi, M.H. and Saber,
A.Z., 2020) considering the effects of various factors such as reinforcement ratio,
support condition, target maximum permissible incremental deflection, aspect
ratio, long term deflection effects, sustained load and concrete modulus of

elasticity.

The flexural stiffness (EI) of a flexural member is an important variable in the
deflection calculation. For the reinforced concrete members, the cracked amount

of the section impacts considerably the moment of inertia. This effect needs to be

10
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considered in the analysis of deflection (Setareh, M. and Darvas, R., 2016). In
general, there are two methods that can be used to determine the cracking effect.
One method is the effective moment of inertia (Ashraf, S.M., 2017), and the other
Is the mean curvature method (Gilbert, R.1., 2011).

In addition, creep and shrinkage have significant effects on the LTD, and thus
literature gives many ways for the purpose of considering this effect. For example,
ACI 318-19 method is the most famous one. Using a range of refined methods
(Pack, L., 2017) for the deflection analysis, like a FEM analysis (Tosi¢, N., Pecié,
N., Poliotti, M., Mari, A., Torres, L. and Dragas, J., 2021) or non-linear analysis.
(Hasan S. and Taha B, 2020) conducted a nonlinear cracked analysis to obtain the
LTD using finite element SAFE software for 600 flat plate corner panel cases with
variable long span length, aspect ratio, thickness as recommended by ACI 318-14,
concrete grade and live load. The study concluded that: (1) Aspect ratio has an
effect on the LTD of flat plate without beam especially at large long direction
spans; (2)ACI provisions, for £/240 are adequate for most case (long spans up to
7.0 m); (3) ACI provisions, for £/480 are not adequate in most of the studied cases
(Long spans of 5 m to 10 m); (4) The large span in considered as the “reference
span”, along which, all the deflection calculations and checks are required to be
performed. They have emphasized that the effect of the aspect ratio that hasn’t
been mentioned in five Standards (ACI 318-14 (ACI 318-14, 2014) , CSA A23.3-
14 (CSA A23.3-14, 2014), AS 3600 (AS 3600-18, 2018), BS8110 (BS EN 8110-
1-1997, 1997), Euro code 2 (BS EN 1992-1-1, 2004) ) provision for the calculation
of the minimum allowable thickness.

(Cohen, L.C., 2012) suggested that the (ACI 318-11, 2011) Code provisions are
inadequate to design two-way slab systems for serviceability. He listed issues on
more than one level: (1) The slabs that designed following the ACI 318-19

provisions might exceed the defined deflection limits; (2) The minimum thickness

11
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requirements should be changed to include the parameters of the aspect ratio of a
panel and the applied load.

Moreover, (Bondy, K. B, 2005) identified two problems in ACI 318 Provisions;
1) The thickness calculation of Two-way slabs is designed in accordance with the
long span length in Table 8.3.1.1 as per ACI 318-19 provisions; 2) Since, as
already mentioned, the required minimum thickness is completely independent of
the loads, Table 8.3.1.1 of ACI 318 may not provide sufficient guidance for
properly designing heavily loaded slabs. The paper worked on the aspect ratio
considerations in the slab thickness calculation, and the term “span” used in the
ACI1318-19 provisions was suggested by Bondy to be taken as the diagonal slab
panel length instead of the long span length. The paper suggested that to evaluate
the mid panel deflection, it needs to be compared with the deflection limit
calculated based on the same diagonal length.

(Thompson & Scanlon, 1988) conducted a Finite Analysis of 300 slabs; many
variables were taken into consideration, including the slab aspect ratio; Scanlon
recommended that “for square slab panels, the required ACI minimum thickness
should be increased by 10 %.”

(Gullapalli, A., 2009) recommended “increasing the slab thickness by %10 (above
those recommended by ACI318) for a flat plate in the following conditions: 1)
longer clear-span not greater than 20 ft; 2) superimposed dead load not greater
than 20 psf; 3) live load not greater than 70 psf, 4) concrete compressive strength
not less than 3000 psi”. For flat plate conditions falling outside the above range,
the slab thickness was recommended to be determined based on the Scanlon, and
Lee (2006) equation.

(Al-Numan, B. S. and Abdullah, C. S., 2018) have developed a simulation model

that considering the materials and loads uncertainties. The results showed that the

12
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ACI 318-14 provisions for the allowable minimum thickness are appropriate for
4m spans and less for flat plate.

(Scanlon, A. and Choi, B.S., 1999) recommended an alternative method to
determine minimum the allowable slab thicknesses for one-way construction,
including effects of span length, time-dependent deflection, design loads and
loading.

(Scanlon, A. and Lee, Y. H, 2010) have compared the minimum thickness for one-
way and two-way slabs by several design provisions such (ACI 318-08, 2008),
(BS EN 8110-1-1997, 1997), (BS EN 1992-1-1, 2004), (AS 3600-2001, 2001) and
the unified equation proposed by (Scanlon, A. and Lee, Y. H, 2010). The effects
of various design parameters are evaluated such as (support conditions, span
length, and applied loads). According to the results, ACI 318-08 provisions need
to be revised to cover the range of design parameters. Additional using instructions
need to be included in ACI 318-08; however, the ACI provisions for flat plates
appear adequate for deflection limits of £/240 for typical spans and loads, but may

not satisfy the permissible deflection limits of 1/480 in many cases.

2.2 Minimum thickness requirement

For two-way flat plate slabs and one-way slabs, (ACI 318-19, 2019), (BS EN
1992-1-1, 2004), (AS 3600-18, 2018) and (CSA A23.3-14, 2014) provide two
approaches for the deflection control. In the first approach, a minimum thickness
given as a function primarily of the span length and the span boundary conditions,
in which case, the deflection calculation is not required. Alternatively, as the 2"
approach, smaller thickness could be used if deflection calculations are made and
shown to satisfy the deflection limits given in the ACI318-19 Code.

13
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The minimum thickness of solid non-prestressed one-way slabs could be found in
ACI1318-19 Code, Table 7.3.1.1. The minimum thickness depends mainly on the
clear span in the short direction (¢), as illustrated in Table 2.1.

Table 2.1: ACI318-19, Table 7.3.1.1 Minimum thickness of solid non-prestressed
one-way slabs.

Support condition Minimum h*
Simply supported ¢120
One end continuous {124
Both ends continuous (/28
Cantilever ¢/10

# Expression applicable for normal weight concrete and fy = 420 MPa. For other
cases, minimum h shall be modified in accordance with 7.3.1.1.1 through
7.3.1.1.3, as appropriate.

The minimum thickness requirements for two-way flat plate slabs could be found
in ACI318-19 Code Table 8.3.1.1. The minimum thickness depends mainly on the
clear span in the long direction (£r), as shown in Table 2.2.

Table 2.2: ACI318-19, Table 8.3.1.1- Minimum thickness of nonprestressed two-
way slabs without interior beams(mm) #

Without drop panels® With drop panels®
fy Exterior panels Exterior panels
"~ | Without : Interior | Without : Interior

MPa

edge V\élth edge panels edge With edge panels

eams beams

beams beams
280 (n/33 fn/36 (n/36 fn/36 {n/40 fn/40
420 €n/30 tn/33 (n/33 fn/33 fn/36 fn/36
550 tn/27 £n/30 £n/30 £n/30 fn/33 fn/33

(mm).

# tn is the clear span in the long direction, measured face-to-face of supports

* For fy between the values given in the Table, minimum thickness shall be
calculated by linear interpolation.

& Drop panels as given in Section 8.2.4, ACI318-19
@ Slabs with beams between columns along exterior edges. Exterior panels shall
be considered to be without edge beams if af is less than 0.8.

14
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The minimum thickness requirements for two-way beam-slabs can be calculated
in ACI1318-19 Code, Table 8.3.1.2. The minimum thickness depends on the clear
span in the long direction (¢ ), relative stiffness and the aspect ratio, as shown in
Table 2.3.

Table 2.3: Minimum thickness of non-prestressed two-way slabs with beams
spanning between supports on all sides, (Table 8.3.1.2 from ACI 318-19).

o_fm*

O < 0.2 8.3.1.1 applies (@)

¢ fy

n (08 + TOO) (b)#’*
0.2 <am <2 Greater of; 36 + 5B(ctpy — 0.2)

125 (c)

fy
?h (0.8 + 1400) (d)

Ay > 2 Greater of; 36 + 9p&
90 (e)

* gy 1s the average value of af for all beams on edges of a panel.
* ¢, is the clear span in the long direction, measured face-to-face of beams
& B is the ratio of clear spans in long to short directions of slab.

On the other hand, according to ACI318-19, slab thickness less than those
recommended in Table 2.1, Table 2.2 and Table 2.3 could be used. In these cases,
the maximum permissible deflection should not be exceeded. In the current study,
the used slab thicknesses are as required by Table 2.1, Table 2.2 and Table 2.3;

However, as a way for the evaluation of these thicknesses, the calculated LTD

15
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have been compared with the £/240 and €/480 deflection limits as shown in the

Table 2.4

Table 2.4: ACI318-19, Table 24.2.2- Maximum permissible calculated deflections

additional live load.

Member Condition Deflect_lon to be D_ef!ect_lon
considered limitation
Elat Not supporting or attached to | Immediate deflection due
nonstructural elements likely | to maximum of Lr, S, and £/180
roofs
to be damaged by large R
Eloors deflections Immediate Immediate deflection due /360
deflection due to L to L
Likely to be That part of the total
damaged by | deflection occurring after
£/480
: large the attachment of
Supporting deflecti el
or attached eflections nonstructural elements,
Roof or 0 which is the sum of the
floors nonstructural Not likely to | time dependent_deflectlon
elements be damaged | due to all SL_Jstalne(_JI loads
by large and the immediate €/240
deflections deflection due to any

2.3 Deflection Calculation Methods

Various methods are available to calculate the deflections of one-way slabs and

two-way slabs. Each of them needs accounting for cracking, which decreases the

flexural stiffness.

Several methods are given by (ACI Committee 435, 1991) for computing of the

immediate deflections of two-way slabs:

e Classical method, utilizing the elastic thin-plate theory equations

e ACI crossing beam approach, in which the slab is divided in a system of

orthogonal middle and column strips

¢ Finite Element method

16
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2.3.1 Classical Method

The classical method clearly needs difficult computations with assumptions on the
boundary conditions and solution of differential equations; this method is long and

not simple to implement on slabs with different spans and support conditions.

2.3.2 ACI Crossing Beam Approach

The ACI crossing method is a simplified calculation method to calculate one-way
and two-way slabs deflections. This method considers two orthogonal one-way
slabs, and each slab direction is separated into middle and column strips; the mid
panel deflection of two-way slabs can be determined by “the sum of the midspan
deflection of the column strip in one direction and that of the middle strip in the

other direction”, as stated in in (Nilson, A., Darwin, D., Dolan, C., 2016)

Assumed
support line -

_—— Assumed
support line

Assumed \
support line .

T

Doy +Apmy) + (Acy + Amx) >

2> ’/ -
i

(c)

Figure 2.1: Basis of equivalent frame method for deflection analysis: (a) X
direction bending;(b) Y direction bending; and (c) combined bending
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In the computations of the deflection of the slab panels (interior, edge and corner
panel) in both directions, it is suitable first to suppose that it deforms within a
cylindrical surface, as it would if the bending moment were distributed uniformly
at all sections across the panel width and if lateral bending of the panel were
suppressed.

Considering the supports to be fully fixed preventing both rotation and vertical
displacement.

Then the deflection A .., is calculated as

wlL?*

Afppr= —
frel ™ 384E,I,

When the rotation at each end being known, the associated midspan deflection of
the equivalent frame can be computed. It is easily confirmed that the midspan

deflection of a member encountering an end rotation of 0 rad, the far end being

fixed, is
Ly /I
29=6x(g) ()
0 = Mnet
Kec
Where:

e M,,; ,isthe difference in floor moments to left and right of column
e K, ,Isthe equivalent stiffness of column
e @, isthe angle change
Thus, the total deflection at the midspan of the middle strip or column strip is the

summation of the three parts, as below, where

Ac = LF X Af,ref X ;—i + AHl + Agr

18
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I
Am = LF X Aspor X I—S + AB; + A8,

m

Where
e Ac and Am is the deflection of the column strip and middle strip,
respectively
e The subscripts r and [ refer to the right and left end of the span, respectively.

The load factor (LF) of column strip for (both end span and interior span) can be
found from Table 2.5 as stated in from (ACI 318-14, 2014) section 8-10.

Load factor of column strip for end span as stated in Table 2.6 from (ACI 318-14,
2014) section 8-10.

ACI 318-19 code, these tables (Table 2.5 and Table 2.6) are omitted maybe in a
recognition to use software in the calculation of slab deflection

0.60+21%75

LF, = ——2— = 0.7375

Load factor of middle strip for end span

LE, =1—LE, = 0.2625

Load factor of column strip for interior span as stated in Table 2.6.
F = 0.75+ 0.6

2

Load factor of middle strip for interior span

LE, =1—-LF, =0.325

Where:

= 0.675

e LF_ is the load factor of column strip

e LE, is the load factor of middle strip
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Table 2.5: Column-strip moment, portion of total moment at critical section,[ (ACI

318-14, 2014) section 8-10].

t2/4,
0.5 1 2
Interior negative moment 0.75 0.75 0.75
X ‘gz/’gl == 0

x £,/€; = 1.0 090 | 0.75 | 045

Exterior negative moment pr=0 1.0 1.0 1.0

xt2/t1 =0 g, =10 | 075 | 075 | 0.75

B: =0 1.0 1.0 1.0
x4,/ =20

B: = 1.0 0.9 0.75 | 0.45

positive moment 0.6 0.6 0.6
(0.4 32/1?1 = 0

o« £,/€1 = 1.0 09 | 075 | 0.45

Table 2.6: Percentage of moment and load factor (LF) of column strip and middle
strip [ (ACI 318-14, 2014) section 8-10]

Percentage of moment Load factor (LF)
Middle
_ Column Middle Column )
Slab location | Moment _ _ _ strip
strip strip strip (LFc)
(LFm)
Exterior
_ 100 0
Negative
End span Positive 60 40
: 0.7375 0.2625
Interior
_ 75 25
negative
_ Negative 75 25
Interior span _ 0.675 0.325
Positive 60 40
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The Moment of inertia of the column strip (I.) and middle strip (1,,,) can be found

by:
I_chh3 ; _ by X A®
© 12 ™12
Where, as illustrated in Figure 2.2:

e b_; is the width of the column strip
e b,,; is the width of the middle strip
e h; is the thickness of the slab

The moment inertia of the slab (If,qme) iS;

L,h3

Iframe - T

e Where: L2 is the width of span and h is the thickness of the flat plate slab

as shown in Figure 2.2.

L2
N \i|/ /i\ N
I % I
Half of | | Half of
middle i Column strip i middle ———
strip strip
b b
¥ 2 1 bc 1 2 4
N \# NTh

—
Column width

Figure 2.2: Column strip and middle strip in flat plat slab.
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The finding of the FEM, COF and DF which are needed for the calculation of the
moments in the method of moment distribution is detailed below:

Fixed end moment, (FEM) is;

FEM = My * qy, * L2 * L1?

My and COF,5 can be found in the (Table Al4) from (MacGregor, J G. and
Wight, J K., 2012).

M, is the fixed end moment coefficient,

COF,p is the carry over factor

Slab-beam joint distribution factors, DF at interior joint is;
K

DF = __sb

Ksb + Kec

Slab-beam joint distribution factors, DF at exterior joint is;
Ksb

DF =
Ksb + Ksb + Kec

Flexural stiffness of slab-beams at both ends (K;) is;
Ksp = Kap——

(K,p) is the stiffness factor, (Table A14) from (MacGregor, J G. and Wight, J K.,
2012).
Flexural stiffness (Kc) of column members at both ends is;
K, = k * E:IS * [
Column stiffness (K't) due to the Effect of column torsion is:
B 9E.C

L -8)

Equivalent column stiffness (K,.) due to the Flexural stiffness of column members

at both ends and Column stiffness due to the Effect of column torsion:
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_ ZKC X ZKt
ZKC X ZKt
Where:

LF is the load distribution factor

Kec

I. is the moment of inertia the column strip

I, is the moment inertia of the middle strip

Itrame is the moment inertia of the slab.

The above calculation steps are for the deflections in one direction, in the
perpendicular direction of the slab, the same calculation steps of the deflection are
repeated using the ACI crossing beam method. The total deflection at the mid-
panel is determined by summing up the middle-strip deflection in one direction
and the column-strip deflection in the perpendicular direction.

The deflection of the mid panel in each panel (interior, edge and corner) can be

found as;

Ae (Ac long direction + Am Shortdirection) + (Ac short direction + Am longdirection)
a 2

In the current study, the ACI crossing beam approach has been used to compute

the slab deflection at the elastic uncracked stage. The deflections have been
compared with those obtained using ANSYS and SAFE. The purpose of this was
to evaluate the principals of the ACI crossing beam approach (excluding the long-

term deflection effects).

2.3.3 Finite Element Method

The Finite Element Method (FEM) is a technique used for simulating physical
phenomena using numerical calculations. for structural analysis purposes as well
as deflection calculations. This technique is used to reduce the number of physical

prototypes and experiments and to devise perfect components during the design
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phase to achieve better results faster while saving on costs. The current study uses
FEM software such as SAFE 2016 and ANSYS.

2.3.3.1 SAFE 2016

SAFE is a software developed by (CSI, 2016); it is primarily used for analyzing
and designing concrete slab systems. It includes all aspects of the engineering
design process, from creating a design layout to analysis, design, and drawing
production. Figure 2.3.

In this study, SAFE is used for calculating the long-term deflection and short-term

deflection of the slabs

Figure 2.3: Shell elements and beam elements in SAFE model

2.3.3.1.1 Finite Element SAFE modeling

The slabs are modelled using thick shell elements (include the transverse shear
deformation); each element has 4 node; each node has six degrees of freedom
(three translations and three rotation about the local axes) as shown in the Figure

2.4 ; the material property within each element is constant; the element includes
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shear deformation, and the element moments and shears are calculated at the nodes
of the element (CSI, 2016).

The beams and columns are modelled using beam elements as shown in the Figure
2.5. Each beam element has two nodes with six degree of freedom at each node
(three translations and three rotation about the local axes); the Biaxial bending,
torsion, axial deformation, and biaxial shear are all accounted for, which are
calculated at the two ends of each element, corresponding to each mesh point.

Beam elements are prismatic (CSl, 2016).

Face &: Top (+3 face)

Face 5: Botiom (-3 face)

Figure 2.4: 4node quadratic shell element

V2
ﬂ\ g
. 6y2 )/
'l 2 9x2

Wo

(&)

™ N ;
a7 AT
0,1 x

Z

Figure 2.5: 6 degree of freedom beam element
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2.3.3.1.2 Finite Element SAFE nonlinear analyzing

The non-linear behavior of the slab shell elements is accounted for in the SAFE
FE analysis by reducing the member stiffnesses due to the cracking of the concrete
and performing a nonlinear cracking analysis. For the estimation of true
deflections, which is a complex task, the effective stiffness is calculated to obtain
cracked deflections with further application of modification factors to account for
long-term deflections (due to creep and shrinkage). The Calculation of the long-
term deflection was done according to the procedure shown in (PCA Notes on ACI
318-11, 2013).The following three cases are included in this procedure:
e Case 1: Immediate deflection under the DL + SDL + LL using nonlinear cracked
analysis,
e Case 2: Immediate deflection under the DL + SDL + WLL using nonlinear
cracked analysis,

e (Case 3: Long-term deflection under the sustained loads of DL + SDL + WLL.

Where:
e DL is the self-weight of the slab,
e SDL is the superimposed dead load,
e LL isthe live load,

e W indicates the pesentage of sustained live load= 0.25

In order to calculate the long-term deflection value, a linear combination has been
used resulted by adding case 3 to case 1 minus case 2, and the difference between
these cases 1 and 2 is the incremental deflection (without creep and shrinkage)

resulting from the non-sustained loading on cracked slabs.
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2.3.3.2 ANSYS software Approach

The finite-element modeling software ANSYS solves mechanical problems
numerically for a variety of purposes. Static/dynamic, structural analysis, etc., as
well as acoustic and electromagnetic problems are included. ANSYS can
implement the technology to a level that is appropriate to the scope of the problem.
According to Figure 2.6 of the current study

In this study the method is used to determine the short-term deflection of flat plate
slabs with different panel locations (interior, edge, corner) in order to compare it

with the deflections of obtained from the SAFE method and the ACI crossing
beam method.
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Figure 2.6: Tetrahedra elements in ANSYS model
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2.3.3.2.1 Finite Element ANSYS modeling

The slabs, beams and columns are modelled using the 10 nodes tetrahedra
elements (include the transverse shear deformation); each element has 10 nodes;
each node has six degrees of freedom (three translations and three rotation about
the local axes) (Thompson, M.K. and Thompson, J.M, 2017). The geometry, node

locations, and the coordinate system for this element are shown in Figure 2.7.

Figure 2.7: 10 nodes tetrahedra element

2.4 Relative beam-slab stiffness

The relative beam-slab stiffness is defined as the ratio of the beam stiffness to the
slab stiffness meeting at a joint. This formula is used in two-way beam-slabs
system Figure 2.8 for calculating the minimum thickness as shown in Table 2.3.
In the current research, the relative beam-slab stiffness is also used in one-way
slabs to obtain the minimum relative beam-slab stiffness that satisfy the ACI
permissible deflection under the supporting beams.

The relative beam-slab stiffness is calculated for all the slab sides that have beams,
see Figure 2.8, it is calculated by dividing the moment of inertia of the beam by

the moment of inertia of the slab at each side (corner, interior and edge panel),
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then taking the average of all the four stiffness in one panel to obtain the average

relative beam-slab stiffness for that slab panel;

_El,
“TElL

bw(Hb)3
I, = Ct———
b 12
Where:

e ( isthe relative beam-slab stiffness
e Ctis the modification factor as illustrated in Figure 2.9

e [, is the moment inertia of beam

(a) Two-way beam-slab

1 """""""""""""" 1 —=f — e ] 1

5 >lh | < > |h

I

| )

+
!
,_l
‘r

bw } f bw

(b) Interior beam (c) Edge beam

Hb

Figure 2.8: (a) Two-way beam-slab type; (b) Interior beam; (c) Edge beam
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Figure 2.9: Figure 20-21 Coefficient Ct for Gross Moment of Inertia of Flanged
Sections from (PCA Notes on ACI 318-11, 2013)
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CHAPTER THREE

Parametric study

3.1 Introduction

This chapter includes the details of the parametric study performed in the current

study.

aiming to develop an understanding for the effects of the slab aspect ratio

and the relative beam-slab stiffness on the deflection of flat plates, two-way beam-

slabs, one-way slab, having the same number of spans and span lengths, designed

according to ACI 318-19, the parametric study of this thesis is divided into five

sections:

The first section presents a comparison between SAFE, ANSYS and ACI
crossing beam approaches for the deflection calculation results at the elastic
uncracked stage.

The second section evaluates the ACI 318-19 provisions for flat plate slabs
with different aspect ratios.

The third section evaluates the two-way slabs with different relative beam-
slab stiffness.

In the fourth section, the Bondy’s approach for using the diagonal span
instead of the long span in determining the flat plat slab thickness is
evaluated.

In the fifth section, the parametric study aims to determine the minimum
relative stiffness beam-slab required to consider the slab as one-way slab

supported on stiff beams.

In all parametric study parts, the following parameters were kept constant in all

cases:

Column dimension 400 x 400 mm ,3 m height, fixed at bottom
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e 3 x 3 span building
fc’=20 MPa

e The modulus of elasticity of concrete= 4700 \/f_c (ACI 318-19, section
19.2.2.1);

e Service load = DL (self-weight) +LL+SDL

e SDL=2.5 kN/m?

e LL=1.92 kN/m?

e Combined creep and shrinkage time-dependent factor = 2 (ACI 318-19,
section 24.2.4.1.3)

e Element size: 0.25m

e Modulus of rupture is based on ACI-specified value of 0.62 \/f_c (ACI 318-
19, section 19.2.3.1) (for nonlinear cracked analysis)

e Ratio of slab tension reinforcement for cracking analysis was 0.0018

e Yield strength of reinforcement was 420 MPa

e Beam width = 400 mm (for non-flat plate slab cases)

3.2 Parametric study for the comparison of deflection calculation approaches.

In the first section, the details of the case studies are presented aiming to compare
the elastic deflections for interior, edge and corner panel flat plate slabs obtained
using SAFE software with those obtained using the ACI crossing beam approach
and ANSYS. The details of these case studies are shown in Table 3.1, where the
cases are grouped into six groups taking the following parameters as variables:

e Different Span length (10, 7.5, 5 m)

o Different Aspect ratio of slab (1, 2)
In each group, the slab thickness required for the corner panel according to ACI

318-19 requirements has been used for the 3x3 slab panels. For each case, three
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models have been created (ANSYS, SAFE, ACI Crossing Beam Approaches)
making the total model studies equal to 18 models presenting data for 54 slab
panels.

Table 3.1:Parametric study details for flat plat slabs under liner uncracked case for
comparison of ACI Crossing Beam Approaches ANSYS and SAFE.

Cases, Long Short )
Group Slab Thickness, mm span, L1, | Span, L2, Aspect ratio,
Interior | Edge | Corner m m L2

Al1-10*| 320 320 320 10 10 1
A2-10 | 320 320 320 10 5 2
Al-75 | 237 237 237 7.5 7.5 1
A2-7.5 237 237 237 7.5 3.75 2
Al-5 154 154 154 5 5 1
A2-5 154 154 154 5 2.5 2
* A: “Aspect ratio”, 1: Aspect ratio value, 10: long span length in meter.

3.3 Parametric study for ACI 318-19 deflection control provisions for flat

plate slabs with different aspect ratios

In the second parametric study part, the tested flat plate slab panels are divided
into fifteen groups as detailed in Table 3.2 using the slab thicknesses based on the
long span length and following Table 8.3.1.1 (ACI1318-19) for two-way flat plate.
Each group consists of 2 different cases (making the total number of case as 30):
1) one case for using the thickness of the interior slab panel (€n/33) for the whole
3x3 slab panels; ii) another case for using the thickness of the exterior slab panel
(€n/30) for the whole 3x3 slab panels. The aspect ratios have been obtained by

keeping the long span length constant and varying the short span length aiming to
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evaluate the effect of the aspect ratio on the LTD of flat plate slabs along the long
span. The resulted LTD was compared with the ACI deflection limits of £ /240
and €/480.
The studied slab panels labeling has been done according to the location as
interior, edge and corner as shown in Figure 3.1.
The parametric study including the following as variables:

e Different long Span length (10, 7.5, 5 m)

e Different Aspect ratio of slab (1, 2,3)

P

Panel
L2 | Corner Pane | Edge Panel | Corner Panel

D I

| Edge Panel | Interior Panel | Edge Panel

i R N

L2 Corner Panel L Edge Panel l Corner Panel

Figure 3.1: Two-way flat plate slab panel labelling according to the location

TR T e
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Table 3.2: Parametric Study details (flat plate slabs of aspect ratio of 1,2 and 3)

Slab Thickness, mm

Group Interior Edge and corner Long span, Short Span, | Aspect ratio,
(£n/33) (£n/30) L1, m L2, m L1/L2
TA1-10* 291 320 10 10 1
TA 1.5-10 291 320 10 6.66 1.5
TA 2-10 291 320 10 5 2
TA 2.5-10 291 320 10 4 2.5
TA 3-10 291 320 10 3.33 3
TA1-75 215 237 7.5 7.5 1
TA15-75 215 237 7.5 5 1.5
TA2-75 215 237 7.5 3.75 2
TA25-75 215 237 7.5 3 2.5
TA3-75 215 237 7.5 2.5 3
TA1-5 140 154 5} 5 1
TA15-5 140 154 5 3.33 1.5
TA2-5 140 154 5 2.5 2
TA 255 140 154 5} 2 2.5
TA3-5 140 154 5 1.66 3

* TA: “Two way”, thickness as required by ACI318-19, 1: Aspect ratio value, 10:
long span length in meter.
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3.4 Parametric study for two-way slabs with different relative beam-slab

stiffness

This section presents the parametric study details for the evaluation of the long-
term deflection (LTD) of flat plate slabs without edge beams and beam-slabs with
different relative beam-slab stiffness using SAFE software. It aims at investigating
the effects of the following variables on the long-term deflection

e Different long span length (10, 7.5, 5 m)

e Different aspect ratio of slab (1, 2, 3)

e Different relative beam-slab stiffness (0.2, 1, 3)
The studied cases are divided into six groups as detailed in Table 3.3; each group
consists of 9 different (slab panel cases), totaling as 54 SAFE models, using the
slab thickness specified by ACI 318-19.
In the current study section, in addition to the constant parameters listed in Section
3.1.
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Table 3.3: Parametric study details (flat plate slabs and slabs with beam)

Cases, = E E g
_ Slab Thickness, mm S " ﬁ D I
= = 5 = c | ©
S e | S | & & |8
O] = = ; & c% =
I »m o + 3]
Type of slab | iorior Edge | Corner | & 8 S| 2| &
_| (/') <
Flatplateslab | 291 | 320 | 320 no no
beam beam 10 10 1
SA1-10% Beam-slab 293 290 290 0.2* 400
235 235 235 2# 400
Flatplateslab | 291 | 320 | 320 no no
beam beam 10 5 5
SA2-10 Beam-slab 293 286 286 0.2* 400
193 193 193 2# 400
no no
Flat plate slab 215 236.6 | 236.6
beam beam 75| 75 1
SAl-7.5 Beam-slab 217 215 215 0.2* 400 ' '
174 174 174 2# 400
no no
Flat plate slab 215 236.6 | 236.6
beam beam 751375 | 2
SA2-7.5 Beam-slab 217 212 211 0.2* 400 ' '
142 142 142 24 400
no no
Flat plate slab 140 153.3 | 153.3
beam beam 5 5 1
SA1l-5 Beam-slab 141 139 139 0.2* 400
112 112 112 2% 400
no no
Flat plate slab 140 153.3 | 153.3
beam beam 5 55 5
SA2-5 Beam-slab 141 135 137 0.2* 400 '
91 91 91 2# 400

& S: “Relative Stiffness”, A: Aspect ratio , 1: Aspect ratio value, 10: long span length in
meter.

* Beam hanged part depth (the part under the slab) ranged between 80 mm for the cases of
L1 =5 mto 120 mm for the cases of L1=10 m.

# Beam hanged part depth (the part under the slab) ranged between 540 mm for the cases
of L1 =5 mto 1100 mm for the cases of L1=10 m.
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3.5 Parametric study for using Bondy’s approach in determining flat plate

thickness

This section demonstrates the parametric study details for the use of Bondy’s
approach in selecting the diagonal span as the one used with the ACI thickness
provisions. In the study, the approach has been investigated taking the following
as variables:

e Different long span length (10, 7.5, 5 m)

e Different aspect ratio of slab (1, 2)
The studied cases divided into six groups as detailed in Table 3.4; each group

consist of 3 different slab panel cases, making the total cases of 18.

Table 3.4: Parametric study details for flat plate slab using Bondy’s approach for
thickness calculation

Slab Thickness, mm Long Short Diagonal | Aspect
Group span, Span, length, ratio,
Interior | Edge | Corner L1 m L2, m LD, m L1/L2
B1-10* | 411.4 |452.5| 4525 10 10 14.14 1
B2-10 | 321.7 |353.8 | 353.8 10 5 11.18 2
B1-7.5 | 3043 | 3347 | 3347 7.5 7.5 10.61 1
B2-7.5 237 260.7 | 260.7 7.5 3.75 8.39 2
B1-5 197.1 | 216.8 | 216.8 5 5 7.07 1
B2-5 152.3 | 167.5 | 1675 5 2.5 5.59 2
* B: “Bondy’s approach”, thickness as suggested by Bondy, 1: Aspect ratio value, 10: long
span length in meter.
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3.6 Parametric study for One-way slabs

The parametric study for the one-way slabs has been performed to evaluate the
effects of the relative beam-slab stiffness on the LTD of the supporting beam and
suggesting a minimum relative beam slab stiffness. In addition, the parametric
study aims to suggest minimum one-way slab thicknesses for case of low relative
beam-slab thickness that verify ACI limitation (Case A: £/240, Case B: £/480).

3.6.1 Parametric study for determining the minimum relative beam-slab

stiffness of one-way slabs

In the fifth parametric study part, three different span panel configurations of
L1xL2 as 10x4.9m, 7.5x3.6 m and 6x3.1 m (aspect ratio just above 2) with beams
provided at the two long spans of the slab panel were analyzed to obtain the LTD,
as detailed in Table 3.5 and Figure 3.2. The investigation was conducted by taking
the relative beam-slab stiffness as variable aiming to determine the relative
stiffness that would ensure that the LDT deflection under the supporting beams
will be within the ACI limitation (Case A: £/240, Case B: £/480). The studied slab
panels labelling has been done according to the location as interior, exterior,

interior edge, exterior edge as shown in Figure 3.2.

Each group in Table 3.5 consists of 2 different slab configuration cases (where the
same thickness for the whole 3x3 panel): 1) using the slab thickness required for
the internal panel L2/28; 2) using the slab thickness required for the external panel
L2/24

The slabs thickness was calculated as one-way according to ACI1318-19 provisions
(L2/24 for exterior spans, L2/28 for interior spans, where L2 is the short span).
For the calculation of the relative beam-slab stiffness, refers to section 2.3

For each beam-slab configuration case, the SAFE long-term deflection analysis

has been made, many iterations (14 — 17 iterations) have been used to find out the
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relative beam-slab stiffness (by increasing the beam depth while the slab thickness
unchanged) that would restrict the deflection in the long span (under the
supporting beams) to satisfy the deflection limit (Case A: £/240, Case B: £/480).
This means that up to 100 SAFE analysis models have been created to obtain the

data of the one-way beam-slab cases of Table 3.5.

Table 3.5: Parametric study details on one-way slabs supported on beams with
different relative beam-slab stiffness.

Slab Thickness, mm as per ACI | Range of the tested relative beam-
318-19% slab stiffness
S S
G |~ |2
o |8 | & D S J 2| E
=] < S 0 > c = —
g la|ls | S |S|8|%F |5 |5 |E2|&|8
8|8 |5 | & |5 | B 5 |8 |2t |2
s | 8 5 s 5 g = X | s |2
5|8 | B | & |E| & ?
g | O
04.9* | 161 | 188 161 188 [ 1-20 [1°-17® | 1-10 1-8 | 10 | 49 | 2.04
036 | 114 | 134 114 134 | 1-13| 1-11 1-10 1-8 | 75 | 3.6 | 2.08
03 93 109 93 109 1-9 1-7 1-9 1-4 | 61| 3 |203

#.0: Indicates “One-way slab”, the number indicates the short span length

&: The thickness is taken as ratio of the short span (one-way action in the short span), Table 7.3.1.1 in

ACI318-19

*: As an illustration, for this case, the relative stiffness of 1 occurred with beam dimension of 188x360
mm (width x depth)

@: The relative stiffness of 17 occurred with beam dimension of 188x844 mm with the moment inertia
for interior beam= 0.036102 m”™4, the moment inertia for interior span= 0.002692m"4, the moment
inertia for edge beam = 0.03012m"4 and the moment inertia for end span= 0.001456m"4. The relative

. 0.036102 0.03012
stiffness= ( + )/2 =17
0.002692 0.001456
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Interior Edge Panel Interior Panel

Figure 3.2: One-way slab panel labelling according to the location

3.6.2 Parametric study for the minimum thickness for case of low relative

beam-slab stiffness

This section aims to propose minimum slab thickness for one-way supported on
beams with low relative beam slab thickness. The study includes all the panel
locations shown in Figure 3.2 and for three spans configuration of 10x4.9m,
7.5x3.6m and 6.1x3m as illustrated in Table 3.6 and Table 3.7, where for each
relative beam-slab stiffness, a slab thickness has been found (by trial and error)
that would ensure that the LTD under the supporting beams are lower the ACI
318-19 permissible deflection of £/240 and ¢/480.

The final reported cases are 160, which have been obtained through many trailed
models which reached 756 SAFE models.
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Table 3.6:Parametric study details of one-way slabs with low relative beam-slab

stiffness (£/240 deflection limit)

Panel
) Interior Interior edge Exterior Exterior edge
location
e e e
e A e e 7 e e
e |E |2 | E e | E | 2 | E E | E
S = B | E = S | < A E | & | 8 | & A
2 s S |3 = P s e 5 52 |2 | & e
E 3 | |2 |3 |€ |38 S |g |8 |2 |3 |3
» E | £ |€ | E |®» E |€ |E | |» | E |
ilg(2|8| |&8|8|2|8| |82
n | ® » 7
405 | 225 1 0.64| 430 | © 4 405 | 225 | 0.64 | 430 | 405 | 225
428 | 218 | 0.98 | 480 | 260 | 428 | 218 | 0.98 | 480 | 0.94 | 428 | 218
c 445 | 192 [ 1.46 | 505 | 224 | 445 | 192 | 1.46 | 505 | 1.8 | 445 | 192
?r‘ 460 | 175 | 2.2 | 535 | 200 | 460 | 175 | 2.2 | 535 | 3.11 | 460 | 175
X
= 470 | 161 3 537 | 164 | 470 161 3 537 4 470 | 161
545 | 161 545
270 | 161 | 0.64 | 265 2 gy 270 | 161 | 0.64 | 265 f 270 | 161
302 (136 | 16 | 285 | 165 | 302 | 136 | 1.6 | 285 | 0.94 | 302 | 136
= 310 (125 ({229 | 311 | 155 | 310 | 125 | 2.29 | 311 | 149 | 310 | 125
({o)
c: 318 [ 119 [ 3.06| 321 | 140 | 318 | 119 | 3.06 | 321 | 2.34 | 318 | 119
ﬂ 338 [ 114 | 4 328 | 118 | 338 | 114 4 328 | 3 338 | 114
338 | 114 338
222 | 146 | 0.55| 200 ;' q 222 | 146 | 0.55 | 200 ; 4 222 | 146
e 230 | 110 | 152 | 227 | 118 | 230 | 110 | 152 | 227 | 152 | 230 | 110
2 250 | 102 | 254 | 237 | 111 | 250 | 102 | 2.54 | 237 | 2.12 | 250 | 102
3 257 | 93 |3.73| 256 | 96 257 903 | 373|256 | 25 | 257 | 93
222 | 93 222
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Table 3.7: Parametric study details of one-way slabs with low relative beam-slab
stiffness (£/480 deflection limit)

Panel
) Interior Interior edge Exterior Exterior edge
location
. | EJE|E|E |E| & |E |E|E |5 |E|E
s A = = A = = A = = A = =
2 e |8 |% | & |8 | % e |8|% |2 |8 | %
o v D @ v 7} @ v {7} @ X D @
= 2 S 2 2 S 2 2 S 2 2 2 =
> |5 8§55 |§| 2 |3 |8 |2 |35 |§8|3
= 1) o = ) o = o o = 1) o
277 | 470|055 | 337 | 640 | 0.84 | 255 |525|136| 337 [640| 11
245 |545|135| 320 | 700 | 1.36 | 235 |560|2.18 | 320 | 700 | 1.75
225 | 590|231 | 280 |785| 3.06 | 220 |600| 3.4 | 280 | 785 | 3.93
212 | 605 |3.03| 266 | 797 | 3.78 | 205 |605|4.46 | 266 | 797 | 4.13
180 |640| 6.1 | 230 | 806 | 6.17 | 195 |630| 5.8 | 261 | 806 | 5.38
175 | 650 | 7 210 | 812 | 837 | 188 |645| 7 258 | 812 | 5.67
g 165 | 660 | 8.79 | 202 | 818 | 10.26 245 | 817 | 6.8
<
g 161 | 670 | 10 | 184 | 820 | 12.91 240 | 820 | 7.33
- 177 | 823 14.68 235 | 825/ 7.98
172 | 825 | 16.13 218 | 828 | 10.16
170 | 826 | 16.77 198 | 830 | 13.7
167 | 827 | 17.75 192 | 832 | 15.15
164 | 828 | 18.75 188 | 844 | 17
161 | 832| 20
187 | 350|096 | 215 | 355 | 0.64 | 190 |340|0.82| 215 |355| 0.84
166 | 374|1.75| 205 | 375| 0.9 181 | 354 |1.44 | 205 |375| 1.17
= 155 | 405|3.16 | 185 |410| 1.7 167 | 372|219 | 185 |410| 2.35
(o)
c;i 142 | 425| 44 | 170 [ 440 | 282 | 148 | 394 |3.86| 170 |440| 3.61
2 125 | 438|721 | 160 |455| 3.81 | 142 |425| 44 | 160 | 455 | 4.88
121 [440| 8 146 | 470 | 5.65 138 [430|6.15| 146 [470| 7.2
114 | 445| 10 142 480 | 6.6 134 (446 | 8 142 480 | 8.4

43



CHAPTER THREE

R |~ RIS (519 |~ |5
SSBUMNS BAIIR[D 3 B EAEEEEE L
° HOSSANRPRY | 5 | S | | o [T O
2
— . LO AN Lo o o m_ w (o)) Ln
2 | ww'ydepuwesg |R | J QS8 |= S8
£
ww ‘ssauxiy gers (8 |9 e et R IR s B s i
< N~ o — o0
SSBULNS BAIE[Y SIS IS1S
S
=2 ) AN O O |O |1 |
5 ww ‘yidap wesg QLR IQ RS
x
L
. (9] <t o o <t (@]
LW ‘SSaUXIIYY GBIS =L I CT I B R
(9N} [e0]
© ~ q |~ s (o |~
[{e} Lo —
<t ) ) = L0 L~ | |© [0 M |0 o
ssougns aneRy | (g |ai | N T T NI D B D
%u N~ = N o — N o < ({o] (o]
2
. slzlals] lslglslelzlzlalsls
= Wwwpdspuresg | 1R (R |2 NN (B ™ (™[ [ [ ™
£
_ Q|3 |9 | 212121851212 |18 |»
ww ‘ssewpiy gers (2 1N |2 | =T =t A R e i e RS RS RS
N~ (@) AN N~ (@)
SSAUIIS SANRIY ek B DG b D
S _ - |©o |1 |©o |o |~
5 ww ‘tpdap wesg QK888 =
=
, o |~ v O (b |m
Wiw ‘SSeuB I Ge|S 218 9|3 e o
[y
o .2
[ .
5 m adA1 ge|s wexXT9

44



CHAPTER FOUR

CHAPTER FOUR

Results and discussion

The results of the parametric studies detailed in chapter 3 are presented and
discussed in this chapter. The presented results in section 4.1 are the short term
elastic uncracked deflection using three approaches (ACI crossing beam method,
SAFE and ANSYS) while the deflection presented in the other sections are the
long term deflection (LTD).

4.1 Comparison of SAFE with ACI crossing beam approach and ANSYS

In this section, the short-term uncracked elastic deflection obtained using the ACI
crossing beam method is compared with those obtained using SAFE and ANSYS
software. This deflection has been used for the evaluation of the ACI crossing
beam method principals isolating the effect of the approximate method in
determining the cracked moment of inertia required in the long-term deflection
calculation procedure.

For the mid panel deflection, as per Figure 4.1 to 4.3, it is clear that the ANSYS
and SAFE results are close to each other, while the ACI crossing beam approach
Is producing close results (with respect to ANSYS and SAFE) at aspect ratio 2,
though it produces a higher deflection in interior panels of large span with aspect
ratio 1.

For the long span deflections as per Figure 4.4 to 4.6, it is illustrated that the
deflections obtained using SAFE and ANSYS are close to each other; however,
the ACI crossing beam approach is producing close result (with respect to SAFE
and ANSYS) at aspect ratio 1, even though it produces a significant difference in
results at aspect ratio of 2.

The above observations show that:
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1. SAFE model using shell slab element are adequate to be used in the
deflection calculation as alternative for the ANSYS model using tetrahedra
elements.

2. ACI crossing beam approach as an approximate method is giving non-

conservative results at certain aspect ratios of certain panel location.

25

€
€ 20
c B ACI crossing beam
o
T 15 M Ansys
(]
% m Safe
2 10
(O]
c
©
[oX
- 5
) 1 -
. e
10*10 10*5 7.5%7.5 7.5*3.75 5%2.5

Panel dimensions c/c

Figure 4.1: Mid panel deflection for interior panel flat plate slabs, refer to Table B.1

N
wv

N
o

B ACl crossing beam
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Mid panel Deflection (mm)

0

Panel dimensions c/c

Figure 4.2: Mid panel deflection for edge panel flat plate slabs, refer to Table B.2
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Figure 4.3: Mid panel deflection for corner panel flat plate slabs, refer to Table B.3
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Figure 4.4: Long span deflection for interior panel flat plate slabs, refer to Table B.1
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Figure 4.5: Long span deflection for edge panel flat plate slabs, refer to Table B.2
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Figure 4.6: Long span deflection for corner panel flat plate slabs, refer to Table B.3
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4.2 Flat plate slabs with aspect ratio 1 to 3

The aspect ratio of the flat plate slab has not considered a parameter in the ACI
318-19 provisions for the determination of the slab thickness. In the current study,
the effect of the aspect ratio (ranging from 1 to 3) on the long-term deflection is
studied to indicate the cases that satisfy the ACI maximum allowable deflection
limit provisions, and proposing a minimum thickness for the cases of not satisfying

the allowable permissible deflection.

4.2.1 Evaluation of ACI 318-19 provisions for flat plate thickness

This section presents the results of the LTD of three panel location interior edge

and corner panel of flat plates with aspect ratio ranging from 1 to 3

4.2.1.1 Flat plate slab panels with aspect ratio range between 1 and 2

This section presents the LTD (both mid-panel and long span) of the flat plate
cases of the range of aspect ratio 1 to 2. As could be seen in Table 4.1 and Figure
4.7 to 4.9, for the £/240 deflection limit, apart from the case of large slab panels
(aspect ratio of 1 and 1.5 with large span of 10 m), all the cases satisfy this limit.
On the other hand, for the £/480 deflection limit, apart from the case of small slab
panels (aspect ratio of 2 at the large span of 5 m), all the cases did not satisfy this
limit. These results are in agreement with the results obtained by (Hasan S. and
Taha B, 2020).

In both observations, it could be noted that as the aspect ratio is getting smaller
(square slab), the deflection is getting larger, indicating a noticeable effect of

aspect ratio on the flat plate LTD

4.2.1.2 Flat plate slab panels with aspect ratio of 2 to 3

This section presents the LTD of the flat plate cases with the range of aspect ratio

2 to 3. For the cases of aspect ratio larger than 2, the used thickness was as same
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that used for two-way flat plate slabs. Figure 4.7, to 4.9 show that the use of ACI
318-19 thickness satisfies the normal £ /240 deflection for all the three slab panel
locations (interior, edge and corner panel). For the other deflection limit of £/480,
apart from the case of large slab panel (long span of 10 m), all the other cases
satisfy this limit. Based on that, as the Table 8.3.1.1 of ACI318-19 is providing
the minimum thickness for flat plates to satisfy ordinary deflection limit of € /240,
the current study considers that this table could be recommended to apply to all
flat plate slabs regardless of the aspect ratios; therefore, the current study suggest
to revise the restriction put by ACI318-19 on the aspect ratio for flat plate
thickness provisions.

Table 4.1: Results of the Parametric Study for flat plate slabs.

1 % % Stab Interior Panel % Stab Edge panel Corner Panel
7| @| < | E |thickness| mid" [Long| 5 [thickness| Mid” | Long | Mid* | Long
S| 5| 8| £ |(n/33)] panel | Span | £ |(tn/30)| panel | Span | Panel | Span
J|Bl<g<| & | (mm) | LTD |LTD| & | (MM) | LTD | LTD | LTD | LTD
= (mm) | (mm) - (mm | (mm) | (mm) | (mm)
1010 | 1 1 291 35.07 | 31.34 2 320 56.04 | 53.33 | 81.3 53.33
10 |6.66| 1.5 3 291 26.88 | 27.18 4 320 42.04 | 41.62 | 42.14 | 41.62
10| 5| 2 5 291 26.23 | 26.51 6 320 35.67 | 35.43 | 34.92 | 35.43
10| 4 |25] 7 291 26.25 | 26.36 8 320 30.29 | 30.29 | 30.24 | 30.29
10 (3.33| 3 6 291 26.82 | 26.67 | 10 320 2751 | 2749 | 27.68 | 27.49
75(75| 1 11 215 277 |2235| 12 237 30.4 | 27.13 | 3883 | 27.13
75(5 (15| 13 | 215 | 1717 |1684| 14 | 237 |18.73 | 1843 | 18.8 | 18.43
75375 2 | 15 215 | 1561 1557 | 16 237 | 1615 | 16 | 1601 | 16
75| 3 |25| 17 215 | 1454 | 1465 | 18 237 | 1423 | 14.24 | 1429 | 14.24
75|25 3 19 215 142 1422 | 20 237 1314 | 13.12 | 13.11 | 13.12
515 |1 21 140 16.28 | 1255 | 22 154 1408 | 11.21 | 15.8 11.21
5 3.33]15| 23 140 8.77 8.5 24 154 8.13 7.87 8.09 7.87
5 125| 2 25 140 7.55 7.6 26 154 6.52 6.46 6.42 6.46
512 (25| 27 140 6.89 | 6.89 28 154 5.89 5.87 5.82 5.87
5 11.66| 3 29 140 6.53 | 6.55 30 154 5.62 5.61 5.6 5.61
*: Each case represents a 3x3 panels slab using the slab thickness given for the case used for all the 9
slab panels.
#: The deflections are used in section 4.3.3.

50



CHAPTER FOUR

Long span of 10m
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Figure 4.7: Flat plate slab floor panel aspect ratio versus long span /LTD for long
span of 10 m
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Figure 4.8 Flat plate slab floor panel aspect ratio versus long span /LTD for long
span of 7.5 m
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Long span of 5m

Interior panel

—#— Edge and corner panel

— % = Defelection limit 480
—+— Defelection limit 240

(0]
o O

0 0.5 1 1.5 2 2.5 3 3.5 4

Aspect ratio

Figure 4.9: Flat plate slab floor panel aspect ratio versus long span /LTD for long
span of 5 m

4.2.2 Proposed minimum thickness for flat plates

Based on the results and discussion of the pervious section, it can be observed that
for the control of deflection of flat plate slabs, ACI 318-19 uses a formula for
thickness of (&n /30) for the exterior panel and ({n /33) for the interior panels, but
with ignoring the effect of aspect ratio on the deflection calculation.

Reanalyzing those cases that were not satisfying the permissible deflection of
£/240 and ¢/480, the SAFE Finite Element analyses were used in order to ensure
that the LTD of the long span is within the allowable deflection of ¢ /240 and £/480
as illustrated in Table 4.2 to 4.4. The re-analysis was carried out many times with
a gradual increase in the thickness of the slab of until the LTD were less than the
permissible deflection of £/240 and £/480.

The value of thickness (€n /30) for exterior panels, and (£n /33) for interior panel

was considered as the first values at the beginning the analysis for the
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determination of the flat plate slab thickness. Table 4.2 ,Table 4.3, Figure 4.10 and
Figure 4.11 present the proposed slab thickness ’%n and the correction factor with

new proposed equation for each panel location for the failed cases to satisfy the
£/480, as could be seen, the largest change required is for the large span of 10m
with aspect ratio of 1, corner and edge panel where ¢n /19.09 is required instead
of the recommended ¢n /30 by ACI 318-19.
On the other hand, the ACI 318-19 are adequate for the case of

e Large span of 5m with aspect ratio equal or greater than 1.5

e Large span of 7.5m with aspect ratio equal or greater than 2.5
For the (£/240) deflection limit, a change in minimum thickness of the flat plate
slabs is only required in the case of large span 10m with aspect ratio 1 and 1.5 in
the exterior panel to satisfy the allowable permissible deflection, as illustrated in
Table 4.4.
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Table 4.2: Proposed thickness for interior panel flat plate slabs for satisfying €/480
limit by using SAFE software.

) Revised — )
Aspect proposed Proposed thickness L Correction
L1 | L2 _ o long span | |imit
ratio — of flat plate slab ’ factor
A LTD,mm | mm
fn
10 | 10 1 352 19.94 20 1.21
27.27
£n
10 | 6.66 15 317 195 20 1.09
30.28
10| 5 2 ‘n 313 195 20 1.08
30.67
fn
10 4 2.5 311 19.85 20 1.07
30.87
fn
10 | 3.33 3 310 19.87 20 1.07
30.97
fn
75| 75 1 257 14.6 14.79 1.19
27.63
£n
7.5 5 15 225 14.6 14.79 1.05
31.56
fn
75| 3.75 2 219 14.55 14.79 1.02
32.42
fn
7.5 3 2.5 ﬁ 215 14.65 14.79 1
fn
75| 25 3 33 215 12.55 14.79 1
fn
5 5 1 153 9.49 9.58 1.1
30.07
5 |3.33 15 f_n 140 8.5 9.58 1
33
5 | 25 2 n 140 76 9.58 1
33
5| 2 25 n 140 6.89 9.58 1
33
5 | 1.66 3 g_g 140 6.55 9.58 1
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Table 4.3: Proposed thickness for edge and corner flat plate slabs satisfying €/480
limit by using SAFE.

Proposed Revised long — )
Aspect | Proposed | 480 Correction
L1] L2 . n thickness of flat | span LTD, limit
ratio — ’ factor
A plate slab mm mm
‘n
10 | 10 1 503 19.99 20 1.57
19.09
£n
10 | 6.66 15 428 19.84 20 1.34
22.43
£n
10| 5 2 396 19.75 20 1.24
24.24
fn
10 4 25 379 19.51 20 1.18
25.33
£n
10 | 3.33 3 368 19.86 20 1.15
26.09
‘n
75| 75 1 _ 310 14.49 14.79 1.31
22.9
£n
75| 5 15 266 14.73 14.79 1.12
26.69
‘n
75| 3.75 2 245 14.72 14.79 1.04
28.98
‘n
7.5 3 25 % 237 14.24 14.79 1
n
75| 25 3 30 237 13.12 14.79 1
5 5 1 ‘n 163 9.51 9.58 1.06
28.22
‘n
5 |3.33 15 — 154 7.87 9.58 1
30
‘n
51|25 2 — 154 6.46 9.58 1
30
‘n
5 2 25 — 154 5.87 9.58 1
30
‘n
5 |1.66 3 30 154 5.6 9.58 1
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Table 4.4: Proposed thickness for edge and corner panel flat plate slabs satisfying
£/240 by using SAFE.

Proposed Revised long — )
Aspect | Proposed | 240 Correction
L1] L2 . n thickness of flat | span LTD, limit
ratio — ’ factor
A plate slab mm mm
fn
10 | 10 1 368 39.96 40 1.15
26.09
fn
10 | 6.66 15 329 39.14 40 1.02
29.18
10| 5 2 ¢n 320 35.43 40 1
30
10| 4 2.5 ¢n 320 30.29 40 1
30
10 | 3.33 3 ¢n 320 27.49 40 1
30
fn
75| 75 1 30 237 27.13 29.58 1
fn
75| 5 15 30 237 18.43 29.58 1
fn
7.5 |3.75 2 — 237 16 29.58 1
30
fn
75| 3 2.5 30 237 14.24 29.58 1
fn
75| 25 3 30 237 13.12 29.58 1
5 5 1 én 154 11.21 19.17 1
30
fn
5 1333 15 30 154 7.87 19.17 1
fn
5|25 2 — 154 6.46 19.17 1
30
5 2 2.5 én 154 5.87 19.17 1
30
5 11.66 3 g—g 154 5.61 19.17 1
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Figure 4.10: Proposed equation for different aspect ratio of interior panel for
one-way slabs that satisfy the £/480.
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Figure 4.11: Proposed equation for different aspect ratio of edge and corner
panel for one-way slabs that satisfy the £/480.
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4.3 Two-way slabs with different relative beam-slab stiffness

This section displays the long-term deflection of interior, edge and corner panel
flat plates and beam-slabs of six groups as detailed in Table 3.3; it studies the

effects of the aspect ratio and the beam-slab relative stiffness on the LTD.

4.3.1 Interior panels long span deflection

The LDT of interior flat plates and beam-slabs (using ACI318-19 provisions) for
different aspect ratio and relative beam-slab stiffnesses are presented in Figure
4.12 and 4.13, the LTDs are shown as a ratio of the long spans, and the ¢ /240 and
€ /480 deflection limits are also shown. As could be seen, considering the
deflection limit of £ /240, ACI318-19 provisions give realistic minimum thickness
value of both flat plate slabs and beam-slabs.
For the £/480 deflection limit, it is clear that ACI318-19 recommended thicknesses
are only working in the following cases:
- Case 1.1: for flat plate slab with long span of 5m and aspect ratio 2
- Case 1.2: for beam-slab with relative beam-slab stiffness of 0.2 in all spans
with aspect ratio 2, in 5 m long span of aspect ratio 1. The same slab
thickness is used in case 1.1 and case 1.2 even there are beams in case 1.2.
This is reason for having different results in these two cases.
- Case 1.3: for beam-slab with relative stiffness of 2: in all spans with aspect
ratio 1, at 5 m span of aspect ratio 2
It appears that the £r/33, does not provide the adequate thickness for interior flat
plate slab panel at;
e Slab panel with aspect ratio 1

e Slab panels with large span equal and greater than 7.5m

58



CHAPTER FOUR

1200

960
——-10*10 -=-7.5%7.5 —=+=5*5

720

N
B
o

(Longspan/LTD Deflection)

0.5 . 1 5 2 2.5
Relative beam-sla]b stiffness

Figure 4.12: Long span deflection of interior panel of aspect ratio 1 refer to the
Table B.4, Table B.7 and Table 4.1
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Figure 4.13: Long span deflection of interior panel of aspect ratio 2 refer to the
Table B.4, Table B.7 and the Table 4.1.
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4.3.2 Edge and corner panels long span deflection

The LDT of edge and corner flat plates and beam-slabs using ACI318-19
provisions for different aspect ratio and the relative beam-slab stiffness. This
analysis is performed similar to the one presented in the previous section but the
location of the panels are edge and corner panel instead of interior panels. In
Figure 4.14 to 4.17, the LTDs are shown as a ratio of the long spans, and the ¢
/240 and ¢ /480 deflection limits are also shown.

For the deflection limit of £ /240, at aspect ratio 2, it can be observed that, ACI318-
19 provisions provide adequate minimum slab thickness values for all spans of
both flat plates and beam-slabs. At aspect ratio 1, it can be seen that, the ACI318-
19 provisions are not satisfactory in flat plate with large span of 10 m and beam-
slabs with relative beam-slab stiffness of 0.2.

For the ¢/480 deflection limit, it is obvious that AC1318-19 minimum thicknesses
are only working with the following cases:

- Case 2.1: In Flat plates: at aspect ratio 2 with long spans of 5m and 7.5m,
at aspect ratio 1 with long spans of 5m

- Case 2.2: In Beam-Slab with relative beam-slab stiffness of 0.2: at 5 m and
7.5m long spans with aspect ratio 2, at 5 m span of aspect ratio 1. The same
thickness is used in case 2.1 and case 2.2 even there are beams in case 2.2,
and the reason for having different results in these two cases is using the
same thickness in both cases, while there are beams in case 2.2.

- Case 2.3: In Beam-Slab with relative stiffness of 2: only at long span of 5m
with aspect ratio 1. At aspect ratio 2, ACI1318-19 reduces the thickness of
beam-slabs system due to the increase in the aspect ratio resulting in an
increase in the deflection at aspect ratio 2 and having cases not satisfying
the £/480 deflection limit.
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Figure 4.14: Long span deflection of edge panel of aspect ratio 1, refer to Table
B.5, Table B.8 and Table 4.1.
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Figure 4.15: Long span deflection of edge panel of aspect ratio 2, refer to Table
B.5, Table B.8 and Table 4.1.
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Figure 4.16: Long span deflection of corner panel of aspect ratio 1, refers to
Table B.6, Table B.9 and Table 4.1.
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Figure 4.17: Long span deflection of corner panel of aspect ratio 2, refers to
Table B.6, Table B.9 and Table 4.1.
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4.3.3 Interior panel/mid panel deflection

This section presents the mid panel deflection of interior beam-slabs and flat plates
(using ACI318-19 provisions) for different aspect ratio and relative beam-slab
stiffnesses are presented in Figure 4.18 and Figure 4.19. The LTDs are shown as
a ratio of the diagonal span, and the ¢ /240 and ¢ /480 deflection limits are also
shown. As could be seen, considering the deflection limit of ¢ /240, ACI1318-19
provisions provide suitable minimum thickness value of both flat plate slabs and
beam-slabs similar to the long span deflection cases.
For the ¢/480 deflection limit, it is obvious that ACI318-19 thicknesses are only
working in the following cases:
- Case 3.1: For flat plate slabs with long span of 5m and aspect ratio of 2
- Case 3.2: In Beam-Slab with relative stiffness of 0.2: In all spans with aspect
ratio 2, in 5 m long span of aspect ratio 1. The same thickness is used in
case 3.1 and case 3.2 even there are beams in case 3.2. This the reason for
having different results in these two cases.
- Case 3.3: For Beam-Slab with relative beam-slab stiffness of 2: Only at 5
m long span of aspect ratio 1
It seems that ¢n/33, does not provide the adequate slab thickness for interior slab
panel in;
e Slab panels with aspect ratio of 1

e Slab panels with long span equal and greater than 5m
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(Diagonal Length/LTD Deflection)
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0 0.5 1 1.5 2 2.5
Relative beam-slab stiffness

Figure 4.18: Mid panel deflection of interior panel of aspect ratio 1, refers to

(Diagonal Length/LTD Deflection)

Table B.4, Table B.7 and Table 4.1.
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Figure 4.19: Mid panel deflection of interior panel of aspect ratio 2, refers to

Table B.4, Table B.7 and Table 4.1.
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4.3.4 Edge and corner panel mid panel deflection

The mid panel LDT for corner and edge flat plates and beam-slabs (using ACI1318-
19 provisions) for different aspect ratio and the relative beam-slab stiffness are
presented in In Figure 4.20 to 4.23. The LTDs are shown as a ratio of the diagonal
length, and the € /240 and € /480 deflection limits are shown as well,

For deflection limit of £ /240, at aspect ratio 2, it can be observed that, ACI318-
19 provisions give sufficient minimum slab thickness value at all spans of both
flat plates and beam-slabs. At aspect ratio 1, it can be observed that, ACI318-19
provisions are not satisfying the deflection limit of £n /240 only at corner panel
with the long span of 10 m of flat plates and beam-slabs.

For the ¢/480 deflection limit, it is shown that the ACI318-19 minimum
thicknesses are only working in the following cases:

- Case 4.1: For flat plate slabs with long span of 5m and 7.5m long span with
aspect ratio of 2.

- Case 4.2: For Beam-Slab with relative beam-slab stiffness of 0.2: At 5 m
and 7.5m long spans with aspect ratio 2, at 5 m long span only at the corner
panel of aspect ratio 1. The same sIB thickness is used in case 4.1 and case
4.2 even there are beams in case 4.2, and the reason for having different
results in these two cases is using same thickness in both cases, while there
are beams in case 4.2.

- Case 4.3: For Beam-Slab with relative stiffness of 2: All the cases are not
satisfying the deflection limit of £/480.
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Figure 4.20: Mid panel deflection of edge panel of aspect ratio 1, refers to Table
B.5, Table B.8 and Table 4.1.
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Figure 4.21: Mid panel deflection of edge panel of aspect ratio 2, refers to Table
B.5, Table B.8 and Table 4.1.
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(Diagonal Length/LTD Deflection)
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Figure 4.22: Mid panel deflection of corner panel of aspect ratio 1, refers to

(Diagonal Length/LTD Deflection)

720

480

Table B.6, Table B.9 and Table 4.1.
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Figure 4.23: Mid panel deflection of corner panel of aspect ratio 2, refers to

Table B.6, Table B.9 and Table 4.1.
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4.4 Evaluation of Bondy’s approach for flat plate thickness

As an alternative for using the long span in the determination of the flat plate slabs
thickness, (Bondy, K. B, 2005) suggested the use of the diagonal span as the base
in determining the flat plate thickness. In the current study this approach has been
evaluated considering the long-term deflection of the interior, edge and corner
panel flat plates for different aspect ratios for the cases shown in the Table 3.4.
The reported LTD is for the long span (LSDs) and the mid panel. In Figure 4.24,
to 4.26, the mid panel deflections are shown as a ratio of the diagonal span, LSDs
are shown as a ratio of the long span; in addition, the £ /240 and ¢ /480 deflection
limits are also shown.

For the deflection limit of ¢ /240, it could be observed that Bondy’s approach is
adequate for all the studied cases. Further, this approach might not be economical
for small spans, as the resulted deflections would be very small.

For the deflection limit of ¢ /480, it is clear that the use of Bondy’s approach
produce satisfactory results (deflections) only at the interior panels. For the edge
and corner panels, the thickness is not adequate especially in the case of long span
of 10m.
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Figure 4.24: LTDs of mid panel and long span of interior flat plate slabs with
aspect ratio 1 and 2, refer to Table B.10.
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Figure 4.25: LTDs of mid panel and long span of edge flat plate slabs with
aspect ratio 1 and 2, refer to Table B.11.
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Figure 4.26: LTDs of mid panel and long span of corner flat plate slabs with
aspect ratio 1 and 2, refer to Table B.12.

4.5 One-way slabs

The ACI 318-19 provision for the one-way slab thickness (see Table 2.1) do not
include any restriction on the required minimum relative beam-slab stiffness for

the supporting beams. Not having such restrictions might lead to having a large

LTD under the supporting beam.

4.5.1 Minimum relative beam-slab stiffness of the Supporting beam

This section demonstrates the LTD of the parametric study detailed in Table 3.5.
The resulted LTDs along the long span (the location of the supporting beams) are
listed in Table 4.5 to Table 4.8 and shown in Figure 4.27 to Figure 4.2929. In these
presentations of results, the €/240 and £/480 deflection limits are displayed for
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comparison. The relative beam-slab stuffiness has been increased through multiple
studied cases until the LDT reached the deflection limits.

As could be seen, for interior, interior edge, exterior and exterior edge slab panels,
the required relative beam-slab stiffness (to ensure that the long beam LTD is
within the allowable deflection of £ /240 (Case A) and ¢ /480 (Case B)) increases
with the increase of the supporting long side length. In all cases, there is a sharp
decrease in the required relative stiffness at the range of low values of the relative
beam-slab stiffness until the stiffness of 3 to 5, beyond that, the effects of the
relative stiffness became less effective.

Table 4.9 summarize all the minimum relative beam-slab stiffnesses required to
satisfy the deflection limits of €/240 and €/480 along the supporting beams. As
listed, as a safe side recommendation, and before going with the ACI318-19
provisions for the one-way slab thickness, a minimum relative beam-slab stiffness
for the supporting beam of 5 and 20 is required to be provided to satisfy the
deflection limit of £/240 and £/480, respectively.

Table 4.5: LTD results of parametric study (Interior edge panel)
LTD (mm)

Deflection
Relative beam-slab stiffness limit(mm)

Panel dimension (m)
(fn/33) (mm)
LTD of Flat plate slab
(mm)
Beam-slab thickness
(£/28) (mm)

,_\
N
w
i
(8]
~
[{e]
=
o
=
[EN
=
w
=
(8]
-
~
=
[{e]
N
o
£/240)
0/480)

Flat plate slab thickness

10x4.9 | 291 |26.6 | 161 |83.3 |61.6 [51.1 (38.2 [44.8 {39.4 [33.3 |30.6 [27.4 [25.1 |23.0 [21.5 |20.3 [19.6 | 40 20

7.5x3.6 | 215 |15.5 | 114 |(98.5 |61.3 [35.6 [29.9 [27.1 [22.8 |19.5 [17.1 [15.1 |14.6 29.5 |14.7

6.1x3 | 173 [10.3 | 93 ([82.3 46.9 |31.2 [22.2 |19.1 [15.0 [11.3 23.7 |11.8

Yellow color: denoted to the first long term deflection that is satisfy the deflection limit of (£/240)

Blue color: denoted to the first long term deflection that is satisfy the deflection limit of (£/480)
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Table 4.6: LTD results of parametric study (Exterior edge panel)

_ z LTD (mm) Deflection
o — Lo
< | E § Relative beam-slab stiffness limit (mm)
oo S <
— g ~ Q
3 |218 |8
& = =S | ¥
e N + = = —~
s |18 | € |1]23 |4 |57 10 |11 [13 |15 |17 | § | 3
— o Ne) Q <
Qo 3 S = s =
S 8 | R |® SN
a o E =
g 0 3
o m
10x4.9 | 320 |35.1 | 188 |70.9 [52.8 [44.7 (38.2 |34.5 [29.4 [26.9 [24.5 [22.1 |20.7 {20.1 [19.4 | 40 20
7.5x3.6 | 237 |16.1 | 134 |62.1 [35.1 |28.1 22.1 [18.9 15.6 (14.3 |14.7 29.58 [14.79
6.1x3 [ 190 | 9.7 | 109 [50.2 [29.6 |21.2 14.5 10.6 23.75 [11.88
Yellow color: denoted to the first long term deflection that is satisfy the deflection limit of (£/240)
Blue color; denoted to the first long term deflection that is satisfy the deflection limit of (£/480)
Table 4.7: LTD results of parametric study (Interior panel)
- LTD (mm) Deflection
E fon)
= Q 3 § Relative beam-slab stiffness limit(mm)
c ~
T |3 428 |3
S Z g o &
T 8 I8 |3 E
= oS | < s | =
o £ g = = 1.00 | 200 | 3.00 | 400 | 5.00 |7.00|9.00]|10.00 | & 2
5} S = Wb _ N <t
c o M 4= @« i N
N
10x4.9 | 290.9 | 26,58 | 161 | 72.3 | 51.11 | 38.24 30.20 | 23.4 | 20.3 | 18.7 40 20
75x3.6 | 215 | 1552 | 114 |88.8 | 56.7 | 31.8 | 26.4 | 239 | 19.0 | 16.3 | 149 | 29.58 | 14.79
6.1x3 173 | 10.32 93 823 | 46.9 | 31.1 | 222 | 19.1 | 150 11.3 23.75 | 11.88
Yellow color: denoted to the first long term deflection that is satisfy the deflection limit of (£/240)
Blue color: denoted to the first long term deflection that is satisfy the deflection limit of (£/480)
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Table 4.8: LTD results of parametric study (Exterior panel)

- LTD (mm) Deflection
) — _
_ S% £ g Relative beam-slab stiffness limit(mm)
E = = =
s | & 2 | &
o £ £
g2 |2 ¢ | § |Z°F
£ 2 & s | <€ E s s
= < z | g 12| 3|45 | 7|8 F 2
T ? L % S 3
c @ Y= ¢ i S
IS s o =
5 R
L
10x4.9 320 35.1 188 58.8 | 41.9 | 31.5 23.4 | 19.2 | 20.3 | 40.00 20
7.5x3.6 237 16.1 134 60.4 | 30.9 | 24.6 185|151 | 13.6 | 29.58 | 14.79
6.1x3 190 9.7 109 46,5 | 245 | 19.7 | 11.7 23.75 11.88

Yellow color: denoted to the first long term deflection that is satisfy the deflection limit of (£/240)

Blue color: denoted to the first long term deflection is satisfy the deflection limit of (€/480)

110 —&— [nterior Edge Panel
/E\ 0 —a— Exterior Edge Panel(corner
c —e— |nterior Panel
= 0 —&— Exterior Panel
8 = » :Deflection limit (£/240)
‘;’D - —+— Dwflection limit (£/480)
C
o) N i N G e e e e
-
4 30
o
A
10
H
10 O 2 4 6 8 10 12 14 16 18 20

Relative Beam-slab Stiffness

Figure 4.27: LTDs of the supporting beam versus the relative beam-slab stiffness
of 10x4.9 m slab panel
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<0 —+— Dwflection limit (£/480)
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0 2 4 6 8 10 12 14 16 18 20
Relative Beam-slab Stiffness

Figure 4.28: LTDs of the supporting beam versus the relative beam-slab stiffness
of 7.5x3.6m slab panel
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Figure 4.29: LTDs of the supporting beam versus the relative beam-slab stiffness
of 6.1x3m slab panel
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Table 4.9: Minimum proposed relative beam-slab stiffness.
Minimum Relative Beam-Slab Stiffness

Case A (£/240) Case B (£/480)
Slab Panel
6.1x3.0
75x3.6m [ 10x4.9m | 6.1 x3.0m | 7.5x3.6m | 10 x 4.9m
m
Interior edge 4 5 7 9 13 20
Exterior edge 3 3 4 7 11 17
Interior 4 4 3 9 10 10
Exterior 3 3 3 4 8 7

4.5.2 Proposing minimum thicknesses for one-way slab cases of low relative

beam-slab stiffness

The result of the parametric study detailed in Table 3.7 are presented in this
section. The determined minimum thicknesses and LTDs are listed in Table 4.10
to Table 4.15 and shown in the Figure 4.30 to 4.37. The calculated deflection has
been found by increasing the slab thickness with decreasing the beam height
(having low relative beam-slab stiffness) through many iterations until the LDT
reached the deflection limits of £/240 and €/480. The aims of this approach were
to find sufficient one-way slab thickness in case of having a restriction on the beam
height (low relative beam stiffness). In this presentation of results, £/240 and £/480
deflection limits are indicated for the comparison.

For the studied interior, interior edge, exterior and exterior edge one-way slab
panels of spans 10x4.9m, 7.5x3.6m and 6.1x 3m, Table 4.10 to Table 4.15 and the
Figure 4.30 to 4.37 to present the proposed minimum thickness and the correction
factor with new proposed equation for each panel location needs to be used with
the ACI 318-19 equation in case of having low relative beam-slab stiffness. The
increase in the factor value indicate the need for large thickness compared to those

recommended by the ACI 318-19 provisions for one-way slabs (£/28 for internal

75



CHAPTER FOUR

panel and (/24 for exterior panel). The results show a significant effect of the

relative beam-slab stiffness on the required slab thickness.

Table 4.10: Proposed minimum thickness of one-way slabs (10 x 4.9m) that

satisfying €/240.

o e Y= —~ & -
S | g ol g - S c o 5 ~ 2 |lx =8 g
s | g g 38 = g 8S |2 =L g |28 S
k=) e £ £ & = 2 2 T E|lo ¥ |2 8 S B
> L = 2 2 g 2 5 S =8 £ |8 & |8 =
= 2 B £ = T S a = x = 8 = O 0
5 | B = S o g | J s|g < |5 g

o ks m = 2 S = 3

0 [7p) — ~ o

0.64 225 405 39.8 40 20 £/20 1.40
_ 0.98 218 428 39.02 40 20.64 | £/20.64 1.36
'g 1.46 192 445 39.49 40 23.44 £/23.44 1.19
= 2.2 175 460 38.88 40 25.71 £/25.71 1.09

3 161 470 38.24 40 28 /28 1

0.42 274 430 39.1 40 16.42 £/16.42 1.70
° 0.72 260 480 39.19 40 17.31 £/17.31 1.62
(@]
3 1.38 224 505 40.32 40 20.09 | ¢£/20.09 1.39
= 24 | 200 | 535 39.07 40 225 | 1/22.50 | 1.24
= 452 164 537 39.58 40 27.44 /27.44 1.02

5 161 545 39.42 40 28 /28 1

0.47 226 400 39.63 40 19.91 £/19.91 1.21
S 1.06 220 425 39 40 20.45 £/20.45 1.17
E.: 1.2 215 430 39.32 40 20.93 £/20.93 1.15

2.5 188 450 39.42 40 24 024 1

0.55 274 430 39.1 40 16.42 £/16.42 1.46
_0897 0.94 260 480 39.19 40 17.31 £/17.31 1.39
(<D}
5 | 18 | 224 | 505 40.32 40 | 2009 | ©/20.09 | 1.19
*;-": 3.11 200 535 39.07 40 22.50 £/22.50 1.07
N

4 188 545 38.2 40 24 /24 1
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Table 4.11: Proposed minimum thickness of one-way slabs (7.5 x 3.6m) that

satisfying £/240.
7 S o
:g) e § = ) » E
S5l e e BT |1 |5,
bS] & @B = B L 2 g 2 f_:/ = 5
o o2 = = c O 3] ¥ = 9 2 =
= = = D s & 0 =) - & S g
T S 2 = 2 © 5 = 2 £ |€ 3
2 2 = E |8 2| © < €5 B
o (<) - 3] S S %.’ o 8‘ ~ = ©
= —_ om o & N = = Q
= @ ) = & - =
& 5 3
0.64 161 270 28.98 29.58 19.88 | £/19.88 1.41
_ 1.6 136 302 29.16 29.58 23.53 | £/23.53 1.19
'% 2.29 125 310 29.55 29.58 25.6 €/25.60 1.09
= 3.06 119 318 29.19 29.58 26.89 | 0/26.89 1.04
4 114 338 26.47 29.58 28 £/28 1
0.46 175 265 29.57 29.58 18.29 | £/18.29 1.53
® 0.71 165 285 29.54 29.58 19.39 | £/19.39 1.44
(@)
3 1.17 155 311 29.53 29.58 20.65 | £/20.65 1.36
'% 1.8 140 321 29.39 29.58 22.86 | £/22.86 1.23
= 3.26 118 328 28.58 29.58 2712 | £/27.12 1.03
4 114 338 29.98 29.58 28 £/28 1
o 0.64 161 270 28.98 29.58 19.88 | £/19.88 1.21
S
E, 1.6 140 295 29.16 29.58 22.86 | 0/22.86 1.05
=
tw 2.32 134 302 29.27 29.58 24 t/24 1
0.61 175 265 29.57 29.58 18.29 | £/18.29 1.31
_qé? 0.94 165 285 29.54 29.58 19.39 | £/19.39 1.24
(b}
5 1.49 155 311 29.53 29.58 20.65 | £/20.65 1.16
£ 2.34 140 321 29.39 29.58 22.86 | £/22.86 1.05
i
3 134 331 28.11 29.58 24 /24 1
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Table 4.12: Proposed minimum thickness of one-way slabs (6.1 x 3m) that

satisfying £/240.
7 S o
:g) e § = @ » E
2 Q ) — O S 3 x =2 | & @
B o a = s i g= L < = B
= P c o o ) = S 3T |2 &
= = kv ) 5 2 D N = S
—_ &) © = £t = — T 5 S Q
@ 3 = c 5 g o < 2 £ |2 o
< o = < <L = - 8_ > o <
= 2 < e |8 3| T = S 8 ®
S 7 @ 2 = S s o o
i @] <5 o =
& 5 &
0.55 146 222 23.37 23.75 17.81 | €/17.81 1.57
S 1.52 110 230 23.2 23.75 23.64 | 0/23.64 1.18
E 2.54 102 250 23.34 23.75 25.49 | £/25.49 1.10
3.73 93 257 23.6 23.75 28 £/28 1
0.59 128 200 23.22 23.75 20.31 | €/20.31 1.38
_:3.)7 1.16 118 227 23.4 23.75 22.03 | £/22.03 1.27
; 1.63 111 237 23.46 23.75 23.42 | £/23.42 1.20
g 3.21 96 256 23.52 23.75 27.08 27.08 1.03
4 93 222 263 23.75 28 £/28 1
0.72 146 222 23.37 23.75 17.81 | €/17.81 1.35
] 0.97 135 225 23.32 23.75 19.26 | €/19.26 1.25
% 1.98 110 230 23.2 23.75 23.64 | /23.64 1.02
2.29 109 237 23.59 23.75 24 /24 1
o 0.78 128 200 23.22 23.75 20.31 | ¢/20.31 1.18
(@]
3 1.52 118 227 23.4 23.75 22.03 | £/22.03 1.09
'% 2.12 111 237 23.46 23.75 23.42 | £/23.42 1.02
i 2.5 109 248 23.49 23.75 24 /24 1
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Figure 4.30: Proposed equation for different relative beam-slab of exterior edge
panel for one-way slabs that satisfy the £/240.
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Figure 4.31: Proposed equation for different relative beam-slab of exterior panel
for one-way slabs that satisfy the £/240.
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Figure 4.32: Proposed equation for different relative beam-slab stiffness of
interior edge panel for one-way slabs that satisfy the €/240.
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Figure 4.33: Proposed equation for different relative beam-slab stiffness of
interior panel for one-way slabs that satisfy the £/240.
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Table 4.13: Proposed minimum thickness of one-way slabs (10 x 4.9m) that

satisfying €/480.
> S
= = § £ | E = | 83 =
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g © ! S T = 2 = <) 5 ©
L i) ] A < x ] o O
o e F 8| 3 o a 2
| ) o B
o
0.55 277 470 19.97 20 16.2 £/16.2 1.72
1.35 245 545 19.86 20 18.4 £/18.4 1.52
2.31 225 590 19.89 20 20.0 £/20.0 1.40
.§ 3.03 212 605 19.69 20 21.2 £/21.2 1.32
E 6.1 180 640 19.91 20 25.0 £/25.0 1.12
7 175 650 19.57 20 25.7 £/25.7 1.09
8.79 165 660 19.63 20 27.3 £/27.3 1.03
10 161 670 18.77 20 28 £/28 1
0.84 337 640 19.91 20 13.4 £/13.4 2.10
1.36 320 700 19.67 20 14.1 £/14.1 1.99
3.06 280 785 19.73 20 16.1 £/16.1 1.74
3.78 266 797 19.91 20 16.9 £/16.9 1.66
6.17 230 806 20.38 20 19.6 £/19.6 1.43
° 8.37 210 812 20.6 20 21.4 £/21.4 1.31
()]
5 10.26 202 818 20.44 20 22.3 £/22.3 1.26
g 12.91 184 820 20.41 20 245 | 0245 | 114
= 14.68 177 823 20.06 20 25.4 £/25.4 1.10
16.13 172 825 20 20 26.2 £/26.2 1.07
16.77 170 640 19.97 20 26.5 £/26.5 1.06
17.75 167 700 19.93 20 26.9 £/26.9 1.04
18.75 164 828 19.9 20 27.4 £/27.4 1.02
20 161 832 19.67 20 28 £/28 1
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1.36 255 525 19.83 20 17.6 £/17.6 1.36
2.18 235 560 20 20 19.1 £/19.1 1.25
S 3.4 220 600 19.66 20 20.5 £/20.5 1.17
% 4.46 205 605 19.98 20 22.0 €/22.0 1.09
5.8 195 630 19.65 20 23.1 £/23.1 1.04
7 188 645 19.2 20 24 €24 1
11 337 640 19.91 20 13.4 €/13.4 1.80
1.75 320 700 19.67 20 141 t/14.1 1.71
3.93 280 785 19.73 20 16.1 £/16.1 1.49
4.13 266 797 19.91 20 16.9 €/16.9 1.42
5.38 261 806 19.92 20 17.2 £/17.2 1.39
S 5.67 258 812 | 1983 | 20 174 | /174 | 138
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S 6.8 245 817 20 20 18.4 £/18.4 1.31
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N
7.98 235 825 20 20 19.1 £/19.1 1.25
10.16 218 828 20 20 20.6 €/20.6 1.16
13.7 198 830 19.93 20 22.7 £/22.7 1.06
15.15 192 832 19.86 20 23.4 £/23.4 1.02
17 188 844 19.41 20 24 t/24 1
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Table 4.14: Proposed minimum thickness of one-way slabs (7.5 x 3.6m) that

satisfying €/480.
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= 44 142 425 | 14.66 | 1479 | 225 | 0225 | 1.24
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10 114 445 | 14.95 | 14.79 28 /28 1
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09 205 375 | 1451 | 1479 | 156 | /1566 | 1.80
17 185 410 | 1471 | 1479 | 173 | 173 | 162
2.82 170 440 | 1459 | 1479 | 188 | /188 | 1.49
k) 381 160 455 | 1475 | 1479 | 200 | €200 | 1.40
< 5.65 146 470 | 14.67 | 1479 | 219 | €219 | 128
2 6.6 142 480 | 1474 | 1479 | 225 | €225 | 1.24
7.46 138 485 | 1453 | 1479 | 232 | €232 | 121
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1258 118 492 147 | 1479 | 271 | 271 | 103
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o
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X
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Table 4.15: Proposed minimum thickness of one-way slabs (6.1x 3m) that

satisfying €/480.
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Figure 4.34: Proposed equation for different relative beam-slab stiffness of

exterior edge panel for one-way slabs that satisfy the £/480.
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Figure 4.35: Proposed equation for different relative beam-slab stiffness of
exterior panel for one-way slabs that satisfy the £/480.
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Figure 4.36: Proposed equation for different relative beam-slab stiffness of
interior edge panel for one-way slabs that satisfy the £/480.
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Figure 4.37: Proposed equation for different relative beam-slab stiffness of
interior panel for one-way slabs that satisfy the £/480.
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5.1 Conclusion

Through a parametric study for the deflection analysis using the Finite Element
SAFE software, Finite Element ANSYS software and the ACI Crossing Beam

approach, the following conclusions are could be drawn:

5.1.1 Flat Plate Aspect Ratio

The aspect ratio of flat plate slabs had a noticeable effect on the LTD, where
for slab panels of the same long span length and different aspect ratio, as
the aspect ratio is getting smaller (square slab) the LTD increases, the
behavior which are overlooked by ACI318-19 two-way slab deflection

control provisions

ACI1318-19 deflection provisions for flat plates provided adequate results
for the € /240 LTD limit in slabs long span up to 7.5 m and rectangular
panels of long span of 10.0 m, but these provisions were inadequate in most

of the cases (except rectangular panels of long span of 5 m) to satisfy the €

/480 limit.

In the current study, minimum slab thicknesses have been proposed for the

cases of flat plate slabs not satisfying the £ /240 and £ /480 deflection limits.

The current study proposes using the slab thickness proposed for two-way
flat plate slabs (Table 8.3.1.1 of ACI1318-19) to all flat plate slabs regardless

of the aspect ratio taking the long span as the active span.

89



CHAPTER FIVE

5.1.2 Two-way Beam-Slab System

Evaluating the /240 deflection limit for both mid panel and long span
deflection, the ACI318-19 provisions for beam-slab systems showed to be
satisfactory in all cases of interior panels. For edge and corner panels, the
provisions were not satisfactory in case of relative beam-slab stiffness of

0.2 and aspect ratio of 1.

5.1.3 One-way Beam-Slab System

The relative beam-slab stiffness of the beams supporting the one-way slabs
has an effect on the LTD deflection of the supporting beams; the current
study suggests specifying a minimum relative beam-slab stiffness for the
supporting beams of 5 to satisfy the LTD limit of £ /240, and 20 to satisfy
the LTD limit of € /480 along the supporting beams.

For low relative beam-slab stiffness in one-way slab cases, the current study

proposes revised minimum slab thickness

5.1.4 Bondy’s approach for Flat plate Thickness

The Bondy's approach for the determination of the flat plat thickness based
on the diagonal span has been showed to be adequate for L/240 deflection
limit, but with uneconomical solution for short spans. For the (/480
deflection limit, the approach achieves satisfactory results (deflections)

only at interior panels.

5.1.5 Slab Deflection analysis methods

Considering linear elastic uncracked deflection, the results of ANSYS and

SAFE method were close to each other, while the ACI crossing beam
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method produced results close to the SAFE and ANSYS results at aspect

ratio 1, while it showed a significant difference at aspect ratio 2.

5.2 Proposed future studies

The current performed the deflection analysis for slabs keeping some of the

variables constant. In the direction, the following future studies are recommended

to be done in order to have a full understanding for the parameters not studied in

the current study. These studies include conducting the long-term deflection

calculation for the following cases:

Flat plate slabs as a second comparison approach among the ACI crossing
beam, SAFE and ANSYS approaches

One-way slabs having supporting beams in both the short and long
directions.

One-way slabs with aspect ratio greater than 2.1 for the evaluation of the
ACI 318-19 deflection provisions.

Flat plate slabs and one-way slabs in the buildings with more than one
floors.

Varied concrete compressive strength for the evaluation of the ACI 318-19
deflection provisions.

Using the slab reinforcement amount obtained from the design.
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APPENDIX A

In this appendix, the way of analyzing short term deflection of flat plate slabs in
three different panels (interior, edge and exterior) are presented full using the
method of ACI crossing beam. In addition, the way of the calculation of the

relative beam-slab stiffness is also explained for all three panels.

A.1 Theoretical calculation by ACI crossing beam approach

The calculating the short-term deflection by the ACI Crossing Beam of the Flat
plate slab with 10 x 10 m span length as illustrated in the Figure A.1, Super
imposed dead load=2.5 kN/m?, Live load=1.92 kN/m?, column width of 0.4m,
column length of 0.4m, column height of 3m, f, = 420 Mpa, fc=20 Mpa.

Figure A.1: Flat plate slab example with 10 x 10m

Super imposed dead load=2.5 kN/m?
Live load=1.92 kN/m?

L1=10 m

L2=10 M

fe=20 MP
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C1=0.4 m column width
C2=0.4 m column length

Hc=3 m clear Height of colum
Concrete density = 24 kN/m?

Long direction

Ln=L1-c1/2-C2/2=10-0.4/2-0.4/2= 9.6 m clear long span
h=¢n/30=9.6/30=0.32 m thickness of flat plate
H=Hc+h/2=3+0.32/2=3.16 m

Is= L2 x h®/12=10 x 0.32%/12=0.0273 m~4 moment of inertia of the slab
Slab self-weight = hx24=7.68 kN/m?

W=h x 24+DL+LL=0.32 x 24+2.5+1.92=12.1 kN/m?

The modulus of elasticity of concrete = 4700 V fc’=21019038 kN/m?
width of column strip (b,) =0.5xL2=0.5%x10=5m

Width of middle strip(b,,,)=0.5x L2 =0.5%x10=5m

__ bxh?

I, = 0.01365 m* moment of inertia of the column strip

__ bpxh?

I, = 0.01365 m* moment of inertia of the middle strip

Delta Frame Fixed

wl*

Af ref= 384E,1

E; = 4700 x V¢ = 4700 x v/20 = 21019038 kN/m
DL = 0.32 * 24 = 7.68 KN/m"2

w = (7.68 + 2.5 + 1.92) * 10 = 121 kN/m

121%10%%1000

Afrer= 384%21019038+0.0273 5.49 mm
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A.1.1 Flexural stiffness of slab-beams at both ends

S o004 £=22-004
L1 10 L2 10

C1 and C2 are the width of the column measured parallel to L1 and L2.

K,z = 4.03 flexural stiffness of beam, from (Table A14) in (MacGregor, J G.
and Wight, J K., 2012).

COF,5 = 0.5019 carry over factor

M,z = 0.08364 fixed end moment coefficient.

Gu =qp, +qu, = 1% (7.68+2.5) + 1% (1.92) = 12.1 kN/m?

Fixed end moment, FEM

FEM = M g * q, * L2 * L12 = 0.08364 * 12.1 * 10 * 102 = 1012.044 kN.m

E. .l
Ksp = Kap %
21019038 * 0.0273
Ks, = 4.03 % 10 = 231310.42

A.1.2 Flexural stiffness of column members at both ends

H =3.16 m = 3000 mm. Hc = 3 m=3000 mm as shown in the Figure A.2

Figure A.2: Column height from ground to floor
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ta/tb = 0, H/Hc = 1.0533
K=4.212 column stiffness, from (PCA Notes on ACI 318-11, 2013) (Table A7)

LDt o4t

0.00213
¢ 12 12

_ k*Ecs*l; _ 4.212%21019038%0.0213

= = 62956.22
H 3

Kc

C=(1-063x 5) T

x=0.32m, y=0.4m as shown in the Figure A.3.

3* - -
C= (1 — 0.63 * 06342) « 2327°0% _ 500216 m™4 moment of inertia of the column
i
= 0.32 =
!
0.4
4

Figure A.3: Column stiffness taking from the thickness of the slab and width of
the column

A.1.3 Effect of column torsion

C,=04m, L2=10m
9E,.C

[ (1-2)

Kt = 9*21019038*0.030216 — 46335.3

[10*(1—%) ]

Kt

Ad
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From Figure A.4:

_ ZKCXZ Kt
Kec = Y KXY Ky

Equivalent column stiffness

Ko*(Ki*2) _ 62956.22%(46335.3%2)
Ko+ (Kex2)  62956.22+(46335.3%2)

= 37488.34

Kee =

Figure A.4: Flexural stiffnesses of column member

A.1.4 Slab-beam joint distribution factors, DF

K, and K, are shown in the Figure A.5.

K.,=231310.42 K.»=231310.42 K, ,=231310.42

37488.34
37488.34

'H’E-E
KE{'

EXTERIOR COLUMN INTERIOR COLUMMN

Figure A.5: Equivalent column stiffness and slab stiffnesses
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At exterior joint

Ksb

231310.42

DF =

At interior joint joint

Ksb

K., + K,, 231310.42 + 37488.34

= 0.8605

231310.42

DF =

M net =159.81 kN.m
in Table A.1.
Table A.1: Moment distribution method

K., + Koy + K,, 23131042 + 231310.42 + 37488.34

= 0.4625

Exterior negative moment at the end span as illustrated

s [ 3 T =1
joint 1.0000 2.0000 3.0000 4.0000
Member 1--2 2--1 2--3 3--2 3--4 4--3
DF 0.8605 0.4625 0.4625 0.4625 0.4625 0.8605
COF 0.5019 0.5019 0.5019 0.5019 0.5019 0.5019
FEM 1012.0440 | -1012.0440 | 1012.0440 | -1012.0440 | 1012.0440 | -1012.0440
Dist -870.8981 0 0 0 0 870.8981
Co 0 -437.1212 0 0 437.1212 0
Dist 0 202.1772 | 202.1772 | -202.1772 | -202.1772 0
Co 101.4768 0 -101.4768 | 101.4768 0 -101.4768
Dist -87.3242 46.9350 46.9350 -46.9350 -46.9350 87.3242
Co 23.5576 -43.8298 -23.5576 23.5576 43.8298 -23.5576
Dist -20.2721 10.8959 10.8959 -10.8959 -10.8959 20.2721
Co 5.4689 -10.1750 -5.4689 5.4689 10.1750 -5.4689
Dist -4.7061 2.5295 2.5295 -2.5295 -2.5295 4.7061
Co 1.2696 -2.3621 -1.2696 1.2696 2.3621 -1.2696
Dist -1.0925 0.5872 0.5872 -0.5872 -0.5872 1.0925
Co 0.2947 -0.5484 -0.2947 0.2947 0.5484 -0.2947
Neg.M 159.8185 | -1242.9556 | 1143.1012 | -1143.1012 | 1242.9556 | -159.8185
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M
g — net
Kec

_159.8185
4256091

s0-0x()(2)

A9 =0.004263 x—x (1) = 5.3289 mm  due to rotating

= 0.004263

Load factor of column strip for end span

0.604+1275

LF = TZ = 0.7375 as shown in Table 2.5 and Table 2.6, from (ACI 318-
14, 2014) section 8-10.

Load factor of column strip for interior span

0.75+0.6

LF = = 0.675 asshown in Table 2.5 and Table 2.6, from (ACI 318-14,
2014) section 8-10.

A.1.5 Deflection calculation

Deflection of the column strip and middle strip for End span in long direction

I
Ac = LF X Appof xi+ A6
0.0273

Ac = 0.7375 X 5.49 %
0.01365

+ 5.3289 = 13.42 mm column strip deflection

I
Am = LF X Dy rep X 7=+ A0

m

Am = 0.2625 X 5.49 x 22273
0.01365

+ 5.3289 = 8.21 mun middle strip deflection

Deflection of the column strip and middle strip for interior span in long direction

Ac = 0.675 X 5.49 X 00601237635 = 7.41 mm column strip deflection
Am = 0.325 X 5.49 X 00601237635 = 3.56 mm middle strip deflection
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Because of the similarity, the deflection calculation of long direction equal to the

deflection calculation of short direction as shown in the Figure A.6.

Figure A.6: Column strip and half of middle strip deflection of end span and
interior span for the flat plate slabs

A8
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Corner panel

A
_ (Ac long direction + Am Shortdirection) + (Ac short direction + Am longdirection)
B 2
_ (13.42+8.21)+2((13.42+8.21)) — 21.63mm
Edge panel
A
_ (Ac long direction + Am Shortdirection) + (Ac short direction + Am longdirection)
B 2
(13.42 + 3.56) + (7.41 + 8.21)
2
Interior panel
A
_ (Ac long direction + Am Shortdirection) + (Ac short direction + Am longdirection)
B 2
(7.41 + 3.56) + (7.41 + 3.56)
= = 10.98 mm

2
A.2 Relative stiffness

Relative stiffens of Two-way beam-slabs can be calculated as a ratio of the
moment of inertia of beam to the moment of inertia of slab.

Calculating the relative stiffness of two-way beam-slabs for interior, edge and
corner panel as shown in the Figure A.7 with;

L1=1000 mm

L2=1000 mm

Beam width (b,,)= 400 mm

Beam height (H)= 730 mm

Thickness of the slab (h) = 235 mm

f, = 420 MPa
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U

=

L | Corner Panel

e e

Edge Panel |

Interior Panel |

|

i | S—

% &'

Figure A.7: Two-way beam slabs

A.2.1 Relative stiffness for interior panel

_El,
*=ElL

b, (Hp)?
Ib=Ct w( b)

12

Moment of inertia for interior beam

_ 2 —
Ct=1+(A—1)B3+3(1 By (-1

1+B(A—1)
Iy 235 63219
H, 730
a-2
by

b = (by + 2h,, < b,, + 8h;) as shown in the Figure A.8.
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_—=(bw + 2hy, < by, + 8hy)

- b - |
II T [0 + h
ih T

e A e

|
¥

Interior beam

Figure A.8: Interior beam of two-way beam-slab

by, + 2k, = 400 + 2 * (730 — 235) = 1390
by, + 8h, = 400 + 8 * 235 = 2280

b =1390 mm < 2280 mm

4= b _1390_3475
~ b, 400

Ct =1+ (3.475—1) x 0.32193 + 301 - 03219Y° (3475 -1) _ 6942
B ' ' 1+40.3219 x (3.475—-1)

b, H,> 0.4 x 0.733

I, =Ct = 1.6942 X 1 = 0.02197 m*

Moment of inertia for interior span

L, = 10 for interior span as shown in Figure A.9.

3 3
I, = Li’; - 5x°1'§35 = 0.01081

All
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Figure A.9: Exterior and interior span of two-way beam-slabs by method of ACI

crossing beam approach

_El, 002197
“TEL 001081
@y 4y +as+a, 2.03+2.03+2.03+2.03
afm = 4 == 4 =
£
ty (0-8 + —14%()) 9600 (0.8 + 220 )
h = - 1400/ _ 534 67mm
36 + 9B 36+9x1

Using the thickness of 235 mm for interior panel is satisfied

A.2.2 Relative stiffness for edge panel

Moment inertia for edge beam

bWHb3

12

Ib=Ct

3(1-B)?(4-1)

— _ 3
Ct=1+(A-DB*+= -

Al2

2.03
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=y _235_ aig
~H, 730

A = E
b = (h,, < 4h¢) as shown in the Figure A.10.

= (hy < 4hg)

- i’ b -

g

I\ }
'V I

e [y —

= |—

—z—

i
I | J—
L

Edge beam

Figure A.10: Edge beam of two-way beam-slab.

h, = 7300 — 235 = 495 mm
4hf =4 %235 =940 mm
b =495+ b, =495 + 400 = 895mm

A=2 =85 _ 77375
b, 400

3(1 — 0.3219)%(2.2375 — 1)

Ct =1+ (2.2375 —1) x 0.32193
*( ) T 1303219 x (22375 = 1)

b, (Hp)3 0.4 x 0.733 .
—— =1 X ———=0.
5 1.4342 - 0.0186 m

Moment of inertia for exterior span

Ib=Ct

L, = =422 = 5.2 m for exterior span
27 2 7 2

Al3

= 1.4342
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L L,h* 52x0.235% 0.005623
ST 12 12 o
El,  0.0186

El, 0.005623
ay +ay +az+a, 2.03+203+331+2.03

a =

*fm 4 4
9600
9600
fy 420
. b (O 8+ 1400) 9600 (0.8 + 750) _ 3467
- 36+9B 36 +9x1 7
Using the thickness of 235 mm for edge panel is satisfied
A.2.3 Relative stiffness for corner panel
a, +a,+az+a, 2.03+3.31+2.03+3.31
Uy = = = 2.67
4 4
fy 420
Lo (08 + 555) _ 9600 (02 + f17) s
36 + 98 36 +9x1 '

Using the thickness of 235 mm for corner panel is satisfied
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APPENDIX B

Table of results

This Appendix lists the table of the results of the parametric studies presented and

discussed in chapter 4.

Table B.1: Short term deflection results of interior panel flat plate slab, calculated
by SAFE, ANSYS and ACI crossing approach ( data of Figure 4.1 and 4.4).

Mid panel deflection (mm) Long span deflection (mm)
Aspect ACI ACI
L L2 ratio h(mm) crossing | ANSYS | SAFE | crossing | Ansys | Safe
beam beam
10 | 10 1 320 10.98 8.69 8.18 7.41 8.62 | 7.96
10| 5 2 320 6.02 4.76 4.53 7.41 4.89 | 4.64
751 75 1 237 7.16 6.12 5.77 4.83 559 |5.09
75|3.75 2 237 3.93 3.37 3.21 4.83 3.45 | 3.26
5 5 1 154 4.17 3.67 3.47 2.81 295 | 2.72
5125 2 154 2.29 1.96 1.84 2.81 196 |1.84

Table B.2: Short term deflection results of edge panel flat plate slab, calculated by
SAFE, ANSYS and ACI crossing approach ( data of Figure 4.2 and 4.5).

Mid panel deflection (mm) Long span deflection (mm)
L1 Lo Aspect h ACI ACI
ratio (m) crossing | ANSYS | SAFE | crossing | Ansys | Safe
beam beam
10 | 10 1 320 16.3 16.93 | 16.51 13.42 16.51 | 16
10| 5 2 320 10.23 11.02 | 10.77 12.3 11.03 | 10.78
751 75 1 237 10.08 9.97 9.6 8.2 9.21 | 8.73
7513.75 2 237 5.85 5.97 5.69 7.2 595 | 5.67
5 5 1 154 5.33 4.82 4.51 4.24 4.04 | 3.68
51|25 2 154 2.83 2.57 2.36 3.61 255 | 2.35
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Table B.3: Short term deflection results of corner panel flat plate slab, calculated
by SAFE, ANSYS and ACI crossing approach ( data of Figure 4.3 and 4.6).

Mid panel deflection (mm) Long span deflection (mm)
Aspect ACI ACI
Li] L2 ratio h(mm) crossing | ANSYS | SAFE | crossing | Ansys | Safe
beam beam
10 | 10 1 320 21.63 22.75 | 22.43 13.42 1651 | 16
10| 5 2 320 10.98 10.96 | 10.71 12.3 11.03 | 10.78
75| 75 1 237 12.68 12.63 | 12.18 8.04 9.21 | 8.73
751375 2 237 13.01 12.63 | 12.18 8.2 9.21 | 8.73
5 5 1 154 6.29 5.87 5.59 7.2 5.95 | 5.67
5125 2 154 3 2.51 2.31 3.61 255 | 2.35

Table B.4: LTD results of interior panel beam-slab with relative beam-slab
stiffness of 0.2, calculated by SAFE.

Aspect Beam Relative Mid pa_nel Long span
L1| L2 . h(mm) height beam-slab deflection deflection
ratio i
(mm) stiffness (mm) (mm)
10 | 10 1 293 452 0.197 29.81 26.18
10| 5 2 293 405 0.202 20.14 20.13
75175 1 217 313 0.196 23.84 18.75
751375 2 217 278 0.197 12.68 12.54
5 5 1 141 183 0.195 12.6 9.27
5125 2 141 162 0.195 5.88 5.8

Table B.5: LTD results of edge panel from beam-slab with relative beam-slab
stiffness of 0.2, calculated by SAFE.

Aspect Beam Relative Mid panel | Long Span
L1 | L2 P h(mm) | height | beam-slab h+0.10h deflection | deflection
ratio ;

(mm) stiffness (mm) (mm)
10 | 10 1 290 290 0.275 319 50.73 47.63
10| 5 2 286 286 0.289 314.6 37.56 36.93
751 75 1 215 215 0.271 236.5 26.87 22.39
7.5 3.75 2 212 212 0.286 233.2 14.29 14.1
5 ) 1 139 139 0.274 152.9 12.04 9.11
5|25 2 135 135 0.2899 148.5 5.97 5.86
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Table B.6: LTD results of corner panel beam-slab with relative beam-slab
stiffness of 0.2, calculated by SAFE.

Aspect Be_am Relative Mid pa_nel Long span
L1| L2 . h(mm) | height | beam-slab | h + 0.10h | deflection | deflection
ratio i
(mm) | stiffness (mm) (mm)
10 | 10 1 290 453 0.276 319 73.5 48.63
10| 5 2 286 404 0.29 314.6 31.62 32.54
75|75 1 215 312 0.273 236.5 32.56 22.74
75375 2 211 278 0.291 232.1 14.35 14.71
5 5 1 139 182 0.276 152.9 1311 9.5
5125 2 137 162 0.2899 150.7 5.83 5.87

Table B.7: LTD results of interior panel beam-slab with relative beam-slab
stiffness of 2, calculated by SAFE.

Aspect Be_am Relative beam- Mid pa_nel Long span
L1| L2 . h(mm) height ; deflection ;
ratio slab stiffness deflection (mm)
(mm) (mm)

10 | 10 1 235 730 2 32.23 17.23

10| 5 2 193 538 2 28.97 27.59
751 75 1 174 505 2 22.37 12.54
751375 2 142 371 2 28.97 18.97

5 5 1 112 297 2 12.72 6.7
5125 2 91 216 2 9.82 8.98

Table B.8: LTD results of edge panel beam-slab with relative beam-slab stiffness
of 2, calculated by SAFE.

Aspect Be_am Relative beam- Mid pa_nel Long span
L1| L2 . h(mm) height ; deflection ;
ratio slab stiffness deflection (mm)
(mm) (mm)

10 | 10 1 235 700 2 55.63 37.72

10| 5 2 193 524 2 43.68 40.92
751 75 1 174 485 2 31.75 20.65
751375 2 142 360 2 24.2 22.9

5 5 1 112 284 2 14.93 8.26
5125 2 91 210 2 12.35 11.49
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Table B.9: LTD results of corner panel beam-slab with beam-slab relative stiffness
of 2, calculated by SAFE.

Aspect Bgam Relative beam- Mid pa_nel Long span
L1 | L2 . h(mm) height ; deflection ;
ratio slab stiffness deflection (mm)
(mm) (mm)

10 | 10 1 235 674 2 78.73 40.11

10| 5 2 193 500 2 43.53 44.23
751 75 1 174 468 2 38.58 21.71
751375 2 142 343 2 23.6 25.19

5 5 1 112 274 2 16.62 8.72
5125 2 91 200 2 10.69 11.36

Table B.10: LTD results

of interior panel flat plate slabs with using Bondy’s

approach

L1 L2 Ld cllggr Aspect | h(mm), Mid panel Long Span

(L dcj ratio Ldc/33 | Deflection (mm) | Deflection (mm)

10 | 10 |14.14| 136 1 412 16.59 15.52

10| 5 |11.18| 106 2 322 17.84 18.01

75| 7.5 ]10.61 10.0 1 305 12.32 10.24
751375 8.39 7.8 2 237 11.38 11.43

5 5 | 7.07 6.5 1 197 6.82 5.19

5 | 25| 559 5.0 2 153 5.73 5.7

Table B.11: LTD results of edge panel flat plate slabs with using Bondy’s

approach.
L1 L2 Ld cllégr Aspect | h(mm), Mid panel Long Span
(L dc)’ ratio Ldc/30 | Deflection (mm) | Deflection (mm)
10 | 10 |[14.14| 136 1 453 26.03 25.34
10| 5 |11.18| 106 2 354 27.55 27.44
75| 75 [1061] 10.0 1 335 14.21 12.5
7.513.75] 8.39 7.8 2 261 13.01 12.9
5 5 | 707 6.5 1 217 6.47 5.15
5] 25| 559 5.0 2 168 5.32 5.27
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Table B.12: LTD results of corner panel flat plate slabs with using Bondy’s
approach.

L1 L2 Ld cllggr Aspect h(mm), Mid.panel Long Span
(L dcj ratio Ldc/30 | Deflection (mm) | Deflection (mm)
10 | 10 |14.14| 136 1 453 34.47 25.34
10| 5 [11.18| 106 2 354 27.68 27.44
75| 75 1061 | 10.0 1 335 17.09 12.5
7.5]3.75] 8.39 7.8 2 261 12.73 12.9
5 5 | 7.07 6.5 1 217 7.21 5.15
5 ] 25| 559 5.0 2 168 5.25 5.27
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